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Preface

These notes support a course in numerical methods and modeling. The course involves both
theory and hands-on practice, the latter leading to a two-dimensional (or better) “cloud
model” capable of simulating some interesting phenomena. It was developed as a 10-week
course offered to undergraduate seniors at UCLA, in part from a need to provide scientific
programming experience, and also to provide opportunities and inspiration for individual
research projects, and included six (now seven) “Model Tasks” that lead to a working model.
The model you will create based on this guidance is not new, and nowhere near the state of
the art with respect to design, formulation, or model physics, but will be new to you, and it
will be enabling, and that’s what matters.

Please feel free to contact me with suggestions and corrections.
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Chapter 1

Introduction and basic tools

1.1 Taylor series

1.1.1 Infinite and truncated series

Taylor expansions of infinite series will be used extensively in this course. Some examples of

infinite series are:

N 2 23 2t
= l4at ot

2031 4l
, x3  xb Al
s1nx:a:—§+§—ﬁ+---
2t 2
cosle—a—l—z—a%—---

The general Taylor expansion form is given below. Note this is an ezact relationship, not an
approximate one, because the series has not (yet) been truncated.

" "
f(l’) = f(l'o) + f/(l’o)(m — l’o) + %(l’ — .1'0)2 + '];_'<£L' — $0)3 + -
This is termed the “Taylor series expansion of the function f(z) about the point = = zy”,

and can be rewritten using summation notation:

£ (g .
f) =3 T 0 )
k=0 ’

where f*) is the k-th derivative of f(x).
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Ezample. Suppose f(z) = 2z% — 5z + 1. What is the Taylor series expansion about the point
xo = 2?7 Using the definition above, one finds the answer to be f(z) = —1+3(z—2)+2(x—2)%
This is exact because the derivatives of order three and above are exactly zero. Now evaluate
the function and the Taylor expansion at the point x = 5. One should find they are both
equal to 26.

Many series — like ¢” and sin x — are truly infinite and this need to be truncated in practice.
Truncating a series leads to error. Fortunately, many series are convergent, which means
that each higher order term makes smaller and smaller contributions to the whole. This is
the justification for truncating the series at some point.

1.1.2 The Mean Value Theorem and definition of the derivative

A special case of the Taylor series is the Mean Value Theorem, one of the fundamental
theorems of calculus. The MVT is based on a Taylor series in which only the first derivative
is retained. Start with:

f(x) = f(xo) + f'(xo)(x — o).

This is a truncated series in this instance (assuming at least one higher order derivative is
nonzero), so it is only an approximation. We can replace the ~ sign with strict equality if
we evaluate the derivative at a different point somewhere between x and xq. Let z* be such
a point. Then:

f(@) = f(xo) + f'(w.)(z — x0).

This is the MVT. If we had kept still higher order terms, then it would have been the
Extended MVT. No matter how many terms are kept, if the last term’s derivative is evaluated
at an intermediate point, then the relationship is still exact.

Note that the MVT is simply the definition of the derivative in disguise! To see this, rewrite

1wy @) = flo)

The derivative of f(x) with respect to x is simply the difference between the function values

it as:

at two locations, x and z(, divided by the distance between those locations. The MVT says
that there is a point x, between x and z¢ where this is exactly true. At other points between
x and xg, possibly including x and xg, it is an approximation.

1.1.3 The basis of forecasting

The approximated, truncated Taylor series provides the basis of finite differencing, the most
commonly employed method for making forecasts. To see this a bit more easily, make f a
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function of time instead:
f(ta) = f(t1) + f'(t1) At.

Here, times t; and ty represent present and future times, respectively, separated by a time
interval At. Note that the derivative on the right hand side is evaluated at the present time;
we don’t know where the intermediate time t* should be.

Clearly, if we know f(t1) and f(t2), we can get at least an estimate for the time derivative of
f by rearranging the above equation. For the purposes of forecasting, say instead we have an
estimate for f’(t1) in addition to knowing f(¢1). Then, we can use the above equation to get
a forecast for f(ts), the function value at the future time. This involves not just knowledge
of f'(t1), but also the assumption that f’(¢;) remains constant over the time interval At.
This is extrapolation, and the danger for error should be obvious.

How do you get f'(t1)? We need equations that take knowledge of the function now (and
perhaps at past times as well) and uses this to estimate how the function is changing with
time now. The functions we are dealing with include the temperaure, pressure, density and
wind components. The equations for the time rate of change of these functions or variables
are derived below, starting in Section 1.2.

1.1.4 Multivariate Taylor expansions

The Taylor series examples above assumed expansion took place using just one variable. The
multivariate Taylor expansion of f(a + Aa,b+ Ab) about the point f(a,b) can be written
(in extended and compact notation) as:

B of of  (Aa)?2d%f (AD)2Of Of
fla+ Aa,b+ Ab) = f(a,b) + Aa% + Ab% +— 9a? +— 02 + AaAb@a@b +
> 1 5, 81"
fla+ Aa,b+ Ab) = ; o {Aa% + Ab%} f.

The notational changes above remind you of the variety of notations used for such common
objects as variables, derivatives and the like.

1.2 Eulerian and Lagrangian viewpoints

Suppose we identify an air parcel that has a fixed amount of mass (a control mass, or CM)

but is free to move in space. If we track the parcel’s temperature as a function of time,

we can write its temperature tendency as %. This is the Lagrangian viewpoint. Suppose

instead we identify a fixed volume in space (a control volume, or CV), through which air

15



parcels may flow freely. We can write the tendency of temperature within this fixed space as
%—f. This is the Eulerian viewpoint. Now, finally suppose that temperature varies through
the three spatial dimensions as well as with time. We can relate the two viewpoints through
the chain rule for partial derivatives:

d_T_@_Tﬂ_i_ade_'_aTdy_i_asz
dt  Otdt Oxrdt Oydt 0zdt

dt
»dt
components we conventlonally de&gnate U, v and w, respectlvely Letting the vector velocity

Of course = 1, and the other time derivatives on the right hand side are the velocity
be designated as V= u+ v + wk (where i, 7, and k are unit vectors in the x, y and z

directions, respectively) then:
ar or -~
—=—+V.VT
a ot

where VT = g—:% + 8—Tl%

The quantity V - VT is called temperature advection. In practice, we wish to compute the
temperature tendency at a fixed point, so we rewrite the above in terms of the Eulerian
derivative:

This is interpreted as follows: The rate of temperature change at this location (the Eulerian
derivative on the left-hand side) is determined by the temperature of the air that is flowing
into this location (cold or warm advection) plus how that air’s temperature is changing (by
radiation or diabatic heating, for example) as it is being advected (the Lagrangian derivative).

1.3 Ideal gas law and virtual temperature

The ideal gas law (IGL) relates pressure p, temperature 7" and density p:
p=pRT

where R is the “gas constant”, which varies among the different gases. Air is, of course, a
mixture of gases, each with a different R. The good news is that since the constituents of
dry air vary little in time or space we can specify a gas constant for the dry air mixture as a
weighted average of the consitutent constants. This will be called Ry, and taken to be 287
J kg=! K71, The bad news is that water vapor varies tremendously in both space and time,
and so we need to further adjust Ry according to the amount of vapor in the air.

This is an irritant, since the gas “constant” is no longer a constant. We’ll handle this
by taking R = Ry always, and fold the influence of water vapor into another term in the
equation — temperature. (The advantage of this will be mentioned briefly below.) Let the
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water vapor mixing ratio, expressed as grams of water vapor per gram of dry air, be q,.
Then, we can define a virtual temperature as:

T, = T(1+0.61g,).

By folding the water vapor information into temperature, we can employ the dry air constant
R, in the ideal gas law, and we write this as:

p = pRJT,.

The virtual temperature is interpreted as follows. Since the vapor gas constant, R, = 461
J kg=! K71, is greater than the dry air mixture constant, an air parcel composed solely of
vapor is less dense at the same temperature and pressure than a parcel made up of dry air.
This is obvious from the IGL itself. Thus, a moist parcel is less dense than a dry one (at the
same 1T’ p).

There are two ways of decreasing a parcel’s density without changing the pressure. One way
is to increase its temperature, since for fixed pressure p must decrease as 1" rises. The other
way is to replace some dry air with water vapor at constant T and p, which effectively forces
the mixture R to increase and thus decreases p. The virtual temperature can be thought
of as representing the temperature a perfectly dry air parcel must have to have the same
density as a moist air parcel at the same pressure. However, a better way of employing it
is as a density-weighted measure that is useful in judging the buoyancy of air. Less dense
air parcels want to rise relative to more dense parcels, and parcel density reflects not only
temperature but also vapor content.

1.4 The hydrostatic equation

Hydrostatic balance represents the stalemate between the vertical pressure gradient and
gravity forces. Pressure is force per unit area, and thus % is force per unit volume. Newton’s
second law for a mass subjected to gravity tells us the gravity force is object mass (m) times

the acceleration of gravity (g), so the gravity force per unit volume (V') is 5 or pg. The
balance between these two, then, is:

dp

P P9

where the minus sign is needed because p decreases with increasing height z.

17



1.5 Potential temperature and nondimensional pres-
sure

The potential temperature, €, is conserved for isolated, insulated air parcels undergoing
strictly “dry” (subsaturated) adiabatic processes. It is defined as:

Rq

QZT[@}CPd7
p

where pg = 1000 mb or 100000 N m~2. (There is a very small error involved in applying this
equation to moist, but subsaturated, air parcels.) If we define the nondimensional pressure,

T, as
Ry

T=|—
Po

then temperature and potential temperature are related as 7' = 0.

The advantage of using nondimensional pressure instead of pressure in numerical modeling
will become obvious later. At this point, we need to rework the hydrostatic equation in
terms of m. Apply logarithms to the definition of 7 and then differentiate it:

Ry

Int = —(lnp—Inpy)
de

dinm  Rgdlnp

dz @ dz

ldr  Rgldp

Td T oupde

At this point, use both the hydrostatic equation and the IGL to yield:

dm g

E N _deTv
_ 4
N detgv'

In the last step, the virtual potential temperature, 6, = (1. + 0.61¢,), was employed.

1.6 The continuity equation

The continuity equation is a prediction equation for density, but specifically expresses con-
servation of mass. In the Eulerian CV viewpoint, volume is fixed. To increase the density
in the fixed volume, it is necessary to pack more mass into that volume. Thus, an airflow
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Figure 1.1: Flow in and out of a control volume.

that results in a net influx of mass is required. In the Lagrangian CM viewpoint, the mass
is fixed and density can be increased by contracting the volume. Thus, if the parcel finds
itself in a converging airflow, one that acts to squeeze the volume, density can increase.

Figure 1 shows a control volume, with volume AxAyAz. For the x direction, the velocity
component is u and mass flow per unit area in the z-direction at the center of the CV is pu
(units kg 7! m™2). For there to be net mass influx (or outflux), there needs to be a mass
flux gradient, %, across the box. The side walls normal to the flow, with area AyAz, are
located at distances of % from the CV’s center.

We can use Taylor series, truncated to include only the first derivative, to specify the flow
at the volume sides in terms of the flow at the CV’s center and the flow gradient across the
box. The flow in the left side of the box (through area AyAz) is

while the flow out the right side is

dpu Ax
—— | AyAz.
[pu * Oxr 2 } ves
Thus, the net flow (in minus out) is
—%AwAyAz.
Ox

For all three directions combined, the net flow is

dpu  Opu ~ Opu
[(% + By + ER } AzAyAz.

Finally, divide by volume to get the net per unit volume. What remains can be written as

-V ,0\7. Since this net flow is acting to locally increase the density, we can write the result

as:
dp — V.,V
ot Py
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Alternatively, rearrange the above expression as:

ap —
— +V.pV =0
ot P

This is the Eulerian form of the continuity equation. Interpret this equation as follows: in a
CV, you can increase density (mass divided by volume) by packing more mass in the fixed
volume. To do this, mass inflow has to exceed mass outflow. Conservation of mass means
that the net mass inflow goes to change the local density, with nothing missing or left over.

One way to get the Lagrangian form of the continuity equation is by applying a vector
identity to the Eulerian form. First, though, recall that the total and local time tendencies

are related though
dp Op =
U T VAR v
it~ o TV VP

The vector identity is simply the chain rule applied to the vector dot product:
V-pV:pV-V—l—V-Vp.

Starting with the Eulerian continuity equation and applying both yields:

dp -

- oV =

8t+v p 0
a —
[—p+v Vp}—i—pv V =0
ot

dp -

E—FPV'V =0

1 -

dp g — ¢

p dt

That is the Lagrangian continuity equation. Interpret this equation as follows: for a control
mass, you can increase the density by contracting the volume. Do this by placing the CM
into a converging airflow, one that deforms the CM’s shape (and thus volume).
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Chapter 2

Model equations and waves

2.1 Basic equations

Consider first a simple, two-dimensional (2D) model of a completely dry, adiabatic atmo-
sphere. At a minimum, the model has four equations for four variables that need to be
predicted: horizontal velocity wu, vertical velocity w, potential temperature ¢ and density
p. Note that because of the ideal gas law, we do not need prediction equations for both p
and pressure p. Although we will solve them in the Eulerian reference frame, the equations
are presented in the Lagrangian form for now. Diffusion, Coriolis and friction terms are
neglected. The equations are:

du 10p

@ = oo (2.1)
Cfi—lf _ —/1-)%— (2.2)
% _ 0 (2.3)

We will need to modify these equations substantially before they will be ready to put into
the model.

First, however, we need to see what kind of atmospheric waves these equations can sup-
port. The equations involve two distinctly different kinds of phenomena: having advective
and wave-like characteristics. Advective phenomena move with the flow, and always move
downstream. Waves, on the other hand, can move independently of the flow, and can prop-
agate downstream and/or upstream. Two very different kinds of waves are supported in
these equations: sound (acoustic) waves and gravity waves. We shall reveal these waves and
examine their characteristics by employing the perturbation method.
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2.2 Perturbation method

The perturbation method represents a way of simplifying the equations. Each variable in
the model is usually a function of all spatial dimensions, plus time; i.e., p = p(z, z,t) in 2D.
A given variable field can be apportioned into two parts, representing a mean value (p) and
a deviation from that mean (the perturbation, p’). Usually, the mean value is taken to be
either constant or a function of height alone. Further, the perturbation is usually assumed
to have but a small magnitude, especially compared to the mean. As an example, consider
surface pressure. Average sea level pressure is ~ 1000 mb (the mean). Variations about this
average value are usually £50 mb or so, which is small compared to the mean value.

Because perturbations are usually small compared to the mean, we can reduce the degree of
complexity in the equations by “linearizing” them (i.e., neglecting products of perturbation
values). A useful trick to remember is that, for = small,

In(1+2z)~z.

[This was obtained by truncating the Taylor series for In(1 + x)]. So, if p’ << p, then:

/

In(p+p') =In [ﬁ(l - %)} ~lnp+ % (2.5)

Another trick is embodied in the binomial expansion theorem:

1 1 A
— = —{14——]
ptp P P

1 s
p P

2.3 Acoustic (sound) waves

Sound waves exist owing to the compressibility (squeezability) of air. You know that air is
compressible because both pressure and density decrease very rapidly with height. Com-
pressibility also can be thought of as “slackness”. Picture an air parcel that undergoes
adiabatic expansion. What does the given parcel’s expansion do to a neighboring parcel?
The neighboring parcel can either get squeezed (compressed) or it can move out of the given
parcel’s way. In a compressible medium like air, both will happen — in sequence. First, the
neighboring parcel will be compressed, and then it will rebound and move. The medium’s
degree of compressibility determines how rapidly the action of getting pushed will result in
motion. In a nearly incompressible fluid, very little of the push results in compression, and
so the neighboring parcel starts getting out of the way very quickly. In a very compressible
medium, the neighboring parcel may not move at all.
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Sound waves represent the adjustment process involved in parcel rebounding after compres-
sion. Picture a set of concentric rings, all centered on a common point. The innermost ring
expands, causing the next ring out to compress. That ring rebounds and expands, causing
the next ring outward to compress, and so on. Note the rings themselves do not experience
any net motion; they merely push one way and then the other. However, the wave that
results propagates outward. That is a sound wave. Further note that the back-and-forth
motion within the rings is parallel to the wave’s propagation direction. Such a wave is termed
“longitudinal”.

To examine sound waves in a simple manner, we take our basic equations but neglect the w
equation and the vertical direction. This is because a horizontally propagating sound wave
does not induce vertical motion (the wave is longitudinal). So we have (revising the p and ¢
equations a little for convenience):

du 10p

B Rt 2.

dt * pOox 0 (2.7)
dlnp Ou

— =0 2.8

dt +(9a: (28)
dlné

= 2.

p” 0 (2.9)

where (because of our simplifications)

4_9.,9
i ot Yor

This derivation closely follows that presented in Holton’s text.

Potential temperature can be eliminated from the equations in the following fashion: Start
with the definition of 6:

Ry
6 — T [@1 v )
p
and use the ideal gas law to replace T"
Rq
h_ P {@}
pRa | p
Then, take the log of both sides, yielding:
np = Inp — In p + constants. (2.10)

Cpd
Differentiate with time, and set equal to zero [owing to (2.9)]:

ldlnp dlnp
St Sl 2.11
v odt dt 0 (2.11)
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where v = z"—j Use 1’ to eliminate the time tendency of p, resulting in:

ldlnp @
v odt ox

= 0. (2.12)

This finally leaves us with two equations, which may be written as:

ou  Ou  10p
ot Jxr  pozx
op op ou

EJrua— +p78x = 0. (2.14)

-0 (2.13)

Now expand u, p and p into mean and perturbation parts, where the mean parts are simply
constants (as there is no vertical direction to worry about here):

u(z,t) =u+u'(x,t),

plx,t) = p+p'(x,t),

pla,t) =p+p'(z,t).

Substitute these expressions into and , yielding;:
0 0 , 1 0

a(ﬂ+u’)+(ﬂ+u')%(ﬂ+u)+ﬁ_i_p/%(ﬁ%—p/) =0 (2.15)
;<p+p>+<u+uf>§<p+p>+v<p+p>§ (@ +u) = 0 (2.16)

Apply . ) to ( , expand the terms and neglect products of perturbations (like v'u’ and
u'p"). This results in:

o _0 10p
{aﬁL &E] R 0 (2.17)
0 0 ou’
{atJrua—]p +’ypa =0 (2.18)

Finally, (2.17) and (2.18) may be combined into a single equation in p’:

) 01° , wd
— +u— -
[81? 0x} p Ox?

= 0. (2.19)

At this point, we assume we will find wave-like solutions in p’ in this equation. We further
assume the wave has constant amplitude (“A”) with wavelength L, in the z-direction and
it propagates with time with speed c. Let the horizontal wavenumber £ be related to the
horizontal wavelength by



Then, we can express the wave-like character as:

p o= Aethle—et) (2.20)
= AF

where E is merely a convenient shorthand. This expression employs Fuler’s relation:
e = cos¢p+ising

so clearly the expression involves wave-like undulations in both space and time. Notice that
the expression is complex; only the real part has any physical significance.

Given ([2.20f), we thus produce:

a /
8_2795 = —AikcFE,
op
L _ AikE
oz i
and P2
P 2
= —Ak‘FE
0x? ’
where it is recalled that i> = —1. Put these in (2.19)), and one winds up with:
AE(—ike +ika)? + AEL(k)2 = o, (2.21)
p

a quadratic equation in the sound wave speed c¢. Canceling out the AE term (because the
right hand side is zero) and solving for ¢ yields:

-7
= i+ (yR,T)z. (2.22)

o
\
N

The last expression employed the ideal gas law.

This derivation has shown that the “adiabatic speed of sound” in a calm atmosphere (u = 0)
is given by ¢, = ¢ = \/YR4I. For T = 273 K, ¢, ~ 331 m s~!. Note that has two
signs. This is because sound waves will propagate in both directions away from their point of
origin (we're only considering a single coordinate axis here). The quantity /yR4T is called
the intrinsic phase speed, or the sound wave speed relative to the flow. To get the sound
speed relative to the ground, we need to factor in the flow speed relative to the ground.

Finally, it is noted that wave frequency (o) and phase speed are related through

o = kc.
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For a sound wave, the wave frequency determines the pitch of the sound we here. It is seen
that when the flow is not calm, and the sound wave is propagating downstream relative to
the flow, ¢, is effectively increased. This causes the frequency to increase (raising the pitch).
An upstream propagating sound wave, however, has its speed reduced and thus results in a
smaller frequency and lower pitch. This is why the pitch of a car horn is higher when it is
approaching you than when it is moving away, a phenomenon known as “Doppler shifting”.

2.4 Gravity waves (buoyancy oscillations)

The model equations also support “gravity waves”, a rather poor term describing stable
buoyancy oscillations. Picture an insulated, dry air parcel moving vertically in a stable
environment. (The important complication of moisture is ignored for now.) A rising parcel
moves towards lower pressure. The decreasing pressure allows the parcel to expand, and
expanding air cools. A sinking parcel moves towards higher pressure, and heats up as it
compresses. The parcel’s temperature changes according to the dry adiabatic lapse rate 'y,
given by:
Iy=-2 ~98Kkm™
Cpd

A stable environment is one in which the environmental lapse rate of temperature is less
than the dry adiabatic rate. We can define a property that is conserved during such a
displacement, and we call it the potential temperature 6. Potential temperature increases

with height in a stable environment.

In the derivation of gravity waves, we usually presume the parcel remains in mechanical
equilibrium with its environment, meaning that the pressures inside and outside the parcel
are the same. In other words, p’ = 0. This is not just a derivational convenience, but in
reality, we would like to avoid doing it if at all possible. The implications and motivation
for this assumption will be seen presently.

In a stable environment, a rising parcel soon finds itself cooler than its surroundings. If the
parcel and environmental pressures are the same, being cooler also means being more dense
(owing to the ideal gas law), and it is because of its density excess that the parcel wishes
to sink. Similarly, a sinking parcel finds itself warmer — and thus less dense at the same
pressure — than its surroundings, and as a result wishes to rise. In short, however it is
displaced, the parcel seeks to return to its original location.

However, once it achieves its goal of returning to its original location, the displaced parcel
cannot stop at that location because it still has an acceleration. Think of a pendulum bob
suspended by a string. Its original location is straight down — gravitationally, its most
stable point. If you push the bob either direction, and let it go, it seeks to return to that
original point. Yet the bob keeps missing that point because it still has an acceleration that
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carries it onward. Once initiated, the pendulum bob continues to oscillate about its original,
stable point, until its energy is dissipated in some fashion. Not only is the stably displaced
air parcel similar to the pendulum bob, but also we shall see its motion is governed by the
very same equation, that of simple harmonic motion.

Further, the moving parcel is disturbing its surrounding environment, which will attempt to
adjust back into its original state. This adjustment takes the place of gravity waves which
propagate away from the original point of disturbance. In the simplest limit, the parcel
oscillations are purely vertical and the adjustment waves move only horizontally. Thus,
gravity waves are transverse rather than longitudinal waves like sound waves.

2.4.1 The buoyancy term

Equation , repeated below, describes the vertical motion of an air parcel when mixing,
diffusion, moisture and friction can be neglected:

dw _ 10 (2.23)

dt p 0z
The right hand side of is the hydrostatic equation, and is exactly equal to zero when
the atmospheric state is precisely hydrostatic. Hydrostatic balance means the air has no
vertical accelerations, which means velocity is constant, and most likely zero. Therein lies
the rub: the average state of any spatially extensive slice of the atmosphere is so close to
hydrostatic balance that would be useless for calculating the vertical acceleration of
that area. (This is because the left hand side would be the small difference between two
very large terms, and thus subject to huge relative errors.) However, perturbations from this
state, such as might exist in the interior of narrow cumulus clouds, might well depart from
hydrostatic balance by a large degree, but this merely serves to reinforce the notion that the
mean, hydrostatically balanced state should be removed from this equation.

Therefore, we subject (2.23) to a perturbation analysis, though a somewhat more sophisti-

cated one than we employed for sound waves. We take each variable embodied in ({2.1))-(2.4))
and break them into mean and perturbation parts:

w(z, z,t) = w(z) + w'(x, 2, t),
p(x, z,t) = p(z) + p'(z, 2,1),
p(x,z,t) = p(2) + p'(z, 2,1),
O(z,2,t) = 0(2) + 0'(, 2, 1)
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To simplify matters, we can pretend mean density is constant with height, so p = pg, a
constant. Owing to the exponential dependence of density on height, this approximation
can only be applied to a very shallow atmospheric layer. In addition, we can make the
analysis easier by taking the mean horizontal wind to be calm. A mean flow only Doppler
shifts the gravity waves, and we can add this effect in at the derivation’s end. Finally, the
mean state is a function of height alone, and is further assumed to be in precise hydrostatic
balance and vertically motionless so w = 0 and

dp

1z = —Pog-

The perturbation analysis makes the right hand side of (2.23)) become:

ST
p0z: T Tt g v

dz+ 0z

Using the binomial expansion ([2.6)), we obtain:

oo Lo o (2.24)

Now take (2.10) and apply the perturbation method to it:
(@ +60)=~"In(p+p)—In(py+ p') + constants.
Using ([2.5)) yields:
_ 6/ p/ p/
In [9{1 + 5}] = v 'ln [}5{1 + —}] —In {po{l + —}} + constants. (2.25)
p Po

Separating the values within the brackets and applying (2.5 yields:

_ 9/ p/ pl
Ind+ 7 Y 'Inp+~y'S —Inpy — & + constants. (2.26)
p Po

The base state itself satisfies a balance obtained by replacing the variables in (2.10]) with
their mean values:
Inf =~"'1Inp—Inpy + constants.

Subtracting this equation from ({2.26)) leaves us with:

0 P po



With the ideal gas law, we can see that the first term on the right hand side is the adiabatic
speed of sound, and so (after rearranging a bit):

roL 2P v (2.27)

Equation may be interpreted as follows: A parcel, having properties p, p, and 6, is
displaced from its original position. The differences between the parcel’s and environment’s
properties are represented by the perturbation values, p’, p' and #. These perturbation
properties are related by . Of special importance is the parcel’s density perturbation
relative to the environment. If the parcel is less dense (p’ < 0), it will wish to rise from its
new position. The equation shows its density perturbation is a function of its pressure and
(potential) temperature discrepancies with respect to its surroundings.

Recall that one of the standard air parcel assumptions is that the parcel is in mechanical
equilibrium with the environment (i.e., p’ = 0). Equation suggests the time scale
associated with the attainment of mechanical equilibrium involves the sound wave speed. The
faster the speed of sound is, the more rapidly this equilibrium is brought about. Another way
of saying this is: the more incompressible the medium is, the less “slack” that is permitted
to occur at any instant of time. In the incompressible limit, ¢, — oo and the pressure
perturbation disappears. Even in a very compressible fluid such as air, the adjustment is so
quick that it may be safely neglected.

This is the justification for the air parcel approach. Thus, we can reasonably drop the p/
term, leaving us with:

roL 7 (2.28)

and thus an air parcel that is warmer than its surroundings (6’ > 0) is also less dense (p’ < 0).
Therefore, density differences may be determined from temperature properties alone. After
applying (2.28)) to ([2.24)), we can see that we have transformed the right hand side of ([2.23]),
creating (and neglecting the approximation signs):

dw 1 0p 0’

= = -z —. 2.2
dt p082+ 0 (2:29)
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2.4.2 The gravity wave phase speed

At this point, we apply the perturbation method to the remaining equations in the set
(2.1)-(2.4) and, after neglecting products of perturbations, we find:

%—Z _ _%Z_i (2.30)
aauz' = —%Z—iJrg%_, (2.31)
z—%%w ~ 0 (2.32)
Pw? — 0 (2.33)

Consistent with our previous assumptions, we are taking the atmosphere to be incompressible
(and therefore shallow), and that is why the continuity equation has been reduced to
such a simple form. Take the horizontal derivative of and subtract from it the vertical
derivative of to obtain:

0 [811) 8u] g 00 _ 0 (2.34)

o | 0x 92| fox

Using (2.32) and ([2.33), #" and «’ can be eliminated from the above equation, leaving an

expression in one variable, w’:
0? [0*w  O*u'

o {(‘%2 * 022

o*uw'’

}+N2 = 0, (2.35)

Ox?
where the Brunt-Vaisala frequency, N, has been defined to be

dlnf
dz =
Note that is the equation of a simple harmonic oscillator, having precisely the same

N =\/g

form as the pendulum equation you saw in physics class.

Again, wave-like solutions are assumed, this time in the variable w’, which is presumed to
have a two-dimensional spatial structure:

W = Aez(kac—l—mz—wt)

)

where m is the vertical wavenumber, related to the vertical wavelength L. by:

2
L.’

and w is the gravity wave frequency, related to the oscillation period P by:
L
2R



Substituting this into (2.35)) yields a quadratic equation in w:
Wi(k? +m?) — N2k* = 0.

Solving for the frequency yields:

Nk
w = t— 2.36
VE2 4+ m? ( )
Note again there are two frequencies, representing waves that travel outward on either side
of the original disturbance. If we had taken the mean horizontal flow, @, to be nonzero (and
constant with height) rather than calm, we would have instead ended up with:
NE

Gravity waves propagate both horizontally and vertically. The horizontal phase speed, ¢, is

simply: W
Cy = Ea
while the vertical phase speed is:
c, = —.
m

For the former, then, we can see that the horizontal propagation speed of a gravity wave is:
N
VEZ +m?2

This is interpreted as follows: A parcel is displaced and disturbs the environment. The

Cy = U*E

(2.38)

environment adjusts to the disturbance by issuing gravity waves that propagate rightward
and leftward relative to the disturbance, with phase speed ¢,. The disturbance is embedded
in a flow of speed u relative to the ground, and so the ground-relative propagation speeds of
the gravity wave are ¢, = u + ﬁ and ¢, = u — \/#W The downstream moving wave
speed is enhanced and the upstream wave speed is slowed. If the wave speed is equal and

opposite to the flow speed, the gravity wave can be held stationary relative to the ground.

2.4.3 Sound and gravity waves, combined

Backing up a bit, consider again the environment’s response to a vertically displaced parcel,
which is expanding or contracting depending on which direction it was pushed. The envi-
ronment responds in two ways: by locally compressing and expanding horizontally — which
is accomplished by sound waves — and by oscillating upwards and downwards — which is
accomplished by gravity waves. Both take place simultaneously, but the sound wave adjust-
ment is far faster than the gravity wave equilibration.
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One way this can be seen by comparing the sound and gravity wave phase speeds, for typical

L'in an isothermal

conditions. We saw earlier that the sound speed was about 331 m s~
atmosphere. It doesn’t vary much from this value, though. If we presume standard tropo-
spheric conditions, the Brunt-Vaiisila frequency N is about 0.01 s~1. If we take m = 0 in the
gravity wave equation, and assume the wave has a horizontal wavelength of about 10 km or
so (reasonable assumptions), then the gravity wave phase speed is about 16 m s, far, far

slower.

The sound wave adjustment really is just the atmosphere’s ability to avoid having internal
“holes” develop in it. Physically, that is important, but practically it has nothing to do with
the phenomena we usually wish to observe and/or simulate. Instead, we can presume the
atmosphere’s very good at its job and that the acoustic adjustment is virtually instantaneous.
This is always true unless we are considering flow speeds that are close to the speed of sound;
i.e., supersonic or nearly supersonic flows.

Consider an air parcel traveling at about 10 m s~1. As it moves, it is “assaulting” neighboring
parcels, which have to adjust to its presence. They will compress or expand, and the signal
speed associated with this adjustment is very fast — it travels at the speed of sound. Unless
the parcel is also traveling close to the speed of sound, the adjustment is so fast, and of such
a small amplitude, that we can just take it for granted. (The amplitude is small because
the adjustment is rapid; the “slackness” just can’t build up under these conditions.) The
parcel also causes the environment to adjust gravitationally, through gravity waves. Since
the gravity wave phase speed is close in magnitude to the flow speed, however, the process
is relatively slow — and significantly affected by the flow itself. Thus, gravity waves may
have large amplitudes and cannot be neglected in this example.

The problem is, as we shall see, the efficiency of our numerical model is determined by
the speed of the fastest moving signal supported by the equations. To keep the numerical
integration stable, a time step has to be chosen based on this fastest signal speed. Sound
waves are unimportant to the phenomena we wish to simulate, but since they move so quickly,
they are the waves that determine the model time step. This makes solving the equations
as we've expressed them so far terribly inefficient. We’ll have to do something about this,
and what we do will be based on the simple fact that sound and gravity wave adjustments
are separate, of very different time scales, and thus don’t interact very much.
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Chapter 3

Derivation of the fully compressible
model framework

In this chapter, we develop the basic equations of the fully compressible model, still assuming
an adiabatic, dry, nondiffusive and frictionless atmosphere on a flat, nonrotating planet.
However, to make the addition of moisture easier, we’ll carry virtual temperature even
though the moisture content of this atmosphere is assumed to be zero. We will start from
scratch using base state environment assumptions and approximations appropriate for a
cloud (convection-scale) model, though we will make use of analyses previously presented.

We start with these equations:

du 10p
- = -z 3.1
dt pOox (3:1)
dw 10p
—_— = ——— - 2
dt p Oz (3:2)
do
il 0 (3.3)
dp -
o V. 4
7 pV -V 3
p = pRJT, (3.5)
along with the definition of nondimensional pressure
Ei%h
p | e
T o= |— . 3.6
{po} (36)

There are four tasks to perform:

e Get the pressure gradient accelerations in terms of nondimensional pressure 7.
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e Perform a perturbation analysis of the pressure accelerations about a reasonable model
mean state.

e Demonstrate the advantages of nondimensional over dimensional pressure.

e Replace the continuity equation with a pressure tendency equation.

Finally, the fully compressible model equations as we’ll solve them are presented.

3.1 The pressure gradient acceleration terms

First, expand (3.6) with logs and work it into an equation relating the vertical derivatives
of dimensional and nondimensional pressure:

% Inm = Inp—Inpg
d
Onp  cpdlnr
dz Ry 0z (3.7)

Now we work on the right hand side (RHS) of (3.2). Using the ideal gas law (3.5)), we can
write this part of the equation as:

Using (3.7) and recalling that 7" = 07 so that T, = 6,7, we obtain:

dw on
a - b e (38)
Similarly, (3.1) becomes
du on
at i oz’ (39)

and our pressure gradient acceleration terms now employ 7.

3.2 Perturbation analysis applied to the pressure ac-
celerations

We now assume the mean state is solely a function of height, so that
m(z,2,t) = 7(2) + 7' (x, 2, 1),
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etc., and further that the mean state is hydrostatically balanced, which means:

dn g
- = 7 3.10
dz deev ( )

Perform the perturbation analysis on (3.8]), remembering to eliminate products of perturba-
tions as they appear. This yields:

dw il / d /
ar —Cpa(f + 0@)&(77 +7)—yg
_dm dm _ On’
= gy~ Gy~ Gl =
_ o' o
= —deev—az + ge_—v (311)
For the z-direction, we wind up with:
du _ orn’
— = —Cpibp—. 3.12
dt P o ( )

It is noted here that Lipps and Hemler (1982) advocated rewriting (3.11]) to put the mean
virtual potential temperature inside the vertical derivative; i.e.,

dw 90,7 9_;

W iy, T9g-

This was done to improve energy conservation, and could be justified by the fact that the
vertical variation of the virtual potential temperature is relatively small. Durran (1989)
discusses why this works (p. 1459).

3.3 Advantage of 7 over p

In our discussion of gravity waves in [Chapter 2|, our perturbation analysis yielded:

d 10p' /
e (3.13)
dt p 0z p
and we saw we could further expand the buoyancy term as:
r gp 0,
9= = ———-+g97 3.14
p Yp o T0, (3.14)
g v o
_J ) 3.15
579, (319)
so that our vertical equation of motion could also be written as:
dw 10p) g ¢ 0!
= - -z _JF Ch 3.16
dt p 0z C_SQﬁJrng (3.16)
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There are a few changes in the above equations from [Chapter 2| Virtual temperature has
been used in place of temperature, and the mean density has been assumed to be a function
of height in the equations above. The sound speed is still

Gl = @Rdéﬁ (3.17)
Cud

but the use of the overbar symbol acknowledges it depends solely on base state values.

Note that the dimensional pressure perturbation p’ shows up not only in the pressure gradient
acceleration term, but also in the buoyancy term. This is a problem because, as we shall see,
it is actually quite difficult to come up with exact predictions of p’ (or ', for that matter)
in the model. Instead, we get pressure perturbations only to within an unknown, arbitrary
constant. That doesn’t matter if only pressure gradients are required, since then the constant
becomes irrelevant. Recall that by invoking the mechanical equilibrium assumption, we could
eliminate the pressure perturbation from the buoyancy term, and we finally ended up with:

dw 10p' )

/

v
E = —55 +gé—v. (318>
Ostensibly, is the counterpart of , based on their similar appearance. However,
we can show that is at the same level of approximation as , which means we
avoided the arguable mechanical equilibrium assumption. Note, then, that using 7’ in place
of p’ allows us to eliminate the presence of the pressure perturbation from the buoyancy
term without having to resort to the mechanical equilibrium assumption. This is the advan-
tage of using the nondimensional pressure, since now not having unique values of pressure
perturbation doesn’t cost us so much in terms of accuracy.

The balance of this section is devoted to proving that (3.11)) and (3.16) are at the same
level of approximation. If we take the defintion of 7, (3.6)), take logs, apply the perturbation
method, employ the In(1+ z) ~ x approximation and then remove the base state (all things
we've done before), we can produce this approximation:

/ N Rd p/

~

T Cpd ]5

By further using the ideal gas law, and recognizing that T, = 0,7, we generate

/

r_ D
T =——.
depe'u

Now, take the vertical derivative of this expression, which first gives us:

o' [pev%—i - p%]

C _— —
"5z 7262
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Multiplying through by 6, and expanding the vertical derivative involving density and po-
tential temperature yields:

Gy = == [ - (3.19)

_ on' Lop o dln§U+dlnﬁ
0z poz p '

Note the left hand side (LHS) is the pressure acceleration term in (3.11)). So this term is

not equal to the dimensional vertical pressure acceleration alone; there is an extra term,
which looks like something from the buoyancy term in (3.14)) prior to the application of the
mechanical equilibration assumption.

To see that this surmise is indeed correct, we set out to manipulate that extra term. Starting
with the ideal gas law for the mean state, which can also be cast as:

p = pR470,
and first taking logs and then differentiating with respect to height, we find:

dlnﬁ_dlnﬁ+dlnﬁ+dln§v
dz  dz dz dz

Replace the two vertical pressure gradient terms using the hydrostatic equation forms in-
volving p and 7. Manipulate what remains into something that can replace the extra term

in (3.19). First, we have:

dlnf, dlnp 1 g g
+ = —-—— -
dz dz Tcpaty D

and finally we wind up with

dlnf, dlnp
n n np g

_ 3.20
dz dz Cs? ( )
Subbing this into (3.19)), we see
g o’ 10p g p
CpdUy =—-—5_ T 5
P, poz 2% p
Therefore, the entire RHS in (3.11)) is:
_ on’ o' 10p) g ¢ 0
U BRI S Y 3.21
Gilvg -+ 95 50z e2p 98, (3:21)

Thus, it is seen that the right hand sides of (3.11) and (3.16) are at the same level of

approximation.

37



3.4 Converting the continuity equation into a pressure
tendency equation

3.4.1 Derivation

As mentioned before, we do not need prognostic equations for both density and pressure,
owing to the ideal gas law. Because perturbation pressure appears in important terms in the
model, and because we’ve already replaced the buoyancy term’s perturbation density with
¢, it is convenient to replace our prognostic equation for density [the continuity equation,
(3.4)] with an equation for the nondimensional pressure tendency.

Using the ideal gas law we can manipulate (3.6) into:

ud R40,
ar = Phd% (3.22)
Do

Take the substantial derivative of this expression and manipulate it into this form:

Cvd _“ed 1 dm pR40, [1dp 1 db,
—r B4 R — _— + J—
R, dt Do pdt 0, dt
_ e [do, 1db, :
7 R [pdt+9v p (3.23)

where the latter expression was obtained through usage of (3.22). Divide through by n i

and rearranging a little yields this expression:

a B Cud

odt o

dm Rym [1@ 1 d@v} (3.24)

At this point, use the continuity equation (3.4)) to replace the density derivative on the RHS.
Recalling that the adiabatic speed of sound is ¢? = ?’—ZRdQUW, we see that

R 2
AN (3.25)
Cod deev

Using (3.25)), we have:
d R - 2 dp,
Lo gy 5 S
dt Cod Cpalthy dt

(3.26)

Now subject (3.26) to a perturbation analysis, recalling that the mean state is a function of
height alone, except we're only going to (explicitly) expand 7 for now. The LHS of (3.26])
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becomes:

T R R
o, on ow s
Ot u@x w@z wdz

or' -~ , dm
E+V~Vﬂ'+wd—

The RHS of (3.26)) becomes:

Rif— = Rot'— - & db,
LS v L o S
C’Ud C'ud deQU dt

One term from each side may be combined in the following fashion:

V- w—
cvdv wdz

Ry7 - dn 2 -
= — — V- p0,V |,
} pepaly [ ’ ]

(3.27)

(3.28)

(3.29)

which accomplishes an important simplification. Note the mean state sound speed defined

in (3.17) has been employed.

It is easier to show (3.29) is true by going backwards. First, apply the vector chain rule to

the RHS of (3.29):

652
>n 02
PCpd ev

Recognizing the mean fields vary only vertically, we obtain:

0,V -V +V - Vpév]

72 . =2 dpb
G gy G PO,

— W
Cpaly pepat?  dz

Use (13.25)) and split the vertical derivative in the second term to yield:

Rym - Rym do, - dp

d7TV V o+ d_ﬂ; w |:p +9v_p}
Cud Cod POy dz dz
N——

A

which can be manipulated into:

A+

Rdﬁw dInd, n dlnp
dz dz |~

Cud

(3.30)

Now, the term in square brackets has been seen before, in (3.20). Use (3.20) to replace
the density derivative in (3.30) above. We should find that the two terms with the vertical

temperature derivatives exactly cancel, leaving us with:

}%dif g

A

Coud Cs
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Take this expression, the hydrostatic equation (3.10]) and the base state sound speed (3.17)),
and we finally end up with
é? - Rim_ - dm

 pepd? [V ' ﬁevv] = VY T

which concludes the proof.

3.4.2 Interpretation

This is the pressure tendency equation we have derived:

on’ - Gy o1 Rgr’ - 2 db
AR v v A [ .—gvv]_ Vo 3.31
ot ﬂ/ PCpal? Vo Cod Vv cpally dt (331
(1] ~ -~ ~ T
2] 3

The left side, of course, represents the local perturbation pressure rate of change at a single
location. Three terms on the RHS have been highlighted. These terms influence the local
pressure tendency through:

Term 1 Advection of pressure. “The future pressure here depends on the present pressure
there”. The local pressure rises or falls depending on what the wind is carrying with
it. Advection travels with the flow velocity, with a time scale given by é, where L is
some measure of horizontal length (such as the grid spacing) and V' is the flow speed.
Since V &~ 10 m s~! or so, pressure advection is not rapid.

Term 2 Acoustic adjustment. “The future pressure here depends on the present wind field here
(the dynamics)”. The local pressure rises or falls depending (primarily) on the local
mass convergence. This signal travels at the sound wave speed, so its time scale is c£

(i.e., quite short).

Term 3 Diabatic heating. “The future pressure here depends on the thermodynamics.”

Rewrite (3.31]), incorporating all terms on the RHS except term [2] into catch-all proxy f,
and we have the equation in the form we plan to use in the model:
aﬂ_l 632

— 4 _
ot ﬁcpdég

[V : paﬂ = f.. (3.32)

In their 3D model, Klemp and Wilhelmson (1978, J. Atmos. Sci., p. 1070) argued that the
terms embodied in f, appear to have little effect on important physical processes operating
in convection, and thus set the term to zero. (They remarked that this would be formally
justified, but the paper they referred to never appeared — at least to my knowledge.) The
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chief consequence of neglecting f. appears to be that unique values of pressure are no longer
obtained; instead, the field is predicted only to within an unknown constant. Since we have
successfully avoided having to use raw values of 7/, this is not a concern. We will follow
Klemp and Wilhelmson and set f; to zero.

3.5 The fully compressible model equations

These are the equations we've developed thusfar (after performing a compatible perturbation

analysis on (3.3):

ou _on’

a = —‘7 -Vu — deev% (333)
ow - ~ on’ 0!

E = -V -Vw-— deevg + gé—” (334)
oo’ o ., df

or’ 2 [

T " e [v : p@UV] (3.36)

This is the fully compressible model framework we will use for our model. While this
framework represents a convenient and relatively easily programmed equation set, it should
be noted it is not optimal from an energy and mass conservation standpoint, especially when
moisture is included. Bryan and Fritsch (2002, MWR) discuss improvements to this set of

equations.
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Chapter 4

Numerical solution of partial
differential equations, Part I: The
basics and the upstream scheme

4.1 Introduction

Partial differential equations (PDEs) may be classified into three types, based on their form
and character: parabolic, hyperbolic and elliptic. The first two will be illustrated with the aid
of Fig. 1, which depicts initial and subsequent fields for an initially bell-shaped perturbation.

Parabolic equations have the basic form
ou 0u
ot T0oa?

(where K, is a positive constant) and are characterized by diffusion. Figure 1 shows that after

(4.1)

being subjected to diffusion for a long time, the perturbation will be completely smoothed
away. During its amplitude decrease, the original “pile” of material itself did not propagate,
though it did spread horizontally. In addition, the total quantity of material, given by the

area under the curve, has been conserved. In contrast, hyperbolic equations, having the form
ou ou
— = —c—, (4.2)
ot ox

are characterized by advection, translation without change of amplitude or shape (see Fig.

1). In (4.2), ¢ is a constant propagation velocity, the speed at which the perturbation will

translate (rightward for ¢ > 0.)

Elliptic equations often have forms like

Viu=F (4.3)
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and are often diagnostic relations (i.e., no time derivatives appear). An example of an elliptic
equation in dynamic meteorology is the relationship between streamfunction and vorticity.
Elliptic equations are straightforward to solve if u is known and F' is desired, but what if
we have I’ and need u? In that case, it can be difficult, if not impossible, to obtain exact
values of u given the F' field, since having F' does not inform us directly about u, or even
the gradient of u, but rather its second derivatives. Because of this, u anywhere depends (to
a certain degree) on F' everywhere, and thus F' anywhere affects u everywhere, again to a
degree.

parabolic hyperbolic

Amplitude
Amplitude

initial
final

Figure 4.1: Parabolic and hyperbolic (presuming ¢ > 0) type solutions.

Our set of equations are a mixed set of hyperbolic and parabolic equations, but there is
an elliptic equation in the mix as well if the anelastic or incompressible approximations are
made. Even if the problem being simulated is truly inviscid, however, the numerical solution
may not be. The numerical scheme employed may introduce an artificial source of smoothing
into the solution, or we may find the need of intentionally introduce artificial diffusion in
order to keep the solution stable.

In this chapter, we examine the finite difference (FD) approximation to the simple one-
dimensional (1D) inviscid advection equation (4.2), which we’ll rewrite more simply as

U + cug =0 (4.4)

We appreciate that in discretizing space and time, creating a grid spacing Az and a time
step At, we introduce errors that should increase as Ax and At get larger. We have to
hope, however, that as Ax and At go to zero that our numerical solution converges on the
correct solution. The Lax-Richtmyer theorem tells us that such convergence is assured if
the numerical scheme is both consistent and stable. Consistency means we are solving the
correct problem; stability means the solution will not grow unbounded with time.
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4.2 Consistency

At least initially, we’ll examine consistency and stability using the wupstream, or upwind
scheme as our practical example, not because the upstream scheme is good (actually, it’s
pretty bad) but owing to its simplicity and pedagogical value. The upstream approximation

to (4.4) is:

ntl_

U u” u? —ul
— J+c{3mﬂ 1}:0, (4.5)

where ¢ must be nonnegative in this example so the wave is moving from left to right. In

the above, u! represents the variable value at grid point j at time n, which we take to be
the current spatial location and the present time.

The upstream scheme is forward-in-time and upstream-in-space. The time derivative is
computed from the present [time n| to the future [time n + 1], while the spatial derivative is
computed between here [grid point j] upstream to there [grid point j — 1], where the wave
is coming from. If ¢ changes sign, the spatial derivative will have to be revised so that the
derivative is computed upstream. The upstream scheme is “explicit” because may be

rewritten leaving the only unknown value — u?“ — on the LHS. The rest are known.

Is (4.5) a consistent approximation to (4.4)?7 We assess this with Taylor series expansions,
and the point to be expanded about is the current grid point value at the present time; i.e.,
u?. Therefore, we have:

(At)® (At)®

U;H_l = U;L + UtAt + utt—2 + Uit 3| + - y
and ( )2 ( )3
n " Az Ax
ul g = U — Up AT + Uy 5 U 3 + e

(How do you know how many terms to keep in the Taylor series? Generally you don’t know
for certain, so keep enough terms that you don’t run out later when you truncate.)

Substitute these expansions into (4.5]), then rearrange in such a way as to reproduce the LHS
of (4.4)) so we can see what'’s left over. We have
(Az)? (Az)*

Ul —u A+
~ |U; — U AT Upe—F7— — Uggz— 7, — U;
Ax | 7 2 3! J

1
- U;L + UtAt -+ Uy + Ut

L
At 2 3! J

Simplify and distribute the At and Az, moving the terms resembling the original PDE to
the LHS. We end up with:
At cAzx (At)? c(Ax)?

Up + CUy = ——— Uy + —(——Ugg — Ut —
t 9 tt 9 31 ttt 3

Ugew + O[(AL)?, (Az)?]. (4.6)

J/

-~
T
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The remaining terms of the Taylor series had terms that contained the cubic or higher powers
of the grid spacing and time step, and we concatenated them into the final term.

According to the original PDE, , the RHS of should be zero, but this isn’t
likely to be true, at least for finite values of At and Ax. What remains there is truncation
error, 7. The scheme is consistent, though, if and only if the truncation error vanishes as
At and Az go to zero. This is indeed the case for the upstream scheme.

For nonzero At and Az, it is seen that we are NOT exactly solving (4.4]), because the
truncation error 7 is nonzero. We can manipulate the truncation term to gain some physical
insight on the problem we are actually (unavoidably, if not inadvertently) solving. First,

perform % ) to yield:

At cAx At)? c(Ax)?
Ugp + CUgp = — Uy + —— Uyt — uUtttt — uUmm‘, + O[(At)ga (Aﬂf)g]-
2 2 3! 3!
Then take _Ca% 1} producing
At 2A At)? 2(Ax)?
—CUgy — CQUmz = +C_utt:t - uumpx + Cuutttm + Muazmcm + O[(At)ga (Am)g]
2 2 3! 3!
Add these last two expressions together and solve for wy:
2
Upy = gy + AL [—% + gum} + Az [gumt — %uwm] + O[(At)?, (Az)?. (4.7)

Similarly (skipping the gory details and explicitly keeping fewer terms), we can produce:

Uy = —CUpge + O[AL, Ax] (4.8)
Uttty — C2umcm + O[Ata A:C]
Upgt = —ClUgpy + O[AL, Ax]. (4.10)

Substitute (4.844.10]) into (4.7) and plug the result into (4.6) to get a rewritten expression

for the truncation error on the RHS:

CA_:U {1_0At

Uty = — —1 Uz + O[(A1)?, (Ax)?] (4.11)

Az

(for convenience, only the leading term in 7 has been explicitly retained). Again, it is seen
that 7 — 0 as At and Az — 0, so the scheme is consistent. More importantly, it is seen for
nonzero 7, the equation we are actually solving numerically is

U + cuy = f(Ugy).

The leading part of the truncation error is a diffusion term [compare to (4.1)]. Recall
that the advection equation should move the initial disturbance along at constant speed
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without change of shape. It is seen that the fatal flaw of the upstream scheme is that it
contains large implicit diffusion, which is present for numerical reasons owing to the finite
discretization. Integrated for a sufficiently long period, the upstream scheme will diffuse any
initial perturbation away, which makes it useless for long-term integrations.

Figure 2 presents a qualitative look at the performance of the upstream scheme. A single
sine wave has been advected to the right at constant speed ¢ for some period of time. The
“true (analytic) solution” has the wave having moved exactly at speed ¢ without change in
amplitude or shape. Owing to the extreme inherent diffusiveness of the upstream scheme,
the amplitude of the wave has been greatly damped. However, the wave is in about the right
place; that is, it has been advected at about the right speed. The figure also shows how
an alternate method, the leapfrog scheme (to be introduced presently), would fare on this
problem. Note the leapfrog solution has properly preserved the wave’s original amplitude
but tends to advect the wave a bit too slowly. Thus, this scheme has little amplitude error,
but does have some degree of phase error.

true solution

upstream

Figure 4.2: Upstream and leapfrog solutions compared to the true (analytic) solution.

4.3 Stability

4.3.1 The analytic solution

To assess a scheme’s stability, we need to compare the scheme’s solution to the analytic
solution. In (4.4]), we assume the analytic result has wave-like solutions of the form:

u(x,t) = Aeilkr—wat) (4.12)

in the same manner as we did when we examined sound and gravity waves in [Chapter 2] In
(4.12), the subscript “a” denotes “analytic”. Recall that, by definition, the phase speed is
defined as

= —. 4.1
Ca k ( 3)
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Unlike any previous situation, we recognize that the frequency in (4.12) may be complex. In

that event, the real part of the frequency determines the phase speed; i.e., ¢, = “4ft.

2
Substituting (4.12)) into (4.4)) yields the analytic frequency equation
—iw, + cik = 0.

As ¢ and the horizontal wave number k are real numbers, it is seen that the analytic frequency
w, is purely real. This expression can be rearranged to show that ¢ = “¢. Since according to
, the RHS of this expression is the analytic phase speed, we see that for the analytic
solution, ¢, and the advection speed ¢ from are the same. That is, in the analytic
solution, the wave translated to the right at speed c. Note further that the propagation
speed is independent of the wavelength because k cancels out (leaving ¢, = ¢).

Equation (4.12) holds at a particular time ¢, representing the present time. What will the
solution look like at a future time, t+nAt, being n time steps in advance of the present time?
We want this future solution expressed in terms of the present time’s solution. Substitute

t + nAt for ¢ in (4.12)), and we find:

u(x,t +nAt) = Aeilkrwaltinat)
Api(kz—wat) j—iwanAt

Using (4.12) again and defining the change function for the analytic solution, \,, as:
Ay = e et (4.14)
then the future solution is related to the present one by:
u(z,t +nAt) = u(z, t)A\]. (4.15)
Consider the analytic frequency w,. We've already shown the analytic frequency is purely
real. However, in the more general case, the frequency is potentially a complex number. The
true solution can translate and its amplitude can change as a function of time. Translation is

determined by the real part of w,, while amplitude change (growth or decay) is represented
by the imaginary part of w,. Because w, can be complex, A\, can be also.

Recognizing that w, might be complex, we write it as:
Wq = WeR + 1Wqr-

Then
)\a —_ efiwaAt — efiwaRAtewajAt

Using Euler’s relation to expand the RHS’ first exponential yields:

Ao = €978 cos wupAE — 1T sin w,p AL . (4.16)
TV N TV
real part imaginary part
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We can write the change function A\, in polar form; i.e.,

Ao = |Aale’
where
|>\a| = >‘2R + AZI
A
0, = arctan L.
aR

The expression 6, is termed the analytic phase function. Here,

Al = \/62‘”“”(%82 WarAt + sin® wepAt)

w1 At
e s

because the term under the square root sign is merely unity, and

wa[At

—e sin w,p At

0, = arctan
ewal At cos w, p At

= arctan [— tanw,pAt]
arctan [tan(—w,rAt)]
= —waRAt.

Therefore, the polar form of the change function may be written as:

Aa — |)\a|e—iwaRAt — ew“IAte_iwaRAt. (417)

Now consider at this point together with . We want to know how the future
state of the solution relates to the present one. This is accomplished through the change
function A,. But A, has two parts, as shown by . The exponential function with the
real part of the analytic frequency, w,r, merely represents sinusoidal oscillation in space and

translation in time at phase speed ¢, = “¢&.

In contrast, the exponential with the imaginary frequency component, w,;, represents am-
plitude change as a function of time. If in fact w,; > 0, then exponential growth occurs, and
the physical situation is unstable. Thus, we term the absolute value (complex conjugate) of
the change function, |\,|, as the amplification factor.

To see this, substitute (4.17)) into (4.15)). We find:
u(z, t +nAt) = u(x, t)| N e ermAE,

Note the amplification factor is raised to the power n, the number of time steps we have
advanced subsequent to the present time. If this factor is greater than one, growth in time
is swift.
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Again, we’ve already showed that for the analytic solution, w, is purely real, so w,; = 0
and thus |A,|] = 1. The true solution merely translates at speed ¢ = ¢, without change of
amplitude. The analytic phase function, then, is simply

0, = —w At = —kc,At. (4.18)

The finite difference scheme’s solution, however, may have a different, and complex, fre-
quency. We examine the upstream scheme’s frequency and phase function next.

4.3.2 The finite difference scheme

The finite difference (FD) analogue to the preceeding will be indicated with the subscript
“d”. The finite difference frequency, wy, may be complex, so:

Wy = WJR + iwd[.

The FD change function is
/\d — e—iwdAt

and may be complex, so:

In polar form, the change function is:

)\d = \)\dlewd

where the FD amplification factor is |A\gq| = e“#2! and the FD phase function is §; =
arctan [iﬁ} . Completing the analogy, we write the FD phase function may be rewritten as:
Adr
0; = arctan Fv —warAt = —kcgAt (4.19)
dR

where ¢4 is now the translation speed of the numerically simulated wave.

In the analytic solution, we found |A,| = 1. This is not necessarily true for the FD scheme’s
simulated wave. Thus, the case of |\g| # 1 represents FD amplitude error. Further, the
FD and analytic phase speeds, ¢4 and ¢,, are not necessarily the same. The case of ¢4 # ¢,
represents FD phase error, which can be expressed by the ratio:

Hd . —k?CdAt . Cdq

b, —kc At ¢, 420

Recall that for the analytic solution, ¢, was independent of &, so all waves propagated at the
same speed (c), irrespective of wavelength. In general, it will be seen that the phase error
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in the FD solution is a function of wavelength — specifically, that the schemes translate
longer waves better than shorter ones. Consider then an initial condition composed of a
sum of waves of different wavelengths, which combine to produce a composite wave with
a certain shape. In the analytic solution, all waves translate together at the same speed,
so the composite shape is preserved. In the FD scheme, however, since different waves
have different phase errors, the composite wave will start to “unravel” as it propagates,
with the unavoidable result that its shape will not be preserved. Since, in general, different
waves move at different speeds in the FD solution, the numerical result will also suffer from
dispersion error.

We need to find expression for |[A\4| and 6, for the upstream scheme. We’'ll do this by
employing the so-called “modified” von Neumann stability analysis. This technique is easier
to apply than the “regular” von Neumann approach but is not as powerful, and can yield
necessary conditions for stability but not sufficient conditions. For what we’re going to
examine, however, the regular and modified techniques yield the same results, so we might
as well do it the easier way.

The upstream scheme FD approximation (4.5)), rewritten in terms of the unknown future
forecast u/*!, is:
ntl cAt

J i Ag [
Assume a wave-like solution representing the FD analogue of (4.12]):

u ul —uf ). (4.21)

J

ui = Agithe—wat), (4.22)

Note the frequency wy in the above. Equation 1} also contains u;‘H and u}_;, which may

be gotten from 1} by substituting ¢t + At for ¢t and x — Ax for x, respectively. Then, u}”l
is:

un+1 _ Aez(kzx—wdt) e—zwdAt
J —_—— —
ul Ad
J
. n
and the comparable expression for u}_; is:
n _ . n_—ikAx

Upon substituting these expressions into (4.21]), one finds:
cAt

n . n __ ,n_ —ikAx
ujAd—uj Ay [uj uje }

The common u} cancels. Let ¢’ = %‘; for convenience, and note that owing to Euler’s relation

e AT — coskAx — isin kAx.
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Therefore,

Ai=1—¢ + coskAx —ic sinkAz . (4.23)
Adr M

The square of the FD amplification factor is given by:
INal* = [Aig + Adf]
which using above can be shown to be:
N> =14+2d(1 =) [coskAz —1]. (4.24)

Now, if [A\g]* > 1, the solution grows with time, and thus the situation is unstable. Thus,
in order to avoid instability, we require |A\g|* < 1, and (4.24]) shows this to be conditioned

upon:
, _ cAt

— < 1. 4.25

¢ Axr — ( )

Equation (4.25) is often termed the Courant-Fredrichs-Lewy (CFL) criterion. Some physical
insight can be gained from turning that expression upside down, producing

Az
§ = ——
cAt

This can be thought of as a sampling rate. s = 1 means the wave propagating at speed c
will move one grid point Ax in one time step At. Our analysis shows that sampling too
slowly (small s or large ') yields instability; the solution blows up. Intuition tells you that a
higher sampling rate (larger s or smaller ¢’) should be an improvement — the more rapidly
you sample something, the more smoothly it appears to move between samples. Actually, it
happens that in the FD world, sampling more frequently isn’t always a good idea, and this
will now be seen to be true for the upstream scheme, at least.

Recall that the upstream scheme’s fatal flaw is the presence of implicit diffusion in the scheme
(recall Fig. 2). This diffusion can be seen in [\4|. From (4.24), it is seen that if ¢ = 1, then
|A¢| = 1, and there is no amplitude error. The solution neither grows nor decays; the FD
scheme does what it is supposed to, at least with respect to the amplitude. However, if a
higher sampling rate is chosen, such that ¢’ < 1, then shows that |A\s| < 1 and the
solution decays with time.

Normally, the smaller your time step, the more expensive the computations. Thus, you
typically want to adopt the largest At that yields a stable solution. With the upstream
scheme, this turns out to be the right thing to do, because choosing the largest stable time
step helps alleviate the implicit diffusion problem. This is ostensibly easy to do in this
sample problem; you know c. However, in practice the advection problems one encounters
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are multi-dimensional, having non-constant flow speeds and nonlinear advection terms. In
that event, choosing the “right” time step for a given grid spacing is quite impossible.

For ¢ # 1, the amplitude will either grow or decay for all waves, because |\;| # 1. However,
all waves are not affected equally. Due to the cos kAz term in (4.24), |\4| varies with
wavenumber k, even for the same /. It turns out that the shortest waves always handled
worst. Figure 3 (left side) shows the amplitude error |A\4| as a function of wavelength and

normalized wavenumber (%, which varies between 0 and 1).

upstream scheme
amplification factor |Ag| absolute value of 64/6,4
2.0 — AR A e

20 —

15 |

05 +

kAx/m A . . . . . . . .
wavelength 8Ax 4AX 2AX 8AX 4AX 2AX

Figure 4.3: Amplitude error (left) and absolute phase error (right), plotted as a function of ¢’ and
wavelength and normalized wavenumber.

We must appreciate that the smallest resolvable wave has a wavelength of L, = 2Ax. Since
k is i—:, kAx = m for the 2Ax wave and cos kAxr = cosm = -1. In this situation, |D shows
that

N> =1—4d(1 7).

It is clear that if ¢ > 1, |A\4|* > 1, and because
u(z, t +nAt) = u(z, t)\].

[the FD analogue of ], it is seen the amplitude will grow swiftly with time. Indeed,
one should see that due to the presence of cos kAx in the equation, it is the shortest waves
that will amplify the fastest. For ¢ < 1, amplitudes will decrease because |\4|? < 1, but the
shortest waves damp the fastest. Interestingly, the damping rate reaches a maximum for all
wavelengths at ¢ = 0.5, and then diminishes for decreasing ¢/. At ¢ = 0.5, |A\g|? = 0 for the
2Ax wave; it will vanish in just one time step.

Now we consider the phase error of the upstream scheme. Take (4.18) and, recalling that
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for the analytic solution ¢, = ¢, rewrite it as:

At
0, = _kArS2t - —dkAx,
Ax
where all we did was to first multiply and divide by Az and then employ the definition of

¢’. The real and imaginary parts of the FD change function \; were revealed in (4.23)); plug
these into (4.19)) to yield:

— sin kAx
1—c +cdcoskAx’
Finally, use these expressions to form the phase error ratio defined in (4.20)):

f,; = arctan

—c' sin kAzx
@ _ arctan 1—c'+c’ cos kAx (4 26)
0, —ckAzx

The phase error for the upstream scheme is shown on the right side of Fig. 3. It turns out
that, in this aspect, the upstream scheme is imperfect even at ¢ = 1. At this value, waves
with grid wavelengths L, < 4Az are not advected properly. (For ¢ = 1, the advection
speeds of these waves are too slow, though that can’t be seen directly in the figure because
the absolute value of the phase error is shown.) For ¢ < 0.5, all wavelengths are advected
too slowly compared to the analytic solution. Again, this is contrary to to the intuition that
higher sampling rates are better.

Furthermore, phase error is worst for the shortest waves. At any value of ¢/, the smallest
resolvable wave, 2Ax, does not move relative to the grid at all. Recall that in the analytic
solution, all waves move at the same speed ¢ so the feature being advected retains its original
shape. In the FD solution, the dependence of phase error on wavelength means that a feature
composed of a superposition of waves with different wavelengths will unravel while being
advected due to dispersion error.

The lesson to be learned from both sources of error is that the shortest waves tend to be
mishandled, which implies: (a) do not invest much importance into these waves (owing to
their poor handling); and (b) make sure you choose your grid spacing to properly resolve
the phenomenon you are trying to advect. For example, if your primary wave of interest is
10 km wide, choose Ax on the order of 1 km, so your feature is 10Ax.
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Chapter 5

Numerical solution of partial
differential equations, Part 1I: The
leapfrog scheme

In [Chapter 4] it was seen that the upstream scheme was a consistent approximation to the
hyperbolic PDE
up + cuy, = 0, (5.1)

but it suffered from considerable amplitude error, making it essentially useless in practice.
A superior alternative is the leapfrog method, in which the time and space derivatives are
replaced with centered approximations. One version of the leapfrog scheme applied to ((5.1))

n+1 n—1 n n
2At 2Ax

Note that this scheme, too, is explicit and involves three time levels (n, n+1 and n—1) and

1S

(5.2)

three points in space (7, j+1 and j—1). The time and space derivatives are centered around
the here/now point, u?, and are computed over intervals of 2At and 2Ax. As a result, note
that although we wish to create a forecast at the present point at time n + 1 (i.e., u}’“),
that forecast does not involve the present value at this point! That is to say, u] does not

appear in the equation — at least not in the advection term.

In finite differencing, it is typically found that centered schemes are superior in accuracy to
one-sided schemes (like the upstream scheme). Generally, the more points that are included
in the approximation of a derivative, the greater the accuracy, but whether the points are
deployed in a centered or one-sided manner also matters. The order of accuracy is determined
by the lowest power of the grid and time spacing in the truncation error term. In equation

(4.6) of |[Chapter 4} it was seen that the lowest power of At and Az for the upstream method
was one. Thus, that scheme was first-order accurate. It will be seen that the truncation
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term for has powers of two for both At and Az, so it is second-order accurate for both
time and space, even though it also explicitly employs only two points in each derivative.
Other factors being equal, the second-order approximation would be superior to a first-order
scheme because as At and/or Az go to zero, At? and Az? do so faster.

Although often applied to the entire approximation shown in , the term “leapfrog”
actually refers only to the way the time differencing is handled. Our present value of the
variable being predicted is u}. To make a forecast for time n+1, we're actually backtracking
to time n — 1 and then leaping over time n all the way to time n + 1. When we wish to
forecast for time n + 2, we will start at time n and leapfrog over time n + 1. See Fig. [5.1}

Y

n-1 n n+1 n+2

time
e

Figure 5.1: “Leapfrog” time stepping.

By using additional points, it is possible to construct still higher order approximations to
the space and/or time derivatives, producing an even higher order version of . While
this is often done for the spatial derivative, it is very rarely attempted with the leapfrog
time term, for reasons that will become readily apparent! (Higher accuracy in time while
formally retaining two time levels is possible with Runge-Kutta schemes; see Model Task
0B.) A second-order time but fourth-order space leapfrog scheme would look like this:

witt =i Ty +up s, + 8upy — S,
2At 12Ax

This fourth-order spatial derivative requires four points, distributed symmetrically about the

grid point the gradient is being computed for.

As the order of the approximation is increased, it becomes more challenging to implement
these schemes, especially in the vicinity of boundaries. Near a boundary, the fourth-order
approximation cannot be used, because points well outside the domain would be required, so
the second-order scheme is employed there instead. In theory, using a less accurate scheme
at any point within the domain degrades the accuracy of the entire solution, especially if
the feature being simulated is close to the boundary. In practice, however, model domains
are much wider than they are deep, and so the lateral boundaries are usually much farther
from the features of interest than the upper and lower boundaries. Thus, in 2D or 3D prob-
lems, fourth-order spatial differencing, when employed, is usually restricted to the horizontal
derivatives; the vertical gradients are computed using second-order approximations.
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There is a significant downside to using leapfrog time integration. We saw that the analytic
solution for consisted of a single feature, translating at speed ¢, to the right if ¢ > 0.
There was only one solution, befitting the first degree derivative u,. However, an n-level
finite difference scheme has n — 1 degrees of freedom and there is one solution for each degree
of freedom. Only one of these convolved solutions can be physically realistic — the “physical
mode” — the others are “computational modes”.

The upstream scheme used a two time level approximation for u;, and so it also yielded only
one (generally not very good) answer. The leapfrog, in contrast, utilizes three time levels,
and thereby results in two solutions. One is potentially the correct answer; the other is most
definitely wrong. So why are we doing this?

We want to use higher order (and especially centered) approximations for spatial derivatives,
because they are more accurate. Generally, they advect features better, especially the small
scale waves. But, as we will demonstrate, enhancing the accuracy of the time integration can
create artificial solutions that are not at all desirable if it is accomplished by including more
time levels into the scheme. Is the solution to use something that is centered and at least
second-order in space but with a two time level integrator like the upstream scheme? This
would seem to be a reasonable compromise. Unfortunately, such schemes are not stable, so
they are useless.

5.1 Consistency and stability of the second-order leapfrog
scheme

We will now show the leapfrog scheme ([5.2) is consistent and second-order. We need to take
Taylor series expansions about the here/now point u. For the time derivative, this becomes:

uﬂ-i—l _ UT-L_l

1 2
j J _ A3
At = gap | PRt g AU+

1
= U+ gAtZUttt
= u + O(AP).

Thus, our leapfrog time approximation is equivalent to the derivative we’re trying to solve
(ug), plus truncation error that is proportional to the square of the time step. Note the
truncation error goes to zero as At does, so the time derivative approximation is consistent.
For the space approximation, we can use the same technique to show:

Ui — U] 2
c{ SAL }—cux%—O(Ax )

showing the spatial approximation to also be second-order accurate and consistent.

56



Note that, unlike the upstream scheme, the leapfrog truncation error has derivatives with
odd degrees (e.g, U, ) instead of even degrees. Even degree derivatives constitute diffusion
processes, while odd degrees represent propagation. Thus, we anticipate the leapfrog scheme
will have little or no amplitude error (at least while stable) but may have some problem with
feature phase speeds.

To assess the second-order leapfrog scheme’s stability and error characteristics, we’ll again
employ the modified von Neumann method. First, we write the scheme in explicit form:

7}-1—1 — n—1

U; U Ar [

ul oy —ul ] (5.3)

7—1
We again assume solutions of the form:

u";l _ Aez(kx—wdt)

Using previously employed definitions, we see that:

u}”l = ujA

u?il = u?)\*l
’U/?+1 — u;zeikAx
U?_ _— u;zefikA:(: 7

where the subscript “d” has been dropped from A because it is clear we’re talking about the
FD approximation here.

Substituting these expressions into ([5.3) yields the following equation:

A = )\—1 . %‘; [eikAJ: o e—ikAz] )

Multiply through by A and note that Euler’s relation allows us to simplify the bracketed
term in this way:

kAT _ omtkAr - — ogkAx + i sin KAz
= coskAx +isin kAx — cos kAx + sin kAx
= 2isin kAx

Rearranging the result, we wind up with this quadratic:

A 4+ i2¢ sinkAzh —1 =0,

where we have again defined ¢ = %‘;. For convenience, let a = ¢’ sin kAx, which results in:

A 4 i2a)\ — 1 = 0. (5.4)
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Now, remember that A is our change function, how we relate the future state of the solution
to the present state. Note the change function here is a quadratic, meaning there are two
solutions. Thus, there are two future states of the wave, even though the analytic version
admits only one result. These two states are convolved as they are added together.

Solving quadratics containing complex numbers can be a little tricky. As an aside, we provide
below solutions for complex equations like

N + (A + Bi)A + (C + Di) = 0,

where A, B, C, and D are real numbers. As shown by Kurihara (1965; see Appendix 2), the
two solutions are:

-A 1 -B 1 I
Ay = |—+—F=\VR+VRZ+ 2| +i +
" [2 2\/5\/ ] "2 2V2\/R+VRE+ I2
A1 —B 1 I ]
A = | ——%=\VR+VR*+I?| +i — :
{2 2\/5\/ ] 2 22/R+ VR + I

where

= A’ - B?_—4C
I = 2AB —4D.

In our equation, A= D =0, B =2a,and C = —1,s0 R = —4(a*—1) and I = 0. Therefore,
our two change function solutions simplify down to:

AL = V1—a?—ia

Ao = —V1—a?—ia,

and so we can write the solutions jointly as:

A= —ia+V1-—ad (5.5)

The interpretation of (5.5) depends upon whether /1 — a2 is real or imaginary. Recall that

At
a= CA_x sin kAx,

and note that the maximum absolute value of sin is 1. Thus, if % < 1 then a <1 as well
and as a result v/1 — a? is real. In that case,

)\:j:\/l—cﬂ—' iq : (5.6)
real imaginary
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and

N2 = [\/1—a2\/1—a2+a2
= 1—-a*+d?
= 1.

This is true for both change function solutions, A; _, for any values of At and Az so long

as %‘; < 1. Therefore, so long as it is stable, the leapfrog scheme has no amplitude error. 1t

is the advantage of centered schemes in general that they possess no implicit diffusion like

the one-sided methods do. (We know that again %‘; < 1 is the stability criterion for the

leapfrog scheme, as it was for the upstream method, because if we exceed this value, |A| > 1
and the solution will blow up).

5.2 Physical and computational modes, and dealing
with “time-splitting”

Before specifically considering the phase error of the leapfrog scheme, we have to see the
consequences of using a three time-level approximation to a first-degree derivative. Again,
we write the change function in polar form:

A =|\|e?,
where it is recalled that the phase function is defined as:

0 = arctan ﬁ (5.7)
AR

However, we’ve two solutions now, involving roots Ay and A_, and phase functions 6, and
0_. These solutions are related through polar form (see [Appendix Al as:

A= e

P |/\|€i(9,+7r)'
Note the above expressions employed the phase function defined for the negative root. This

was done for convenience since it can be shown that _ = —6, (see|Appendix Al). From here
on, the subscript on # will be neglected.

We're only interested in how the scheme behaves when stable, and while stable |A| is always

unity, so we can ignore it. Also (again, see |[Appendix Al), § = arcsin (a). Recall at this point
that we’ve routinely been assuming wave-like solutions of the form

ul = Agllkemwandt) — gynike, (5.10)
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In this version, we are relating the solution at time n, u7, to the solution at time 0, which is
nAt time steps in the past. The equation for ug-) is simply a version of the above with n =
0, i.e.,

u) = Aethr
and using the properties of the exponential function we again appreciate that can be
expressed as
ul = A\neth
But since we now have two solutions, we need to revise the above expression to:

wl = (ANL 4 A\ )e™”. (5.11)

One of these components may not be right, but the other is definitely wrong, and it remains
to identify the mitigate the bad solution.

Quick recap of the preceding: We're looking at the how the leapfrog FD scheme handles
waves. The state of the wave at the present time and spatial position is u}. It turns out that
for the leapfrog scheme, the solution consists of two convolved parts, given by the two terms
on the RHS of (5.14)), and having combined (total or net) amplitude A. We will identify one
part with the desired solution and call it the physical mode in time. We will see the other
solution, which we will term the computational mode in time, has the very curious habit of
changing sign every time step. This portion of the solution is entirely artificial and we are
going to do our best to get rid of it.

5.2.1 Behavior of the computational mode

The amplitudes A; and Ay can be determined from the initial condition (IC), and this is
covered in detail in the following subsection. However, we do not have to go through all those
details to recognize which of the two solutions is the undesirable one. So, in this subsection,
we will take a short cut to the answer.

We will start by expanding out ([5.11]) into
uy = AN 4 AN ek, (5.12)
Now we employ (5.8)) and (5.9)), recognizing that |A\] = 1. So the above expression becomes

u;L — Alefzﬁnelkz + A262(9+7r)n61kz

after A, and A_ are raised to the nth power. Note that e'(®*™n = ¢®nei™  Further note

that since '™ = -1 then €™ = (-1)", so that our equation becomes

wl = Ae” et 4 (—1)" Ay e (5.13)
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We can say three things about this equation: First, there are two solutions convolved,
represented by the amplitudes A; and A,. Second, since the first term has e " and the
other has ¢, and 6 is proportional to ¢4, the two parts are moving in opposite directions.
Finally, owing to (-1)", the sign of the Ay component is flipping every time step. That is
clearly wrong, so the second term is the computational mode in time, leaving the first to be
the physical mode.

Because of the flipping, the computational mode will manifest itself as 2A¢ noise. This is
illustrated in Fig. 5.2l Suppose at some time, we have curvilinear feature in our domain
that looks like that in the top panel. The feature is translating rightward. The bottom
panel illustrates how that feature appears at location j as a function of time as it passes
by. Superimposed on the feature is amplifying 2At¢ noise, representing the influence of the
computational mode on the physical solution. This mode itself can be thought of as two
solutions that are in the process of decoupling and diverging away from each other, one
represented by the even time steps, and the other by the odd ones. This is sometimes
known as “time splitting”, a term that is also used in a very different manner, representing
a technique for integrating acoustically-active and inactive terms using different time steps
for efficiency.

5.2.2 Initialization of the computational mode

Now we consider the details of determining the amplitudes of the physical and computational
modes. From the preceding, we appreciate that A = A; + Ay, but we will find it more
convenient to write this as Ay = A — Ay. Thus, we can revise (5.13)) as

U? _ (A . Az)e—ieneikr + (—1)”A2€i9n6ikx. (5‘14)

We determine the amplitude of the computational mode, A,, by specifying how the time
integration is started. Recall the leapfrog centered time derivative looks like this:

n+l _  n—1
i U;

2At

Usually, we don’t have u?_l

at the initial time, only u}. However, we can start the model
integration out with a forward-time and centered-space scheme instead. This scheme is

unstable, but we’re only going to use it for one time step. Thus, for the first step:

qu - “9 _ “9’+1 - “9’—1 515
= —c asy vk (5.15)

Solve 1} for uj1 and then sub in the IC, ug-) = Ae**. Then proceed using the modified
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u(x)

u (t) at point j

Figure 5.2: Top: a wave-like feature present in the domain at some time. Bottom: How the
solution varies at point j identified in the top panel, presuming the feature is translating to the
right. The thin, dashed lines represent the combination of the physical mode in time (the thick red
curve) and the computational mode, which can be thought of as the decoupling of two solutions.
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von Neumann method as before. We find:

1 o CAL 0
Ui = % T oA, [“jﬂ - uj,l]
ke CAL e 1 ikAw —ikAx
= Ae — EAG [6 — € ]
. At )
= Aettr — CA—Ae’kx(i sin kAx)
T
= Ae™*[1 —id sin kAx]

ui = Ae™ (1 —id]. (5.16)

We have again used the shorthands ¢ = %‘; and a = ¢ sin kAx.

Now backtrack to (5.14]) to look at the first time step after the initial time (i.e., n = 1). So
uj = (A~ Ag)e et 4 (—1) Agee*™.

Equate the preceding with (5.16)). The common e?** term cancels and what remains can be
written as:
All —ia] = Ae™™ — Ayle™ 4 €],

Note that e=® + e = 2cos@, and that § = arcsin (a), so that sinf = a. Therefore, the
expression can be further simplified to:

A(1 —cosf) = —2A, cos b,

which can be solved for A, to yield:

—A(1 — cos0)
Ay= ——~,
2 2cosf

Using this expression for A, in ([5.14)) first results in:

Al —cos0) | _ion ix A(l —cosO), .40 ir
n_ 1A ngike _ (__1)n i0n ikx
"3 { 4 2cos b )]e ‘ (=D 2cos b jere™,
which can be rearranged into the following form:
, 1+cosf), _, (1 —cosb), .,
n_ A ikx ( on —1)» iOn ) 1
i c {< 2cos e (=1 2cos e (5.17)

This exposition effectively illustrates that the computational mode can exist from the very
initial time. That does not mean that this component will grow to become problematic, but
in practice with complicated, nonlinear problems, the mode does become excited and will
soon grow to consume the physical solution if not mitigated.
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5.2.3 Mitigation of the computational mode

To rid ourselves of the computational mode, we can exploit the tendency of the mode to
alternate sign from time step to time step. In Fig. [5.3] it is presumed we can isolate the
computational mode and show it for two adjacent time steps. The physical mode probably
didn’t change much between these two time levels, but the computational mode flipped over.
So, if we average the two times together in some fashion, creating a new estimate for one
of the times involved, the physical part of the solution won’t be changed much but the
computational part will be nearly eliminated.

computational mode at time n

\

\

computational mode at time n+1

Figure 5.3: The computational mode flips every time step.

Thus, we can counteract the computational mode by introducing artificial time diffusion (or
time smoothing) into our solution. Essentially, we are forcing into our system a term like wy;.
At a minimum, three time levels will actually be involved. However, if we want to perform
our diffusion centered in time (and we do, for the sake of accuracy), this means that we need
to know the forecast for time n + 1 before we can apply smoothing centered at time n.

This can be accomplished by mixing pre- and post-smoothed values for our forecast variable,
using the algorithm described below. Each time step contains the following two tasks:

n+1

e Use the leapfrog scheme to solve for the future value uj™", creating a preliminary,

unsmoothed estimate.

e Revise the present value of u} to adjusted value 47, the adjustment being indicated by
the inclusion of a dot, by applying time smoothing involving the new future estimate

(u*!), the present time’s unsmoothed estimate (u?), and the value from the past
(u;—l), which has already been smoothed.
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This can be implemented in the following manner, termed the Robert-Asselin time filter
(after Robert 1966; Asselin 1972):

Wt = Al =g, —u)y) (5.18)

A A (5.19)

2 J

Equation (5.18]) is the regular leapfrog scheme, used to create a temporary estimate for
u}‘“. Then, we go back and revise the present time’s estimate [in (5.19))] by smoothing it
in a time-centered fashion. In (5.19)), € is a small diffusion coefficient, usually taken to be

something like 0.1.

This approach is commonly applied but not without justifiable criticism. One of the most
serious is that the mean of the three time values employed in the filter is not preserved by
the smoothing function. An alternate method for addressing this problem that has been
proposed in recent years (e.g., Williams 2009; Amezcua et al. 2011) can preserve the three
time level mean by smoothing both time n and time n + 1 in each application. This revised
filter can be represented by the following, where now two dots indicate a value that has been
altered for a second time:

u = At =l — ) (5.20)
e ‘n e n+1 ‘n n—1

-n n €<]‘ B Oé) n -n - —

i =yt - 2 [ — 20 + iy (5.22)

The new parameter in this strategy, «, takes on a value between 0 and 1, inclusive, with «
= 1 representing the original Robert-Asselin filter. Williams (2009) notes that while a = 0.5
preserves the three time level mean exactly, a slightly higher value (v = 0.53) when ¢ = 0.2
does the least damage to the accuracy of the physical mode.

5.3 Phase error

Now, finally, we consider the phase error of the leapfrog scheme. Actually, we're only in-
terested in the error exhibited by the physical mode. In the above, we should have come
to realize that the physical mode was represented by the + root given by (5.8). The phase

function for this root is (see |Appendix Al):
04, = —arcsin [¢' sin(kAx)].

The subscript “d” has reappeared since we're going to compare this to the analytic phase

function, found previously to be:
0, = —ckAx.
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Figure 3 plots the ratio of 0;—; as a function of normalized wavenumber and ¢’. It can be seen
that the phase error is not a strong function of ¢ but varies tremendously with wavelength.
As in the case of the upstream scheme, the shorter waves are handled worst, and the smallest
resolvable wave (2Ax) does not move at all. As a result, the leapfrog FD solution suffers
from dispersion error.

phase error of 2nd order leapfrog 64/64

1 0 / T T
e 0.5 E 7
kAx/m .1 3 5 7 9
wavelength 8AX 4AX 2AX

Figure 5.4: Phase error of the second-order leapfrog scheme.

5.4 The 2D leapfrog scheme

In the one-dimensional case, the stability criterion for both the upstream and leapfrog
schemes was %‘; < 1. The quantity %‘; is often termed the Courant number. The “rule” that
the Courant number must be less than one is not set in stone, however. It is dependent on
the order of accuracy of the scheme, the dimensionality of the problem and the grid layout.
Generally, higher order schemes, multi-dimensional geometries and more sophisticated grid

layouts (i.e., grid staggering) result in more restrictive stability conditions.

A case in point is the 2D leapfrog scheme, analyzed below. Let A be the variable being
advected, by a two-dimensional flow field with low components being u and v in the x and
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y directions, respectively. Then the 2D leapfrog may be written in explicit form as:

A=Ay - A - A ) - S A AL 6
The variables A, u and v are all defined at the same grid points; i.e., the grid is unstaggered.
Since the flow is presumed to vary in speed through the domain, this problem is not easy
to solve. However, we recognize that the stability of the scheme will be challenged most in
that section of the domain where the flow is moving fastest. Thus, we can replace u and
v by their maximum values. For simplicity, take this maximum to be ¢ in both directions.
Further simplification can be realized by forcing the grid spacing to be uniform. Take this
spacing to be A.

We assume 2D solutions now of the form:

n _ A i(kz+ly—wt)
Al = Ae

where [ is the wavenumber in the y direction, related to the y direction wavelength L,
through
2w

7

Y

l

Inserting the assumed solution into the 2D leapfrog scheme results in:

1 At o ine  —ikne i —i
)\:X_TKGI@A —e kA)+(€lAy_6 lAy)]

Using Euler’s relation and rearranging (after multiplying through by A) results in:
At
A2 4 2@'% sin(kAz) + sin(IAy)| A — 1 = 0
If we let a to be & [sin(kAz) + sin(IAy)], our quadratic is
A+ 2ia\ —1=0

yet again, with the same roots previously presented in (5.5)). Identical also is the fact that if

V1 —a?is real, then || = 1 and the 2D leapfrog scheme has no amplitude error. Therefore,
g

the stability criterion is a? < 1 yet again.

However, now that stability criterion implies a more onerous restriction on the time step.

Since At
o= % [sin(kAz) + sin(IAy)]

and we need a? < 1, then this means:

2 A 42
CAAJ [sin(kAz) + sin(IAy)]* < 1.
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The maximum value of sin is one, so the largest the term in square brackets can be is two.
Thus, we really have:
4 At
— <1
Az T
which implies that
cAt 1
=<
A T2
That is, the stability criterion is twice as restrictive. If we had also staggered the grid,
putting u, v and A at different locations, the criterion would be still more restrictive. If we
need to add time smoothing (to control the computational mode) and/or spatial smoothing
(to restrain small-scale computational noise — a future topic), the time step we are allowed
to employ will be smaller still.

The derivation of the phase error for the 2D leapfrog scheme is skipped, but again the scheme
handles the shortest waves the worst. The only major difference is now the smallest resolvable
waves (2Az and 2Ay) do in fact translate relative to the grid. They are not stationary, as
in the 1D case. Unfortunately, they also move backwards, against the wind, which will be
demonstrated in Model Task 4. That is even more reason to ignore the shortest waves, or
even to remove them from the solution.
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Chapter 6

Dynamical frameworks

In we derived the fully compressible (FCOM) model framework below

ou - _ on'

E = -V -Vu-— deQU% (61)
ow — _ on’ 0!

E — _V . Vw - deevg + ge—_v (62)
4 Lo dh

on’ s> g

- = - o 4
o0 = o VY] (64

In this chapter, we consider ways of solving this system of equations. These equations contain
advective processes, sound waves and gravity waves. As noted earlier, sound waves play a
dynamically important role in the atmosphere, but we need not be concerned with the details
of how and when they act, and why. We want them to do their work and stay out of the
way.

However, as noted earlier, the presence of sound waves seriously complicates the efficient

solution of these equations. In |Chapter 4] and [Chapter 5, we saw that the need to maintain

stability places limits on how large we can choose the model time step to be. For the up-
stream and second-order leapfrog schemes applied to the one-dimensional constant advection
problem, the time step was constrained by the ratio of the grid spacing to the advection ve-
locity. As the complexity of the FD scheme grows — with grid staggering, time smoothing,
multi-dimensions, etc. — the limits on the time step becomes even larger.

It becomes more restrictive still as terms are added to the equations that represent non-
advective phenomena (i.e., waves). In general, this time step is limited by the speed of
the fastest moving signal in the model, regardless whether that signal speed represents the
(advecting) flow or a wave. Indeed, they are additive: if the flow speed is uniform at 30 m
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s71 and the fastest wave is propagating in the direction of the flow at 50 m s™!, then the
fastest moving signal in the model — the signal that limits the time step — is really 80 m
s—L.

In the FCOM system above, the fastest moving signal is the sound wave (=~ 350 m s™!), and
thus it happens that the greatest expense is being caused by the least important aspect of
the model physical framework. There are three approaches we can take, beyond the simple
“orin and bear it”. These are:

1. Adopt “time-splitting”, a technique that identifies the acoustically active and inactive
terms in the equations and solves them on different time steps, each chosen to maintain
stabilityﬂ. Time-splitting was suggested in Marchuk (1974), a Russian textbook, and
pioneered by Klemp and Wilhelmson (1978).

e Advantage: Relatively economical.
e Disadvantage: Complex implementation, small impact on the model physics.

2. Artifically slow down the sound waves, by treating the sound wave speed as a free pa-
rameter and discounting it. This is sometimes called the “quasi-compressible” (QCOM)
or “super-compressible” approach and essentially allows the atmosphere to have more
slackness.

e Advantage: Efficient, easiest and most straightforward to code.
e Disadvantage: Does more violence to the model physics.
3. Artificially speed up the sound waves. . . all the way to infinite phase speed. After all,

the acoustic adjustment is already very rapid, why not make it instantaneous? This is
the basis of the anelastic approximation.

e Advantage: Eliminates something you really didn’t want anyway, and has some
desirable properties as well as a simple continuity equation.

e Difficult to implement, as it makes pressure a diagnostic (as opposed to prognostic)
variable. Very inefficient in 3D models.

6.1 Time-splitting

Time-splitting is based on the recognition that sound waves severely constrain the model
time step but also that these waves manifest themselves most prominently in the pressure

!Caution: as noted in [Chapter 5| the term “time-splitting” is also often used to describe the odd-even
time step solution separation that occurs in the leapfrog scheme owing to the computational mode.
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and divergence terms. The local time rate of change of velocity (e.g., u;) is driven by
two relatively separate phenomena: rapidly fluctuating acoustic waves, and slower moving
(advective and gravity-driven) features that result in slower local fluctuations. Given that
acoustic waves exist due to the slackness of the atmosphere regarding pressure and density,
it is unsurprising that the “acoustically active” terms are those involving pressure. In time-
splitting, we seek to keep the model stable by integrating the acoustically active terms on a
small time step, while economizing by integrating the (relatively) inactive terms on a larger
time step. Thus, the model contains two separate time steps, a large step At and a small
(sound) time step AT.

When we solve an equation like
us +cuy, =0

with a three time level method like the second-order leapfrog scheme, we can think of the
problem in this way: We want to jump forward from time n — 1 (or t — At) to time n + 1
(or t + At), and we do this by holding the advection term (cu,) constant at its value at the
center of that time interval (time n or t). This is because the advection term is evaluated

at time n. We’ve a simple advection problem, and our time step At is determined by speed
Az

of the flow accomplishing the advection (c). Thus, the advective time scale is 2%
Now consider a more complicated problem, such as that offered in . The time tendency
of u is not only a function of advection (the first term on the RHS) but also of the pressure
gradient. The advection term again carries with it an advective time scale (now being %)
that, left to itself, would determine the model time step. But the equation set now also
admits acoustic wave solutions which, owing to their rapid speed, act to place a much more

severe restriction on the time step.

Sound waves move so fast that advection doesn’t affect their propagation very much at all.
Thus, the advection term can still be computed on a relatively long time scale, that scale
given by the flow speed (resulting in At). But the pressure gradient acceleration has to be
computed over a relatively smaller time step, owing to the rapid propagation of sound waves.
The time step chosen to keep sound waves stable is designated as Ar.

Note we could very well integrate the advection term on the small time step as well. It’s a
waste of resources since the advection term shouldn’t be changing very much over the small
time step. In fact, it should be changing so little that it could be presumed to be constant
to a reasonable degree of accuracy. In fact, that’s precisely what we will do.

Equation (6.1)) can be written in this simple fashion:
U = —PGA — fu,

where PG A is the pressure gradient acceleration term, and f, represents all remaining terms
(here, it is just the advection term; in a more complete model, f, also would contain Coriolis,
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diffusion and friction terms). We want to step from time ¢ — At to time ¢ + At. The term
fu is evaluated at the intermediate (here/now) point, time ¢, and held constant through the
time inetrval span 2At, just as before. However, now we need to solve the PG A term over
a smaller time step. This will be done using a forward stepping scheme, each leap being of
time length A7, starting from time ¢ — At.

2At

Figure 6.1: “Time-splitting”.

It is recalled that the forward-time, center-space approximation is unstable for advection.
Yet, although each small time step is done in the forward fashion, this isn’t unstable for
advection because as far as advection is concerned, it is still centered in time. For each
“now” point (time t) we start At into the past to go to At into the future. This means,
however, that half of the small time stepping is redone each (large) time step. To get from
time t to time t + At, we start at time t — At and do the small time stepping past time ¢
all the way to time t + At. Then, to get to time t + 2At, we start back at time ¢ and do
the small time stepping over yet another time interval of length 2At, redoing the stepping
in the interval between times ¢t and ¢t + At. This isn’t terribly efficient, but needs to be done
to keep advection stable, and (unlike especially some of the advection terms) the PGA is
computationally simple, involving relatively few arithmetic operations.

This time-splitting approach is also applied to the PGA term in the w equation and
the pressure equation (6.4). In KW'’s original strategy, then, the potential temperature
equation (/6.3)) was integrated on the large time step, At. As mesoscale and synoptic scale
models became deeper, extending well into the stratosphere, modelers discovered that their
longer time step was being limited by that layer’s great stability. Skamarock and Klemp
(1992) noted that the w equation’s buoyancy term and the ' equation’s vertical advection
term could also be easily incorporated into the small time stepping scheme, thereby reliving
another constraint on At.

In a mesoscale model, the vertical grid width Az is typically smaller than the horizontal
length Az. Sound waves propagate vertically as well as horizontally, so it is the vertical grid
length that really determines the small time step. Recall that we don’t care how the sound
waves move, as long as they do their job and stay out of the way. Further efficiency can be
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achieved by treating the vertical pressure gradient terms in an implicit fashion.

Up to now, we have only considered explicit schemes, methods that allow us to integrate
the model one grid point at a time. In an explicit scheme, the future solution at a given
point depends only on the present and past values at other points, and not on the future
value at any other grid point. In an implicit scheme, a set of grid points (such as those in a
single model column) have to be solved simultaneously, because the forecast at a given point
also depends on the forecast at other points. This will be elaborated upon later when the
anelastic system is considered.

6.2 Quasi-compressibility

The quasi-compressible approach to solving — is brutally simple. Since sound waves
serve to limit the time step owing to their great propagation speed, one can adopt a larger
time step by simply choosing to artifically restrain the sound speed. Thus, ¢, is treated as a
free parameter, and is artifically discounted. As noted above, this is the simplest approach to
implement, because it avoids the complexity inherent in implementing either time-splitting
(in the fully compressible framework) or solving the diagnostic pressure equation (in the
anelastic framework).

How low can ¢4 go? The equations admit both sound and gravity waves, but they don’t
interact much owing to their very different phase speeds. However, as the sound waves get
slower, the possibility for inappropriate interaction becomes larger. Keeping advection and
gravity wave time scales the same, but decreasing the sound speed, is tantamount to making
the system you are simulating closer and closer to the supersonic limit. When the flow goes
supersonic, the entire character of the solution changes, and the equations are no longer
hyperbolic (or mixed hyperbolic/parabolic) in nature. For one thing, shock waves become
possible.

Although the QCOM approach is becoming more popular, I am not aware of any really
detailed examination of the errors associated with its adoption. One thing that can easily be
done is to perform your experiment with a variety of sound speeds, including some relatively
small ones, and watch for the differences that crop up owing to your making the model
atmosphere more compressible and your flow speeds more nearly supersonic.

6.3 The anelastic approximation

In the anelastic approximation, we actually attain some efficiency (with respect to the time
step, anyway) by speeding up the sound waves. . . to infinite speed. Take (6.4) and rewrite it
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as the following:
1 o' 1 _
=— =— — - pd, V| .
c2 ot pCpat? [V P }

Remember we have already made some approximations, such as presuming that since sound
waves are so fast, advection of pressure has a negligible influence on the local perturbation
pressure tendency. For simplicity, presume an isentropic base state (no gradients of 6,),

yielding:
1 on' 1 -
S Vfﬂ.
2Ot ped, [ P

Interpret this in the following way: local perturbation pressure fluctuations are caused by
local mass convergence (per unit volume), itself driven by gradients in the wind field. When
convergence occurs, V - 5‘7 < 0 and the pressure tends to rise. In our approximation, there is
a direct cause-effect relationship between convergence/divergence and pressure fluctuations.
However, there is a time lag between the onset of convergence (say) and when the pressure
starts to rise. That lag represents the compressibility of the medium, and its time scale is
determined by the sound speed c;.

Now, perhaps we wish to remove this time lag, by increasing the sound speed. If we force
cs — 00, the pressure tendency term vanishes, and we're left with:

V-V =0 (6.5)

This is known as the anelastic continuity equation, and was originally derived (at least
formally) by Ogura and Phillips (1962). Before, the quantity shown in (6.5)) wasn’t forced
to vanish, and its departure from zero drove the pressure tendency. Now, however, it is
constrained to be zero each and every time step, at each and every location. Increasing the
mass convergence locally now doesn’t cause the future pressure to increase, instead it causes
the pressure to increase now. There is no more slackness.

Viewed in this way, it is seen that pressure is no longer an property independent of the
wind field. Rather, it is entirely dependent upon — and determined by — the wind (and
buoyancy) fields. Pressure is no longer a prognostic variable in its own right.

What’s more, the pressure essentially becomes an implicit quantity. When we perturb the
atmosphere somewhere, the surrounding environment has to adjust to it. As discussed before,
it adjusts in a variety of fashions. One adjustment is carried by acoustic waves, which quickly
spread out away from the source of the perturbation. As time goes on, more and more points,
located farther and farther away, “feel” the impact of the original perturbation; its spread
is limited only by the sound speed.

However, if we cause the sound wave to propagate infinitely fast, that means every point in
the atmosphere feels the perturbation instantaneously. That means, we can’t determine the
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pressure perturbation at any one location without knowing the pressure everywhere else at
the same time. In other words, we can’t solve pressure point-by-point, we have to determine
the pressure simultaneously for all the grid points. It is an implicit problem.

6.3.1 The anelastic pressure equation

So, how do we get pressure, now that we’ve eliminated the pressure tendency? We can derive
a diagnostic relation for pressure in the following way. First, note that (6.5 can be written

as: osu 95
pu pw
Gt =0 (6.6)
To simplify the derivation, (6.1)) and (6.2) are rewritten as:
ou ~on'
— = —ADV(u) — cpabhy— 6.7
- () = epall (67
Jw ~ o’
= _ADV(w) — cpufy—— + B .
8'[5 V(w) de v 82’ + ) (6 8)

where ADV (u) and ADV (w) represent the advection terms of w and w, respectively, and

B designates the buoyancy term. (In a more complex model, the ADV terms would also

include diffusion, friction, and Coriolis terms.) Multiply by p and take the horizontal

derivative. Multiply by p and take the vertical derivative. Upon adding the equations,

we have:

= = 2,/ ! =

o |+ 2| = L (pADV ()] — - (AP ()] - e, — e+ 257

(6.9)

The LHS of was produced by interchanging the order of the time and space derivatives.
Note it yields the time derivative of , a quantity that should be zero at every time. Thus,
the LHS of is zero, at least analytically. In practice, this term will differ from zero by
round-off error, and that would have to be accounted for or such errors would accumulate
with timd?

If we rearrange what remains, we get a pressure equation that looks like this:

or 1 o9 _ o I [0pADV(u)  9pADV(w)] , 1 3pB

b el = ———— _ . (6.10
0% " peady 02" "0z T perddy Bz 92 pCpaly 02 (6.10)

It looks complicated owing to the dependence of p and @, on height. (Note that we previously
assumed an isentropic base state in getting the anelastic continuity equation. That said, the

2S0, in practice, this term evaluated at time n — 1 is retained and moved to the RHS to account for
truncation errors in making the previous forecast, but is presumed to hold exactly at time n 4+ 1 and thus
vanish. We cannot make the n+1 computation yet anyway, unless we pursue an iterative approach to solving
for the pressure perturbation.
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equation can — and usually is — applied in a nonisentropic atmosphere, because neglect of
the vertical gradient of #, can be justified by scale analysis. This results in some error, of
course. )

6.3.2 Simplification and interpretation

In a constant density and potential temperature atmosphere, the pressure equation has the
simple form of

Vir' = F,

where F' represents everything on the RHS. Note two things about this equation. First, it
is elliptic, and has no time derivatives. Second, it depends on the gradients of the advection
and buoyancy terms, which are evaluated at the present time. Thus, we use the wind (and
temperature, through buoyancy) information from the present time to compute the pressure
at the present time. In essence, the adjustment is infinitely fast.

If you have 7’ at every point, and need to compute F', that is a direct and simple problem,
since you just discretize the Laplacian in FD form and solve it. Here, however, we have F
and need to compute n’. We still discretize the Laplacian in FD form, but now it should
be appreciated that we can’t solve for a given point without also solving for its adjacent
points, and we can’t solve for those adjacent points without also solving for their adjacent
points. .. and so on. Thus, every point depends on every other point, at least to some degree.

To demonstrate how we solve this kind of problem, we can simplify the equation further, to
a single dimension. Consider the equation

o’

Ox?

=F.

Discretize the Laplacian with a centered scheme, resulting in (after dropping the primes):

Tip1 — 2T + M1

Ax? =i

It is seen that a point ¢ directly depends on points ¢ — 1 and ¢ + 1, but not directly on any
other point. However, every point depends on its neighbors so, ultimately, this will lead us
to the boundaries. As a consequence, we can’t solve this problem for any given grid point
without applying some boundary conditions (BCs); that is, we need to either know 7 at the
endpoints, or at the very least specify the horizontal gradient of 7 there. To keep it simple,
we will presume we know the value of 7. This is called a Dirichlet BC. If we instead presume
a value for the first derivative of 7, that is known as a Neumann BC.
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We can express the above in the form of a matrix:

i -2 1 1T ™ | i F1 — %
1 —2 1 Up) Fg
1 -2 1 T F.
L Do =ae X (6.11)
1 -2 1 TN_1 Fn_q
| 1 —2_ L TN ] _FN——WAV;?_

There are a total of N interior points (that is, points that do not involve a boundary value
in the Laplacian, i.e., those with an index between 2 and N —1). Note that there is a regular
set of entries in the leftmost matrix, being values 1, -2 and 1 for all but the points just
inside the boundaries. Even for this simple problem it is seen that most of the entries of
this tridiagonal matrix are zero. The rightmost matrix is the vector of known values of F'.
The boundary values 7y and 7y have to be prescribed (for Dirichlet conditions) and are
known, and thus these values are moved into the F' matrix. The matrix can be solved by
Gaussian elimination. (Actually, the regular nature of the leftmost matrix means there are
also more efficient, direct methods of solution as well.)

Here is a simple little example, involving a total of 5 points, three unknowns and two bound-
ary points (so N=3). Take Ax=1 and presume the boundary 7 values to be zero. Thus, we

have:
-2 1 0 T 3
1 -2 1 m | =11
0 1 —2 T3 2

Applying Gaussian elimination on these F' values yields these values: m3=-13/4; my=-7/2;
m3=-11/4. These can be substituted into the original equation to verify that indeed these
values of 7, along with the boundary conditions, do indeed generate the given values of F.

The simple example shows that the pressure values have to be obtained all at once, since
each point depends on its neighbors, and also helps to illustrate how important the BCs are.
Changing the BCs slightly would result in a radically different solution (try that).

The simple 1D problem is very easy to solve. In 2D, it is more difficult. Note that for N
unknown points, the 7 matrix is N by N. In 2D, say we have a domain of NX and NZ
unknown points. Thus, the matrix is NX - NZ by NX - NZ. Say our domain is 300 by 30
points. Then the m matrix is 9000 x 9000! In 3D, the array is dimensioned NX - NY - NZ
by NX - NY - NZ. This is quickly getting out of hand.

However, notice that the m matrix has a very regular structure. That is true in 2D and
3D as well, though of course the structures in those situations are more complicated. For
a large number of unknowns, the matrix is also very sparse; most of the entries are zero.
We can make use of the sparseness and use an algorithm that requires us only to save
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the nonzero matrix values. This saves a lot on storage, but the problem is still becoming
quite cumbersome to solve. In 2D, the anelastic model is pretty competitive with the fully
compressible framework, but in 3D it lags well behind, owing to the number of computations
required to solve the diagnostic pressure equation.

6.3.3 Decomposition of the anelastic pressure perturbation field

The anelastic pressure equation does have one very nice property. (The derivation of this
pressure decomposition is covered in the next subsection.) Since the Laplacian operator is
linear, the pressure can be cleanly separated into components. In general form, we have:

Vir' = F, + F,,

where Fj is the vertical derivative of the buoyancy term and Fj; represents the derivatives
of the advection (and other) terms. The subscripts b and d are chosen because the terms
represent buoyancy and dynamic forcings, respectively. The derivatives of the advection
terms affect pressure dynamically, through convergence and divergence. An example of
this is cyclostrophic balance, where a local circulation generates low pressure inside the
circulation.

The buoyancy term affects pressure through heating and cooling. An example of this: You
know a positively buoyant parcel will rise. To do so, it must push surrounding air out of
the way. Part of the buoyancy provokes a pressure response through the buoyancy term.
The vertical gradient of buoyancy above the parcel’s center is negative, and that in itself
produces high pressure. Below the parcel center, the gradient is positive and low pressure is
produced.

Again, since the Laplacian operator is linear, we can separate the total pressure into its
dynamic and buoyant parts. Thus, we can define dynamic pressure, 7, as the solution of:

V27T:1 = Fd,
and buoyancy pressure, 7, as the solution of:
V27Tl,) = Fb.

The total pressure 7’ is simply the sum of the two component pressures. This can’t be
done without the anelastic pressure equation, and is a very useful property of the anelastic
framework.

6.3.4 Derivation of the anelastic pressure decomposition

While nondimensional pressure 7’ has theoretical and computational advantages, perturba-
tion p’ is employed here as it makes for a somewhat more straightforward presentation. The
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perturbation method has already been applied to pressure, temperature 6 and density p in
the equations of motion listed below and the term in the w equation inversely proportional
to the sound speed squared has already been removed. B = g% is the buoyancy. Equation
[6.15] is the traditional anelastic continuity equation.

ou ou ou ou 10p
% = "ar ey Yar oox
v ov ov ov 10p
o~ or "oy "o: poy
ow ow ow ow 10p
2 = —u%—va—y—wg—ﬁa B
0 — dpu  Opv  Opw
Ox dy 0z
Equation |6.15| can also be written as
_Ou  Ov  Ow dlnp
= % + a—y + & w .

(6.12)
(6.13)
(6.14)

(6.15)

(6.16)

The derivation starts with multiplying equations (6.12)-(6.14) by p, differentiating with

respect to x, y and z, respectively, and adding the result.

Recalling that the order of

differentiation can be interchanged, the left hand side (LHS) of the new combined equation

1S

dpu Ou

Jxr Ox
dpu Ov

dy Ox
dpu Ow

0z Ox

2 Opu  Opv  Opw
ot | Ox oy 0z |’
which is zero owing to (6.15). The right hand side (RHS) expands out to
L Opdu Pu dpwdn o
Plove ™ oz oy ooy or 0z "V oraz
L mon 2 opudu o
P 0xdy Oy Oy P oy? Oy 0z P yoz
Ou_omow _ Fu _dpudw 0w
Ploraz ~ o2 oy pv(?y(?z 9. 0. o2
0pB
+ 202 V3.
0z

Using the shorthand of u, = g—z, Ugy = g%‘, etc., further manipulation results in
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V' = —p [u} + vl + w?]
opv  Ow dInp dInp
8y+82+w iz T dz

0 +@+8_w+ dinp dlnp
p“ay ox oy 0z v dz v dz
_ 0 [dpu Opv Ow dlnp dlnp

52 [%*a—gﬁa“" = i

—2p [vpuy + weu, + v w,] —

dp [ou 00 o] opt
dz |0z Oy 0z 0z
In the above, the expression wdg;ﬁ was added and subtracted to the second, third and fourth

terms of the RHS. Equation (6.15)) can be invoked in those terms and in other places, leaving
us with

. ) _d*Inp OpB
VI = —=p [ug + vy 4 wl] = 2 [vauy + wpus + vawy] + P +

The first three terms on the RHS are the dynamic pressure forcing Fj, the last term in the
buoyancy forcing Fj,. Again, since the V? operator is linear, the equation may be separated
into nonoverlapping dynamic and buoyancy pressure perturbations, creating the following

V) =F=F;+F,
2.1
Vipy = Fq
Vip, = Fy

where p’ = p/, + p,. The dynamic pressure perturbation can be further decomposed into
linear (the term with the squares) and nonlinear (the cross-derivatives) parts. This was
used by Rotunno and Klemp (1982) to explain why supercell storms split, and why the split
members tended to move to the right and left of the mean wind through the cloud-bearing
layer.

Model Task #6 discusses how the anelastic pressure equation can be solved in the model,
and how the dynamic and buoyancy pressure parts can be isolated.
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Chapter 7

Nonlinear computational instability

7.1 Origin of the instability

In Model Task #4, we saw the consequences of the leapfrog scheme’s poor handling of the
shorter waves in solving the simple, 2D linear constant advection problem

Up + Cylly + Cyty = 0,

where ¢, and ¢, were specified constants. Short waves that were originally hiding in the
initial condition were revealed owing to dispersion error, causing the feature being advected
to change shape (and making the solution look noisy). Otherwise, the fact that the short
waves got exposed did no harm. They did not grow unbounded, at least as long as we
satisfied the stability condition.

The short waves didn’t do any harm because the problem we solved was linear. In a nonlinear
problem, the small scale waves do pose a threat to our solution, and can grow unbounded
(or, at least grow to the point where they dominate — and destroy — the simulation) even
when the stability condition is satisfied. In this situation, they do not grow because their
amplification factors exceed unity. Instead, they grow because they spuriously accumulate
energy through a phenomenon called aliasing.

Aliasing can only occur when the equation being solved contains nonlinear terms, such as
the wu, term in
Uy + uu, = 0,

because such terms can cause the creation of new wavelengths that did not exist in the initial
condition. A simple, 1D example: Suppose the solution for u at the present time consists of
a single sine wave with wavenumber k; i.e.,

u = sin kx.
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The spatial derivative of this is:
u, = kcos kx,

so the nonlinear term can take the original sine wave and produce
. -
uu, = ksin kx coskx = 51{; sin 2kx;

i.e., a wave with twice the wavenumber (half the wavelength) of the original wave. In this
way, energy can be transferred to the smaller scales. One could start off with only relatively
large wavelengths, but owing to nonlinear interaction, waves with progressively smaller and
smaller wavelengths (relative to the grid) will be produced.

And this will continue...at least until the grid can no longer represent the waves being
generated by the nonlinear terms. In reality, this downscale transfer continues until very,
very small wavelengths are generated that are dissipated via friction. This ditty, attributed to
the numerical weather prediction pioneer, Lewis F. Richardson, expresses this phenomenon:

Big whirls have little whirls that feed on their velocity. Little whirls have lesser
whirls, and so on — to viscosity.

The downscale transfer does not cause problems in reality because there exists a sink for the
energy at the smallest scales — viscous dissipation.

In the finite difference world, however, this downscale transfer is frustrated, and actually
halted, by the fact that the smallest resolvable wave is one with twice the grid interval. (In
terms of wavenumber, the smallest wave — or largest possible wavenumber — is ke = %)
You can think of this smallest wave situation as a boundary condition, a rigid wall or,
even better, a mirror. If nonlinear interaction results in the generation of a wave that
cannot be resolved on the grid, it will “reflect” back into the resolved wavelengths. This is
aliasing. Instead of continuing down towards viscosity, the wave and its energy remain in
the numerically resolvable wavelengths.

As a specific example, consider a wave with wavelength %Am. This is resolvable; there are
three peaks in every eight grid pointd'| . Two of these waves combine to produce a wave
with half the original wavelength, or %Am. This newly created wave is smaller than 2Az and
cannot be resolved. The grid, however, sees this as a 4Az wave (see Fig. 1). The wave has
aliased, or reflected, back into the resolvable grid...and has been given a wavelength that is
actually longer than the original wave pair had. In reality, this wavelength should have been
much smaller and kept on the path to frictional dissipation. In the model, the wave and
its energy has not been “lost” and instead has been remained in the vicinity of the smallest
resolvable wave.

!This may seem like an odd wavelength, but in a Fourier sense it would appear in any domain with N
being a multiple of 8.
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original wave
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aliased wave N /

Figure 7.1: Aliasing of an unresolvable wave.

The problem isn’t that the energy wasn’t lost as it should have been (though that’s unrealistic
in itself), it’s that owing to aliasing energy will accumulate in the shorter waves. To see
this, we examine a more general case, in which a pair of waves with potentially different
wavenumbers (k; and ko) interact. The multiplication of two such sine waves can yield
(using standard trigonometric relations):

1
sin kyx sin kox = 3 [cos (k1 — ko)x — cos (ki + ko)z] .

Two new wavenumbers, having values k; — ko and ki + ko, are generated.

Note the latter combination yields a wavelength that is shorter than what the original waves
had. Eventually, waves with & > k4, will occur and be misrepresented by the FD grid,
aliasing back onto the resolved grid. Let

~

k= ki + ks.

Then:
cos kx = cos |:2kmaz — (2kmas — l%)} x.

Recall kpae = 35 and use a trig formula for the cosine of a difference to obtain

~ 2m 2T - . 2w ) 2 -
coskx = COS(A—:CJ?) oS [(A_x - k) x} + sm(A—xa:) sin {(A_x — k) :L‘] :

At a given grid point x=jAx, sin %jA:ﬁ = (0 and cos %jAw =1, so

cos l%ij = CoS [<2kmm — l%) jAm} )

The above expression shows that we cannot distinguish between a wavenumber k and its
counterpart 2k,,.. — k, because their cosines are the same. This becomes important when
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the wavenumber k > Kmaz, Which is a wave that is too small to resolve on the grid. In this
situation, the wave aliases back onto the grid, and is erroneously seen instead as

~

k* = 2kpmae — k.

See Fig. 2. The wavenumber k,,,, is the symmetry point, and acts like a mirror. Nonlinear
interaction produces an unresolvable wave with wavenumber k& (henceforth dropping the
hat). The distance (in wavenumber space) that the wave resides on the unresolvable side of
kmaz 18 the same distance to which the wave actually appears to be on the resolvable side.

k* k
| | |
[ I |
0 Kk —  Kmax 2Kkmax
Inf. 2AXx <+— L AX
resolvable unresolvable

Figure 7.2: How an unresolvable wave reappears on the grid.

Let’s reconsider the %Am wave, which we saw earlier to be produced as a result of the

multiplication of two %A:p waves. This wave’s wavenumber is k = 21—’;, which is unresolvable.
. . * T . . 271- .
Thus, it appears on the grid as k* = 2k;,q0 — k, or 51, which is the same as ;3-, i.e., a 4Ax

wave.

Nonlinear instability was first encountered by Norman Phillips, considered the father of
modern numerical weather prediction. In a 1956 experiment, Phillips discretized the vorticity
equation and, starting from an atmosphere at rest, he integrated his model for 30 simulated
days. The simulation came to an end at that point as energy in the smallest resolvable
wavelengths grew unbounded. Thinking he had a problem with truncation error, which he
knew to be controlled by the time step, he repeated the experiment with a smaller At.
However, the simulation still came to a catastrophic end, after about the same number of
time steps. This told Phillips he wasn’t violating any linear stability condition, and that
truncation error wasn’t the culprit.

What had occurred is that nonlinear interaction was generating progressively smaller and
smaller waves, even though small waves weren’t contained in the initial condition. Again,
in reality, these waves — and their energy — should cascade down to the very smallest
scales, where they would be extinguished by friction. In the model, however, the waves and
their energy cannot “escape”, and once they become unresolvable, they alias back into the
resolvable waves and accumulate at the smallest resolvable scales. The growth of energy
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in these waves is completely spurious, but their amplification destroyed the solution and
brought the simulation to an early and miserable end.

Phillips addressed this problem by periodically decomposing his fields into waves via Fourier
analysis and removing those components with wavelengths of 4Ax and shorter (i.e., k >
%k’max). If there is no spectral energy in wavelengths L < 4Ax, the advection term cannot
cause aliasing to occur. With energy precluded from accumulating at the smallest resolvable
scales, Phillips’ simulation did not come to a catastrophic end, confirming his hypothesis
regarding the source of the spurious energy amplification. Later, it became common to
remove energy at small scales via smoothing (see next subsection) instead, and waves of 3Az
and shorter (i.e., k > %kmax) were specifically targeted. Interactions involving wavelengths
between 3 and 4Ax will still cause aliasing, but the aliased wave will fall between 2 and 3Ax,
and be subjected to smoothing anyway. It is recalled that the FD schemes typically handle
these small waves very poorly anyway, and now we’ve a very good excuse for removing them
from the solution.

7.2 Controlling nonlinear instability through smooth-
ing

The most common way of eliminating the small scale waves that participate in aliasing is
through the addition of a computational filter — artificial diffusion — to the model equations.
This approach takes advantage of the fact that a diffusion term, like %, acts most strongly
on the shortest waves. Recall that the even derivatives represent diffusion. In practice, any
even degree derivative can be employed as a short-wave filter (smoother), though the higher
the degree, the more narrowly the smoothing effect is concentrated on the smallw aves you

wish to eradicate. However, higher degree terms get harder to implement.

The simplest diffusion term is zero-degree, as shown on the RHS of this equation:
Ut + UU, = —au.

The coefficient a controls the rate at which waves are extinguished. When u represents
velocity, it is often termed “Rayleigh friction”; when w is temperature, it is called “Newtonian
cooling”. This diffusion term is totally nonselective: all waves are relaxed back to zero
amplitude at the same rate. Thus, this term is not very useful for controlling small scale
noise.

To see this, we discretize the equation using the leapfrog scheme. We neglect the advection
term and focus on the action of the diffuser. The FD version of the equation is:

n+l _  n—1
Y Y n—1

N
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Note the diffusion term is computed at time n-1. This is necessary for stability. Assume the
same solution we’ve done countless times before and perform a stability analysis, solving for
the amplification factor. In this case, we wind up with

A2 =1 - 2aAt. (7.1)
In this case, |A\| < 1 means the amplitude of the wave is being extinguished. The rate of
damping is controlled by the parameter a. Suppose you take a = ﬁ; in that case |\| = 0,

and the wave vanishes upon one application of the diffuser.

Note that the amplitude factor is not a function of wavenumber — k does not show up on
the RHS. Thus, this term damps out all wavelengths equally, at the same rate. Greater scale
selectivity is attained by using a higher order even degree derivative. Adding a second-degree
diffuser makes the equation look like:

U + UUy = AQUgy-

This is discretized (again, neglecting the advection term) as:

J J j+1 J

2At Ax?

uttt — gyt [un_l —oun 4 u?__ll
— =g

Again, the diffuser is implemented at time n-1. You may note that the sign on the RHS
is opposite from what it was for the zero-degree term. This sign alternates between (even)
degrees.

Assuming the standard solution again produces the following:

1 [a2At] 1, 40, e
A = X+{A:U2}X[€]& — 2+ e A7) (7.2)
2At
A? = 1+ [CLAl_z } [2 cos kAx — 2] (7.3)

Now the amplification (dissipation) factor is a function of wavelength, though &, and this
diffuser will hit the smaller waves harder than the longer ones. To see this, let’s assume we
want to completely eradicate 2Ax waves in one application. (This is overkill; we are not
usually so desperate.) So, we want |A| = 0 for k;zQQA—“x. Since now kAx = 7, we have

2aAt
0=1+ {W} [2cosm —2].

Solving this we find:
20At 1

Ax2 4
1

results in the complete removal of 2Az waves in one step. In this case, (m=g5
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How does our hitting the 2Az waves harm the longer waves we are interested in preserving?
Let’s see how an 8 Ax wave would be affected by the same diffuser, using the value of a that

s

eradicated the 2Ax waves. Now we apply the same equation, but with KAz = 7 and set

204t _ }l. We find:

Azx?2

2aAt s
2 f— [ —
AP = 1+ AL [20084 2}
1
= 1——(1.2
H1.203)

= 0.68,

or A = 0.83, which is rather serious dissipation of a wave we wish to keep. Each time step,
the wave will lose roughly 20% of its amplitude.

We can attain greater scale selectivity by going to a still higher degree diffuser, such as in:
Up + UUy = —QUgggq-

The amplification factor for this diffuser (again, applied at time n-1) is:

2a At

=1 R |

6 — 8 cos(kAx) + 2 cos(2kAx)]. (7.4)
The discretization of the fourth-degree diffuser is more complicated still, involving even more
points:
—Uyyry = —G [uﬁ; — 4u?;11 + 6u?_1 - 4u§‘:11 + u?:Ql] Az,

This will prove difficult to apply near the boundaries, unless the periodic condition is em-
ployed. Typically, owing to the proximity of the upper and lower boundaries, only second-
degree diffusers are applied in the vertical direction. Assuming non-periodic horizontal
boundaries, if the fourth-degree diffuser is used for the interior grid points, the second-
degree scheme will have to be used at the points located just inside of the boundaries (owing
to the lack of information available outside of the boundaries).

We can visualize the relative performance of the second- and fourth-degree diffusers by
plotting their damping rates [from equations and (7.4)] as a function of kAz. In
Fig.[7.3] the damping rates have been normalized by the values needed to completely remove
2Az waves in one time step (one application). This is overkill, but it helps us see how more
scale-selective the fourth-order smoother is. A sixth-degree diffuser would be even more
surgical, at the cost of still greater complexity. The WRF model has sixth-order smoothing
available as an option.
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Damping rates normalized by complete removal of 2Ax waves
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Figure 7.3: Damping rate || vs. kAz for the second- and fourth-order diffusers, configured for
complete removal of 2Ax waves in one application.
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Chapter 8

Moisture and microphysics

In this chapter, we take the equations in the form we discretized them in Task #5 and modify
them to account for moisture and computational diffusion. First, we’ll discuss how to handle
cloud microphysics in a relatively simple manner. Here, “simple” refers to the many approx-
imations and assumptions we must make; even a “simple” microphysical parameterization
is actually quite complicated.

First, let’s recap and extend the base state. Our initial environment is a function solely of
height. We need column vectors to store @, 0, ¢,, p, 7, and density at the v and w locations,
puw and p,,. The u vector is added so we can implement a base state horizontal wind, with
or without vertical shear. To save repetitive calculations, we can also define a mean state
virtual potential temperature as:

0, =01+ .61q,)].

We need to modify and augment terms in the original set of equations, and add three new
equations, to account for moisture substances in the model. Let the water vapor mixing ratio
perturbation be termed ¢, representing the departure from the height-dependent mean state.
Now we need to handle condensed water substance. In the simplest approach, condensed
water takes two forms: free-floating cloud droplets and larger rain drops that fall relative to
still air. Let the cloud water mixing ratio be designated ¢. and the rain water mixing ratio
be q,.

8.1 Cloud and rain water

In our simple microphysical scheme, vapor condenses to form floating cloud droplets, which
are all assumed to be the same size. Condensation of vapor to cloud water is presumed to
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occur instantaneously, in whatever amount deemed necessary to remove any and all super-
saturation. This will be performed using the saturation adjustment technique you used to
compute the CAPE in Model Task #2 (see later). Conversely, when the relative humidity
dips below 100%, any cloud droplets present are presumed to evaporate instantly as well,
at least until the humidity again reaches 100%. Cloud water evaporation is also handled by
the saturation adjustment technique.

The cloud droplets then slowly self-aggregate into larger rain drops in a process called auto-
conversion. In the Kessler (1969) parameterization, one of the very simplest treatments of
cloud microphysics, it is assumed that when the cloud water mixing ratio, q., locally exceeds
a certain threshhold value, g, (usually taken to be something like 1x1073 g g~!), then the
cloud water mass exceeding that critical concentration converts to rain water at a specified
constant rate k;'. This can be expressed as:

A — k1 [ge — geo] Gc > qeo;
0 otherwise.

where A represents the amount of cloud water autoconverted. The autoconversion rate is

1

typically presumed to be on the order of 15 min or so, so k; =~ 0.001 s™" is usually adopted.

Rain water represents larger drops that not only evaporate relatively slowly in the presence
of subsaturated air, but also fall relative to still air. The rain drops collect cloud droplets
they encounter in their path; this process is termed accretion. Unlike cloud droplets, we
can’t really assume all rain drops are the same size and fall at the same rate. In any given
grid box that contains rain water, we will have a mix of rain drop sizes, ranging from very
small to huge. The size and mass of a rain drop determines not only how quickly it falls
but also how large an area the drop sweeps out as it falls, which itself determines how many
cloud droplets the rain drop will encounter and accrete.

Yet, we also can’t track all the different possible sizes of rain drops separately. All we really
will have is a value for the rain water mixing ratio at each individual grid point. Knowing
the mass of rain water present in a particular box, we have to assume a relationship between
the rain drop size and number concentration. That is, if we have 10 grams of rain water per
kilogram of dry air (i.e., ¢, = 10x1073 g g~1), some fraction of that mass will represent small
drops, some fraction medium size drops, with the balance being large drops, all related in
some simple (but hopefully not completely unrealistic) fashion. Then, we further simplify
the problem by presuming we can treat all the rain drops as being represented by the mass-
weighted average of all the drops that are presumed to exist in the grid box.
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8.1.1 The Marshall-Palmer distribution

Marshall and Palmer (1948) studied the sizes of the rain drops they collected and plotted the
number collected versus the drop diameter. They found that, except for the very smallest
drop diameters, there was an exponential decrease in number concentration as diameter
increased. Most microphysical parameterizations are based on this finding. Let Np be the
number of drops within a volume of given diameter D. The exponential dependence can be

expressed as:
Np = Noe P, (8.1)

where Nj is the distribution’s intercept (the drop number concentration at essentially zero
diameter) and — A is the slope of the distribution (see Fig. 1). A is a positive number, so the
number of drops at a given size decreases with increasing size.

The total number of drops of all sizes, N, is obtained by integrating (8.1)) over the range of
diameters, from zero to infinity. This, of course, represents the area under the curve depicted
in Fig. 1. Thus:

= —. (8.2)
However, we still need to figure out how to specify Ny and .

The mass of an individual raindrop of diameter D [Mp] is its density (p;) times its physical
volume (Vp):

Mp = pVp.

If the raindrop is spherical (not a bad choice), the volume dependence on diameter D or
radius R is:

T 4
=_D3= 7R3
VD 6 371'

The total rain water mass, M, expressed per unit volume of space (as in a grid box) is simply
the mass of a drop of diameter D, multiplied by the number of drops of that diameter present,
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No A (large mass)

In Np

A (small mass)

Figure 8.1: Exponential size distribution, showing dependence of slope (A) on total rain water
mass content.

summed over all possible diameters. This is expressed as:
M = / MpNpdD (8.3)
0
— / pl%DgNoe_’\DdD (8.4)
0

— 2EN, / D3¢ PdD.
6 " Jo

This can be a nasty integral to solve, but in this case there’s a trick, owing to the integration
limits of zero and infinity. We note that:

/ anlef)\DdD — F(n) ’
0 A"

where I' is the “gamma function” which has the property that
I'(n+1) =nl(n),

and it is useful to keep in mind that I'(2)=1.0. Applying this trick results in the total mass

being expressed as:
piNo
M = o (8.5)
Now, the total rain water per unit volume in the box is simply our grid point rain water
value, pq,, which is presumed to be spread equally through the grid box. Using this, we can

solve (8.5)) for the slope parameter:

1
1
A= [”lgo”} . (8.6)
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In most parameterizations, Ny is taken to be fixed and known, but with different values
for each species (such as raindrops, snow crystals, graupel particles and hailstones) that are
presumed to be exponentially distributed with respect to sizeﬂ This means that the slope
parameter directly depends upon the rain water content in the grid box (pg,), since that’s
the only quantity left to vary in . As the rain water content increases, the slope increases
(becomes less negative, or closer to horizontal). Note that means incremental increases in
rain content really comes from assumed growth in the number of large drops.

8.1.2 Terminal velocity

Picture a cap cloud sitting astride a mountain peak. These clouds form when stable air is
forced to rise over the mountain barrier and can be remarkably persistent. That the cap
clouds neither fall down upon the mountain nor trail off downstream tells us two important
things. First, if the cloud has a fall, or settling, velocity, it must be very slow. But why
can’t gravity bring the cloud down? Second, we know that air must be flowing through the
cloud, even though the cloud itself does not appear to be moving. This means that both
condensation and evaporation of cloud water must be very rapid processes.

Now picture an isolated cumulus cloud that is heavily precipitating. Beneath the cloud base,
you may be able to observe the precipitation shaft. These raindrops were formed within the
cloud, but then fell out, and many of them will survive to reach the ground, even though
the surrounding air is subsaturated (otherwise, cloud base wouldn’t be above the ground).
This tells us two other important things: that raindrops do have an appreciable fall speed
with respect to still air, and that in contrast to cloud droplets, raindrops evaporate slowly.

Both cloud and raindrops are affected by gravity, which naturally wants to make them fall
towards the ground. However, as an object (drop) starts to fall, it encounters frictional
resistance from the air it has to pass through. The faster the object moves, the greater the
air’s drag on the object. This leads to a maximum possible fall speed, the terminal velocity.
Terminal velocity is achieved when the drag force on the drop equals the opposing gravity
force.

Let us first consider small droplets, like cloud droplets, and see why their final speed is so
small that it is indeed negligible. For spherical droplets with small diameters, Stokes’ drag
law provides an expression for the drag force F:

F = 6mpRu. (8.7)

In the above, p is the viscosity of air and v is the object’s velocity (in this case, directed
downward). The gravity force acting on an object of mass M is simply Mg, where g ~ 9.8 m

! As examples, Marshall and Palmer determined Ny = 0.08 cm™ [8 x 10 m~*] for their raindrops, and
Lin et al. (1983) used 0.03 cm~* for their snow species.
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s72. Again, for a sphere of liquid water, the mass is %WR?’pl. Equating the drag and gravity
forces yields the condition under which the velocity reaches its terminal value (v=Vp):

4
6ruRVp = gﬂRgplg.

Solving for Vp, we find:
2R?
Vi = Plg‘
M

~1 and a cloud droplet radius of about 10~°
m, along with p; = 10® kg m™3, yields a terminal velocity for cloud droplets of about 1072

m S_l.

Taking air viscosity to be u ~ 2x107° kg m~! s

This is negligible even in still air, and is why we presume the cloud droplets are
free-floating.

Stokes” law (8.7]) above really only applies to small droplets. For larger drops, it has to be
revised into the following:

(8.8)

C’DRe
F =
67T,MRU|: 1 },

where Cp is the (nondimensional) aerodynamic drag coefficient and Re is the Reynolds
number, a ratio between inertial and viscous forces. At small Re, viscosity is dominant and
CpRe =~ 24, even though Cp itself is not constant. For large Re, viscosity cannot oppose

the motion very effectively, and the drag coefficient C'p tends to approach a constant value
of 0.4-0.62

The Reynolds number may be written as:

_ 2VpRp
1

Re
when v has reached Vp. Plugging this into (8.8), we find the new balance is

2 0 4
6ruRVp [M] _4

= —1R3pg.
o 3™’y

Note Vp now appears twice on the LHS. Solving for the terminal velocity yields:

8 g pm
Vi=-2-CR
b 30p p
Thus, the terminal velocity depends on the square root of the drop size. Dropping a few

constants, and replacing radius R with diameter D produces:

1
Vp = kg? {%1 D3, (8.9)

2Lin et al. (1983) used Cp = 0.4 for rain and 0.6 for hail.
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where k merely aggregates some of the constants. This is the equation we will be using for
a single rain drop.

Equation clearly shows that the terminal velocity of a drop is dependent upon the
drop’s diameter. We presume there is an entire range of rain drop diameters represented
within the total mass of rain water in a given grid box. We can’t track them all, so we
hope we can get away with making all the drops fall at a uniform speed. . . determined by the
mass weighted terminal velocity, which we’ll call \A/T. We need to take the terminal velocity
— different for each diameter D — multiply it by the mass associated with drops of that
diameter, multiply again by the number of drops we have for that particular diameter, and
sum that over all the possible diameters. Then, we need to normalize this by the total mass,

given by (8.3). That is to say:

o _ Jo VoMpNpdD
L [ MpNpdD

The demoninator of the above evaluates to (8.5). The numerator reduces down, at first, to:

1

5 oS
k {gﬁ} fplNo/ DiedD.
P 6 0

We solve the integral with the help of the Gamma function. After dividing by (8.5) and
simplifying, we find:

= P2 _
Vp=k g; [(4.5)A" 2,

=

(8.10)

our mass-weighted rain water terminal velocity. Note that it depends on the air density and
the slope parameter (itself a function of rain water content).

The above equation was derived from first principles, and is used to compute the terminal
velocity of some species in microphysics schemes, such as for graupel particles in the South
Dakota scheme (Lin et al. 1983; hereafter “LFO”). Often, however, empirical equations
constructed using curve fitting are also employed. As an example, LFO, among others, used
a relationship like this for for the terminal velocity of a rain drop of diameter D:

Vp = aD? {@} v
ﬁ 9

where a and b are empirically determined constants, and py is the air density at the surface.
A frequently used source for these constants is Locatelli and Hobbs (1974). The air density
ratio is a fallspeed correction introduced by Foote and du Toit (1969), and permits terminal
velocities to increase with altitude, other factors being equal.
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8.1.3 Accretion of cloud droplets by rain water

Because rain drops fall relative to still air and cloud droplets do not, rain drops can encounter
— and collect — cloud particles. Raindrops can encounter cloud droplets even in strong
updrafts, where both kinds of condensed water are actually rising. The key point is that the
difference between settling velocities for a given raindrop and cloud particle is the fall speed
of the raindrop, and this is the encounter velocity for the drop.

A single raindrop with diameter D settling relative to still air (and cloud droplets) at speed
Vp sweeps out a volume determined by the drop’s cross-sectional area, which is }17TD2. During
its fall (relative to cloud particles), it encounters cloud droplets which are distributed through
the grid box with content pg.. Upon colliding with a cloud droplet, the droplet may stick
to the raindrop, or it may not, depending on how sticky or “efficient” the drop is. This is
quantified as the collection efficiency, €p.

Thus, the rate of mass increase for the raindrop of diameter D can be expressed as:

dMD 7TD2V _
=€ c-
i Dy DPYq

Integrate this expression over all raindrop sizes, and call it B (units kg, kg, s7!) for
convenience. This yields:

d [o.@]
B = — MpNpdD
7l /0 pNp
3 o0
= eDzk:g% [&} ﬁqCNo/ D2ePdD.
4 P 0
In the above, we used our equation for the terminal velocity of a single drop of diameter D.

Using the Gamma function yet again allows us to quickly solve the integral, producing:

2 (3.5
B = EDzk:g% {p__z} pq.No { ( 7 )] :
4 p A

2

This is the way the equation is presented in LFO, and it shows that accretion depends on
the cloud water mass available per unit volume (pgq.). It also, logically, depends on the rain
water content, which is hiding in the slope parameter. Owing to , we know that

A\ — {PZNOWF
o |

Using this in the equation for B and rearranging, we see that the accretion of cloud water
by rain is

00|

1 7
B o ep N pqcqr {%}
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The Kessler parameterization involves a simplified version of this expression, often rendered
in models predicting mixing ratios as

7
B = ksq.q°, (8.11)

with the accretion rate, ko, usually taken to be 2.2. It is not clear this is a completely
faithful representation of the Kessler formulation, however. First, note that in Kessler (1967,
1969) and Kessler and Bumgarner (1971), the prognostic equations for condensed water were
written in terms of water content (specifically, g,,/m?) instead of mixing ratios. The accretion
rate coefficient (units g,,/m3/s) was presented as

7
kime M, (8.12)

in which m, and M, are the cloud and rain water contents, and kf, = kQENé/ 8, with ko
= 6.96E-4 in unspecified units, F is an efficiency taken to be unity, and N, again is the

intercept of the raindrop size distribution, adopted as 107 m~*.

We need to ascertain the units of £/, and rewrite Kessler’s expression for condensate expressed
as mixing ratios. Working backwards, we find the units of &} have to be m"/® o/% 71 which
with Kessler’s specifications becomes ky = 2.2 m™/8 kgy/® s~! (note notation change) after

conversion to mks. The prognostic equations for cloud and rain water contents are, in part:

dM,  dm,
dt  dt

= ]%chM:/S.

Unitwise, we know that m,. = pg. and m, = pgq,. So substituting and also dividing by air
density yields

dQT dQC 7 — 17/8
= Yo _foTog, ] 8.13
0 o = kate [par] (8.13)
which differs from the usual formulation (8.11)) by the p7/® term. Using (8.11) with ky = 2.2
7/8

essentially inflates the accretion rate because p/® < 1. Thus, for our model, it appears we

should formulate the accretion rate as

B = 1%2(]0 [ﬁ%"]?/S (814)

instead when &, = 2.2. It may suffice to write B = 2.2ﬁchz/8

8.1.4 Evaporation of rainwater

A raindrop’s mass will increase or decrease depending on whether vapor is diffusing towards
or away from it. The direction in which vapor diffuses depends upon the diffusivity of vapor
and the gradients in the vapor field. We can try to model this using a simple diffusion
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equation, involving the second derivative of the vapor field. Let the vapor density (vapor
mass per unit volume) be p,, then a simple diffusion equation for vapor is:

Opu
ot

= 6vv2pva

where ¢, is the diffusivity coefficient of vapor in air.

Consider a spherical drop of radius R. The Laplacian in this equation is three-dimensional,
but by recognizing that the raindrop is spherical, and we're concerned with the vapor gra-
dients radially outward from the drop, some simplification can be attained by casting the
equation in spherical coordinates. Skipping some details, this leads to an expression relating
the vapor density at some point r away from the drop [p,(r)] in terms of the vapor density
far from the drop [p,(00)] and the vapor gradient in the radial direction between the drop’s
outer surface [p,(R)] and far away. This is:

R

po(r) = pu(00) — s [pu(00) — pu(R)].

The time rate of change of the drop’s mass M will depend upon the drop’s surface area
(47 R%; over which evaporation is taking place), the vapor gradient radially away from the
drop and the vapor diffusivity. This can be written as:

dM dp,

—— — 47 R?%),—=2.
a0y,

Using the previously obtained result allows us to rewrite this as:

% = 47 R3, [p,(00) — pu(R)]

This does not provide sufficient information to solve the problem. We need to make some
assumptions. First, we presume that air very near the drop is saturated. We know that the
saturation vapor density is a function (and a strong one, at that) of temperature 7', which
at the outer edge of the raindrop has the value T'(R). So

pu(R) = pus [T(R)].

If a location farther away is subsaturated, such that p,(00) < pys(R), vapor will diffuse away
form the drop and the drop’s mass will be decreased as its liquid evaporates to vapor form.
This causes latent cooling — or heat to be extracted from the surrounding air.

If we can assume that the latent cooling is drawn from the air by conduction (diffusion of heat
in air), then we can equate the latent cooling rate owing to evaporation with the diffusion
of heat through the air. The latent cooling is proportional to the drop’s mass change, with
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the proportionality being L,, the latent heat of vaporization. The diffusivity of heat in air
is quantified by 07, and equating the two yields:

M
L= = 4mRor [T(R) = T(c0)].

The RHS of the above was constructed via analogy with vapor diffusion. The left side of
the expression is the cooling rate owing to drop mass loss; the right side shows that the heat
required to evaporate the vapor comes from the surrounding air via diffusion.

The key points in the above analysis are that evaporation depends upon the difference in
vapor density near and away from the drop and the ability of both vapor and heat to diffuse
through the air. By combining all of the above expressions, it can be shown that this analysis
leads to an evaporation rate equation of the form:

dm ArR(S — 1)
dt — fen(or) + fen(6,)

where S is the relative humidity (expressed as a fraction), and S < 1 means subsaturation.
So, in that case S — 1 < 0 and the drop mass decreases.

This equation has to be integrated over all drop sizes, of course. Additional complexity
arises if the drop is evaporating while also falling. The rush of air past an evaporating drop
“ventilates” the drop and increases its mass loss. Kessler expressed the evaporation rate, F,

in the following way:

o 1 (1 - ;J_US)Ovent(ﬁQT)O'SQS (8 15)
0| 2.03 x 104 4+ 2:58x10° |7 '

Pqus

where Cl.,; is the ventilation factor
Clent = 1.6 + 30.39(pg, )*2*%,

and p is the mean pressure in Pa. (The preceding differs from Kessler; I've converted the
units into the mks system.)

8.1.5 Reflectivity

In this subsection, we take the opportunity to generalize our discussion to include other
precipitation species other than raindrops (i.e., frozen particles such as snow, graupel and
hail). These will also be presumed to be exponentially distributed, with the distribution for

water species x given by
n(D,) = Noge P, (8.16)

where n(D,) is the number of particles of size D,, and Ny, and A, are the intercept and
slope of the particle distribution, respectively. The mass of an individual particle of density
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Pz, presumed spherical, is

1
m(D,) = éwprf;. (8.17)

As seen before, the total number of particles N, is obtained by integrating (8.16)) over the
entire range of sizes, as in

N, = /Oo n(Dy)dD, = ]\;09”, (8.18)
and total mass M, is obtained in an ar(l)alogous fashion asx
M, = [ (D)D), (8.19)
which yields
M, = ”pg{“. (8.20)

The total mass per unit volume, presumed spread equally through the volume, is M, = pq,,
where p is the air density and ¢, is the mixing ratio of species x. Thus, may be solved
for the slope parameter 1

A = {—WTNOZ} By (8.21)

P4z

Often, though not always, the intercept Ny, is taken to be constant, making the slope param-
eter specified uniquely by the species mass content. That assumption, though convenient,
is in itself questionable (Cotton and Anthes 1989), and so-called double moment parame-
terizations (e.g., Ferrier 1994) have arisen in part owing to these concerns. Still, in LFO,
the intercept for snow (Np,) was fixed at 0.03 cm™*; many studies followed their lead. Snow

density is often considered to have a very low density, on the order of 0.1 g cm™3.

For frozen water species, the question arises whether the diameters in the foregoing ex-
pressions should represent actual or melted diameters. Unfortunately, there appears to be
considerable confusion between the two in the literature, and this can make a sizable differ-
ence with respect to particles such as low density snow. As an example, LFO’s formulation
employed actual diameters in their derivations of fallspeeds and conversion rates, but they
appear to have directly relied on Gunn and Marshall’s (1958) work that employed melted
diameters without appreciating the distinction. Two papers by Passarelli (1978a,b) discuss
the difference between the two.

Let us consider the issue of melted vs. actual diameters in a little more detail. Let the melted

diameter of a frozen particle be designated as D,. The exponential distribution of melted
diameters (8.16]) is now written as

~

n(D,) = Noge P (8.22)

where intercept and slope parameters for the distribution of melted particles are being used.
An equivalent distribution based on actual diameter D, should logically be subject to two
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constraints: the distributions contain the same number of particles, and represent the same
total mass. These constraints yield relationships between the actual and melted diameter
distributions’ slopes and intercepts given by

Noa Noa

St = it (8.23)
Voo Noa
; = AO : (8.24)

where p,, is the density of liquid water. Two further relationships may be identified. If the
particles are spherical, then pwﬁi = p,D3. Also, n(ﬁw)df)x = n(D,)dD,. These were also
invoked by Passarelli (1978a).

The preceding results in these relationships between actual and melted particle distribution

1
R 3
A = A, (ﬁ) , (8.25)

parameters:

and
N Pz 3
Noz = Noa <—> . (8.26)

Passarelli (1978b) presented these relationships in his equation (14). This means that if the

4 as often

slope of the melted snow particle exponential distribution was Nos = 0.03 cm™
cited, the slope of the equivalent distribution based on actual particle diameters would be
0.014 cm~*. That difference might not seem like much, but by itself it is sufficient to alter

accretion of cloud water by snow rates by more than 10%.

Additionally, and perhaps more seriously, values for intercepts employed in simulations of
warm season deep convection are largely drawn from observations derived from very different
weather phenomena, such as frontal and mountain wave clouds, and winter weather events.
Samples from deep convection are not all that common, but we note that Musil et al.
(1976) found snow intercept (Nys) values far smaller than what appears to have become the
“standard” value. It might make more sense to adopt the double-moment that effectively
renders the distribution intercept into a prognostic variable. This adds a large amount of
complexity and expense to the problem, however.

Now we turn to the main topic of this subsection. The reflectivity Z, of a particular species
of water is a function of the sixth power of the particle diameter D, is

Zy = / DSn(D,)dD,. (8.27)
0

For ice species, the equivalent reflectivity Z., = aZ, where « is the ratio of dielectric con-
stants of ice and water. For water, Z., = Z,. After equivalent reflectivities for each species
are summed (forming Z,), total reflectivity in decibels is computed as 10log,,(Z.).
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We have not yet specified whether actual or melted particle diameters are being used. Dye
et al. (1974) note that “backscattering is proportional to the mass of the particle so that
the measured diameter must be corrected for the density”. Therefore, we proceed under the
assumption Z, is based on melted diameters. Using D, in place of D, in and noting
that n(D,)dD, = n(D,)dD,, we have

NOJ:

7, - / DOn(D,)dD, = T(7)0r (8.28)
0 AT

where I' is the Gamma function. Substitution of the actual particle distribution [i.e., em-

ploying ([8.25)) and (8.26))] results in

] N 2
Z, = / DSn(D,)dD, = ['(7)=2 <&> . (8.29)
0 /\Z Pw
This functional form was presented by Passarelli (1978a) and used by Fovell and Ogura
(1988), among others.

For compatible slope and intercept values, (8.28)) and (8.29) should — and do — result in

the same values. For a given melted diameter intercept Nox, the equivalent Ny, is smaller,
2

increasing the magnitude of A\;7. However the correction factor <Z—i> compensates for this.
Therefore, with identical values of Z, the Z, values are also the same. According to Smith
(1984), the appropriate value of « in this case is 0.224 [from his equation (8)] since the
reflectivity was effectively based on melted diametersﬂ

Though it may not be obvious at first sight, this strategy for computing ice equivalent
reflectivities is consistent with that advanced by Smith (1984). In that paper, two strategies
for computing Z,. from Z were presented [Smith’s equations (8) and (10)], depending on
whether melted or actual particle diameters were employed in the calculation of Z. This
puts the effective correction factor in the dielectric constant rather than in the computation
of Z itself. Smith presumed a value of 0.92 g cm ™3 for ice, so his correction term would be
(0.92)? = 0.846, the ratio between the diaelectric constants for his (8) and (10). The present
treatment is more general as it does not presume a specific value for ice species density p,.
The density of snow is usually taken to be much smaller than that.

From the preceding it is suggested that reflectivity should be based on melted diameters, and
if actual diameters are used, the correction factor (Z—z)Q should appear. This indicates that
Fovell and Ogura’s (1988) equation (1) [with a=.224] is appropriate when actual particle
diameters are used in the calculation, but not when melted diameters are used. There are

examples in the literature of studies that used the correction term along with the melted
diameters. That combination produces nice (and realistic!) reflectivities, but appears to

3Fovell and Ogura (1988) used 0.213, itself ultimately based on the widely propagated error discussed by
Smith (1984).
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be based on an inconsistency. Improper inclusion of the term results in reflectivities that

2
are fully 20 dBZ lower (since 10log,, <5—i) = -20 when p, = 0.1 g cm™3). Models tend to
create overly large reflectivities, but there must be something else (such as excessively large
conversion rates and/or inappropriate size distribution intercepts) to blame.

8.2 The equations with moisture and diffusion added

Thus, our equations (in flux form; see Model Task #5) are now:

% _ _35;“ ;agzw Cpale 88 VK, gzg +KZ—82(15; % (8.30)
%_1: B _8;;0 - %%ﬂ;w coaly ‘ZZ, +g {%+ 61%—(4 + K, ?;“2’ + K. 8022(8 31)
83_7: ~ —%;_3 {‘1%+ 8%0;“’} m%w&% (8.33)
, , _ _ 2 2
N
VoEadiadien e
op|lw — V| g
05? _ _agjr_% p[waz T]q +Kx%+ g d (8.36)

where ¢y, is the total condensed water mixing ratio (¢. + ¢.), and K, and K, are the com-
putational diffusion coefficients in the x and z directions, respectively. In the above, we

have:
e Restored virtual temperature to the pressure gradient acceleration terms, the w equa-
tion’s buoyancy term, and to the 7" equation;
e Added an equation for ¢/ that mimics the handling of ¢’;
e Added equations for ¢. and ¢,;

e Added a term in the vertical advection of g, to account for the terminal velocity of
rain water (Vr);

e Revised the w equation’s buoyancy term to make it simpler to calculate (see below);

e Added the buoyancy drag owing to condensed water in the buoyancy term;
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e Added terms governing condensation/evaporation of vapor (C) into the temperature
and moisture substance equations (including simplifications discussed in Appendix A);

e Added terms governing the conversion of cloud water to rain water (A) and accretion
of cloud water by rainwater B into the ¢. and g, equations;

e Added terms handling the evaporation of rain water (E) into the temperature and g,
equations;

e Added computational diffusion terms to restrain nonlinear instability (see [Chapter 7)).

8.2.1 Some comments on the above equations

Note that the computational diffusion is applied solely to perturbations from the mean state,
not the mean state itself. That doesn’t matter for horizontal diffusion, since the mean state
is a function only of height. However, since computational diffusion is completely artificial,
we don’t want it to be altering the base state of the atmosphere.

The equations above are written in terms of perturbation potential temperature, vapor and
pressure, but in terms of the full field u. This is an arbitrary choice. Note on the right sides of
the equations, we often have to use perturbations of temperature, pressure and moisture (as
in the pressure gradient and buoyancy terms, for example), but we only need perturbation
u only in the u equation’s vertical diffusion term. If we solved explicitly for " instead of full
u, we’d have to constantly add the mean state back in when doing advection. Conversely, if
we solved for full # or 7, for example, we’d have to be constantly subtracting out the mean
state. So, it’s just easier to do it the way shown.

We saw in Model Task # 4 in particular that negative values can be produced in the wake
of an originally positive definite initial condition. In the same way, advection of water
substance can create unphysical negative mixing ratios. These need to be handled somehow,
prior to computing microphysics. There are several ways this can be done (see also Model
Task #6), the simplest being setting negative values of ¢., ¢. and g, + ¢, to zero. That,
however, represents a spurious source of moisture in the model. Aside from implementing
more sophisticated, strictly positive-definite advection schemes, another way might be to
compute the total domain mass content of negative and positive water substance (for species
x, this would be the sum of pg,AzAz over all real grid points) where ¢, > and < 0,
respectively, zero all negative ¢, values, and reducing each positive ¢, value by the ratio of
the negative and positive mass contents. That way, negative mixing ratios are removed but
the total domain mass content of g, is not changed.

The cloud microphysics is reflected on the equations’ right hand sides by autoconversion
and accretion of cloud water (A and B), which are sinks for cloud water and sources for

104



rain water; condensation/evaporation of vapor (C'), which is a sink for vapor and a source
for cloud water when C' > 0; and rainwater evaporation (FE), which is a sink for rain and
a source for vapor. Terms C' and E involve latent heat release or absorption, and so these
terms also show up in the ¢’ equation.

Recall that raindrops are presumed to fall at their mass-weighted terminal velocity. Thus,
we need an additional mass flux term in the ¢, equation. This term is shown combined with
vertical advection to try to reduce computational errors. Consider an updraft. If the vertical
advection and fall velocity terms were computed separately, we could have one term forcing
rain water to rise some distance, and then the other term forcing some of the rain to fall back
down some distance. It makes sense to combine these terms, if it is practical (code-wise) to
do so.

Now we need to consider the saturation adjustment. We already utilized the cloud model’s
adjustment technique in computing the CAPE as part of Model Task #2. In the model time
stepping, the vapor-cloud saturation adjustment is performed last, because it is presumed
to operate instantaneously. First, advection of vapor and condensed water, including the
terminal velocity term for rainwater, is computed. The microphysical conversions (autocon-
version and accretion of cloud water, and rain evaporation) are also calculated. This yields
a new forecast at time n+1 for vapor, ¢. and g¢,.

This new state may be subsaturated or supersaturated with respect to vapor. As the last
step, the time n+1 forecast for vapor and cloud water are readjusted. If the grid box is
supersaturated with respect to vapor, cloud water is produced. If the grid box is subsaturated
and cloud water is present, some (or all) of the cloud droplets are evaporated. Doing this
last insures that the forecasted field is not thermodynamically inconsistent.

8.2.2 Rewriting the buoyancy term

The w equation’s buoyancy term made use of the following set of approximations. We should
have had g% there. Virtual temperature is:

6, =6(1+ .61¢q,)
and thus for the mean state it is

0, = 0(1+ .61q,).
Apply logs to the former expression, yielding

Inf, =Ind + In(l + .61¢,).

105



Recall that In(1 4+ z) &~ = when z << 1. Since the vapor mixing ratio is pretty small, .61¢,
<< 1 and thus In(1 + .61¢,) ~ 0.61¢q,. Therefore,

Inf, ~1nb+ .61q,.

Now perform a perturbation analysis on the above equation. In the usual fashion, we first
get

In [év {1 + Z—H ~ In [9‘ {1 + %H + .61¢, + .61,

Again using In(1 + x) ~ x, we find that

74 _
Ind, + é—v ~1nf+ 7 + .61¢, + .61¢..

v

Subtract out the mean state, and we’re left with:

/

ISR

SIS

which we used in (8.31]) above. The condensed water appears in the buoyancy term owing
to the drag law.

8.2.3 The latent heating term in the # equation

The latent heating or cooling due to condensation and evaporation appears in the equation
for perturbation potential temperature (8.32)) as

Ly

[C - E] )

CpdT
where C is the condensation of vapor (C' > 0 for vapor to cloud water transformation),
E is the evaporation of rain water and L, is the latent heat of vaporization. This simple
expression is the end product of a long chain of assumptions and approximations. This term
is derived below.

The first law of thermodynamics may be written as:
0Q = c,d(mT) + pdV, (8.37)

where ¢, is the specific heat at constant volume, V' is volume, p is the total air pressure and
T is temperature. We recognize that total pressure is the sum of the partial pressures of
dry air, pg, and water vapor, e, and that both dry air and water vapor are ideal gases. The
total mass, m, is the sum of the dry air and vapor masses, mg and m,, as well as the mass
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of condensed liquid, m;. Heat exchange is due to a change in the vapor mass, with vapor
decrease resulting in heat release. That is:

6Q = —L'dm,
where L' is the latent heating factor.
We expand the RHS of , producing
— L'dm, = coad(myT) + cpod(m,T) + c;d(myT) + pgdV + edV. (8.38)

In the above, ¢,q and ¢, are the constant volume specific heats of dry air and water vapor,
and ¢ is the specific heat of liquid water. We recognize that the dry air mass, my, is constant.
Also, since both dry air and water vapor are ideal gases, and the dry air and vapor mixture
occupy the same volume and have the same temperature, we can write their respective gas
laws as:

pdV = dedT
eV = myR,T,

where Ry and R, are the dry air and vapor gas constants. Differentiating these two gas laws
and rearranging them yields:

pddV = —Vdpd + deddT
edV = —Vde+ m,R,dT + R, T'dm,,

since my is constant.
These expressions are useful in rewriting (8.38)) which, after expansion, produces:

—L'dm, = cogmadTycoymydT + cyoT'dm, + cyydT + ¢ T'dmy
“Vdpg + myRadT — Vde +myRydT + R, Tdm,, . (8.39)

Recall that c,q + Rq = cpq for dry air, and ¢,, + R, = ¢, for vapor. Also, the vapor loss is
the condensed liquid’s gain, so dm; = —dm,,. This brings us to:

—L'dm, = cpamadT + cpym,dT + cyydT + (cpg — ¢)T'dm, — Vdp.

In the above, we recombined the dry air and vapor partial pressures back into total pressure
in the RHS’ last term.

Now divide the above by the dry air mass, mgy. We define the mixing ratio for a given
substance as the mass of the substance divided by the dry air mass. Thus, ¢,, the vapor

my

mixing ratio, is o

, and the liquid water mixing ratio is ¢ = t. After rearrangement, we
d
have:

— [L"+ (cp — )T dgy = cpadT + cpuqudT + c;qdT — aqdp (8.40)
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where ag is V m;l. Let
Ly,=L+ (¢pp — )T (8.41)

be defined as the latent heat of vaporization. The factor L’ is nearly constant, but L, is
obviously a linear function of temperature.

We can perform further rearrangement with the help of the ideal gas law, starting with

pV = mRT
mgRsT + my,R,T
pog = RdT + quvT
o]
ag = — |14+ —¢q,|T.
¢ p Ry

We had divided through by my, and produced an expression for ay that may be substituted
into (8.40) above. After also dividing by 7" and collecting some terms, we come to:

LU & v
—?dqv = Cpd |:1 + iqv} dinT
R,
—Ry |:1 + R#QU:| dinp + cqdInT. (8.42)
d

To use the above in our 6 equation, we need to get it in terms of potential temperature. We
recall potential temperature is defined as:

Rg

1 °p

QET|: OOO} d
p

where p is the total pressure. It may not have been obvious that this was the right or best
definition of 6, but actually this particular derivation does show this to be the case. Expand
the above and differentiate to yield:

CpadIn® = cpgdInT + RgqdInp.

Using this in (8.42)), and rearranging yet again, leads us to our final, unapproximated moist
adiabatic thermodynamic equation:

-1

R,
cpadIntd = — [1+ —q,
Rq
~——
I
L’U v R’U
—dq,+ |agdInT + cpaq, {CL — —} dInT| | . (8.43)
S B Sl
C
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We can do a scale analysis on (8.43)), using some reasonable values for the variables involved.
The vapor and dry air gas constants are about 452 and 287 J kg~ K~!, respectively, and
L, ~ 2.5 x 105 J kg=!. Let T be 300 K, and allow 10 g kg~! of vapor to condense, meaning
-dg, = dg; = 1072 kg kg~!. Take the warming resulting from this to be about 25 K. Then,
we see Term [ is about 0.16, making a small but potentially significant contribution to the
first term on the RHS (because it is being added to 1). The dominant term is clearly Term
A, which evaluates to roughly 83. Terms B and C' are relatively much smaller, being 3.5
and 0.2 respectively, dwarfed by Term A.

If we elect to neglect Term I as well as Terms B and C, we find, after rearrangement

Lo

d) = ——dg,.
L
Using the definition T=607, and differentiating with respect to time gives us

do _ L, dg,
dt — cpgm dt’

The time rate of change of vapor mass (due to condensation of vapor or evaporation of liquid)
yields latent heating or cooling of approximately the specified amount. In , the rate of
vapor mass change was written as C' — E (where C' is now condensation or evaporation of
cloud water), which we obtain from doing the saturation adjustment. It is not uncommon
to take L, as a constant, neglecting the previously mentioned temperature dependence.

Actually, the term in (2.5) contains one last assumption. 7 is used in place of 7™ because
we linearized the nondimensional pressure. Hopefully, it is seen that we made quite a few
approximations to reach that simple form used in (8.32)).
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Part 11

Model Tasks
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Chapter 9

Model Task #0: Solving the 1D wave
equation

In this task, we will program the 1D linear wave equation in a domain with periodic bound-
aries. This task will illustrate the basics of model initialization, time stepping, application
of boundary conditions (BCs), amplitude and phase errors and their dependence on wave-
length and time step, and avoidance of roundoff errors. This is called Model Task #0 in part
because it does not directly lead to the cloud model.

For simplicity, the example code developed herein prints out data that is copied into Excel
for plotting. Excel will not be useful for subsequent model tasks.

9.1 The upstream or upwind scheme

9.1.1 The scheme

As discussed in [Chapter 4] the 1D wave equation can be written as

Uy = —Cly, (9.1)
where ¢ is a constant wave speed and the wave translates to the right when ¢ > 0. The
upstream approximation is forward in time and upwind in space:

u uy u; —ug
U S o S § 2

which in this form is only valid when ¢ is non-negative. As there is only one unknown on
the RHS, (9.2) can be written in explicit form as
7 (2 Aa}

u [uf —uf ] (9.3)
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9.1.2 Implementation

The upstream method is a two time-level scheme, and we will call the present value u
and forecast value up. We will also create and track the true solution, uexact. All three are
dimensioned N.X. At the start of the program, we should initialize parameters and constants
such as NX, current simulation time time, time index n, time step dt (At), space index i,
grid spacing dx (Azx), and trigonometric 7, etc., and create arrays u, up, and uexact.

Our first case will be initialized with a single, rightward-moving wave of specified wavelength
such that an integral number of waves fits in the domain. The lateral boundaries will be
periodic, so the wave will pass out the right side and enter back in on the left. The exact
solution will perfectly preserve its original shape and return to its initial position within the
domain in a certain number of time steps. We will compare our numerical solution to this
truth.

We will take the initial time as 0 seconds, so the time index n starts at 0. We need to
provide the initial condition for u for all 7. As a precaution, future value up should be
initialized with zeroes for all 7. In the example below, the space index i runs from
1 to NX, inclusive. This indexing conforms with standard Fortran practice, in which an
array dimensioned N X has array elements numbered 1 < ¢ < NX. Thus, « = 1 and 7 =
NX will represent boundary points. Languages such as Python and C++ use zero-based
indices, so the NX dimensioned array elements range from 0 <7 < NX-1.

Once this is completed, the main program loop consists of these actions:

e Increment the time index n. Thus, the first forecast corresponds to n = 1.

e Use the upstream scheme to create up for interior points 1 < i < N.X, overwriting the
previously stored values.

e Apply the boundary conditions on up at + = 1 and i = NX.

e Set for the next time step. This involves transferring the contents of up into u for all
17, and updating the current time. Omne obvious but poor way of doing the latter is
time = time + dt (see below).

e Compute the exact solution uexact.
e Write outputs for v and uexact, if appropriate.

o If time < timend, loop; otherwise, exit.

Trigonometric 7 can be easily computed to machine precision with

trigpi = 4.  arctan(1.0).
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I call this variable trigpi to differentiate it from the model’s nondimensional pressure variable,
. Simply adding dt to time every time step can cause roundoff errors to accumulate. Over
a long integration, compare the results of these two lines of code:

timel + dt
float(n)*dt

timel

time2

Especially for certain non-integer values of dt, significant differences will emerge.

For periodic boundaries (in Fortran convention), the NX-2 points between 2 and NX-1,
inclusive, will be termed the real points. The remaining (“fake”) points serve to facilitate
handling of the boundary points. After up is computed, the boundary conditions can be
applied like this:

u(1l) = u(nx-1)
u(nx) = u(2)

At this point, all entries in up have been supplied with information. When setting for the
next time step, simply transfer the entire contents of up into u. When handled in this
manner, we do not need to treat the real u points closest to the boundaries separately or
specially when computing up for the next time step.

9.1.3 Test problem

For our test problem, set ¢ = 1.0 m/s, dt = 1.0 s, and de = 1.0 m, so ¢ = %‘; = 1.0. Let
NX = 52, so there are 50 real points, make the initial wavelength to be L = 50Ax, and
take temend = 50 s. This means we will execute the model for precisely one revolution, and
should obtain the modeled and exact solutions as shown in Fig.[9.1] As revealed by Fig. [4.3]
the upstream scheme has no significant error for this configuration.

We can craft our initial condition for u using code like this

wavelength = 60 ! i.e., b0dx

amp = 1.0 I amplitude

do i=2,nx-1 I Loop over real points
xi=float (i-2)

u(i) = amp*sin(2*xixtrigpi/wavelength)
enddo

! enforce periodic boundary conditions
u(1)=u(nx-1)
u(nx)=u(2)
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Upstream approximationto u_t = -cu_x
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Figure 9.1: Upstream scheme solution (red curve) for test problem (50Az wave with ¢’ = 1.0)
after one revolution, shown with exact solution (black curve).

The exact solution for u at time step n can be computed using

do i=2,nx-1
I exact solution at any time n
xei = float(i-2)-c*n*dt
uexact(i) = amp*sin(2+*xeixtrigpi/wavelength)
enddo

9.1.4 Errors

The exact solution of the linear wave equation translates precisely at speed ¢ without change
of shape or amplitude. Even if the initial condition consists of a set of waves with different
wavelengths and amplitudes, the combined waveform translates as a coherent unit because
each component’s amplitude is preserved and they share the same phase speed. As discussed
earlier, amplitude error occurs in this case if the wave’s original amplitude is not preserved
and phase error occurs if the simulated wave translates too quickly or slowly. Figure 4.3
showed that, for the upstream scheme, amplitude and phase errors were a function of wave-
length and ¢

Specifically, that figure revealed that simulated wave amplitude decays when ¢ < 1 and
grows when ¢ > 1, with shorter waves always handled worse than longer ones. Both the
decay and growth are exponential, which means for ¢’ < 1, the wave is disappearing and for
¢ > 1 the model is unstable. Counterintuitively, sampling the wave propagation better (i.e.,
selecting ¢ < 1) actualy makes the scheme worse. For ¢ < 1, the poorest performance for
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all wavelengths is at ¢ = 0.5. At that ¢’ value, the amplitude factor for 4Az waves is 0.7,
which means the wave would lose 30% of its amplitude every time step. That wave would
not persist very long.

The exact solution is nondispersive but the upstream scheme is not since simulated phase
speeds vary with wavelength. Some wavelengths move faster than ¢ while most move more
slowly. For long wavelengths, the phase error is small. For our test problem, we selected
¢ =1, so there was no amplitude error, and L = 50Ax, so the phase error was very small
and would only emerge from much longer time integrations.

9.1.5 Upstream scheme experiments (Model Task #0A)

We will manipulate ¢ by altering the time step. Conduct these experiments:

1. Try values of dt < 1.0 for the 50Axz wave. Observe the amplitude and phase error after
one revolution. Compare your results to Fig. [£.3]

2. Try values of ¢ > 1, by increasing dt. How does the wave amplitude change after one
revolution? What happens if you intergrate the model longer? This is linear instability.

3. Change the initial condition’s wavelength to something smaller, like 5Ax (wavelength
= 5), and set ¢ = 0.5. From Fig. , we expect to lose about 20% of the amplitude
per time step. Does that happen? Plot the maximum wave value vs. timeE].

4. Compare simulations for the 50Az wave with ¢ = 0.5 and 0.25. Run each simulation
for 50 seconds. According to Fig. [4.3] the amplitude error is supposed to be worse for
¢ = 0.5. Isit? If not, why not? (Note a 50 sec integration requires 100 time steps
with dt = 0.5 second, and 200 time steps for dt = 0.25 sec.)

5. According to Fig. [£.3] the 2Ax wave isn’t supposed to move at all, for any value of .
Does it move? If it does, why does it?

6. Now create a initial condition consisting of two combined waves. Specifically, combine a
50 and 10Ax wave, each with initial amplitude of 1.0, and set ¢ = 0.5. Anticipate what
the result would look like after 1 revolution before running the model and checking
your guess. (If you wish to explore other wave combinations, keep in mind you need
to have an integral number of waves in the initial condition.)

For #5 above, note that a 2Ax wave is easily “lost” on a grid. You can try this modified
code:

! Because of the periodic BCs, your initial condition has to have an integer number of waves in the domain,
or the BC will mishandle the wave. To explore some wavelengths, it may be necessary to change N.X

115



xi=float (i-2)
if (wavelength.eq.2) xi=xi+0.5
u(i) = amp*sin(2*xixtrigpi/wavelength)

9.2 The leapfrog and RK3 schemes

The upstream scheme was seen to suffer from substantial amplitude error when ¢ # 1.
We next examine two alternatives, the second-order leapfrog and third-order Runge-Kutta
(RK3) schemes, which will be added to your code for Model Task #0B. It is noted that the
terms “leapfrog” and “RK” actually refer to how they accomplish time integration. You still
have to specify how the spatial discretization is handled. We will examine versions of these
schemes that are 2nd order in space.

9.2.1 The leapfrog scheme

The second-order leapfrog scheme (see [Chapter 5|) is centered about the “here/now” point
in both time and space, which means three time levels (n-1, n, and n+1) and three spatial
points (i-1, ¢, and i+1) are involved:

= un_l un_i_l —ul 1
-t |t 2 9.4
AL ¢ { 2Ax } (9:4)

Note an odd feature of this scheme: the forecast for the present spatial location (u}"') does

not depend on that point’s current value (u}'). Can you imagine that this might induce

some interesting behavior?

n

u; up T — s [uflyy —ul ] (9.5)
As with the upstream scheme, (9.4)) can be written in explicit form:

We will call the future, present, and past values of the prognostic variable up, u, and um,
respectively. The Fortran code for this could look like:

up(i) = um(i) - c*x(d2t/d2x)*(u(i+1)-u(i-1))

in which d2x and d2t will be defined presently.

As before, the initial time will be 0 seconds, and the time index n starts at 0, so the first
forecast is for n = 1. Since this is a three time level scheme, we ostensibly need two values,
for n = 0 and n = -1, at the start. Where does the value for n = -1 come from? Usually,
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we fudge it. The easiest (and usually, the only practical) way to start the scheme is to leap
by At instead of 2At for the first time step. We can code this efficiently via equating the
values for time indices 0 and -1, as will be seen below. As a consequence, and as illustrated
in Fig. [0.2] the first time step will be handled differently from all remaining steps, using a
forward-time, center-space scheme that is actually unstable. However, it is only used once.

P \\
) SRR
| i Y
1 1 1 )
u'7,~ uo u+7, time
<« At—>
P RS N
// \
| ) | Y
1 1 1 1 )
u 7’_ UOI, ut 7/_ u+2i
«— At—>

Figure 9.2: Starting off the three time level leapfrog scheme.

The initial condition is provided for both real and fake points and into both u and um (for
convenience, as will be seen). Define d2x = dx + dx. However, define d2t = dt to start.
In this way, the first forecast will appear to use u and um over 2At to make the first forecast,
but in fact the scheme just uses u and steps ahead only dt. Then, at the conclusion of the
first time step, redefine d2t = dt + dt. Indeed, you can safely redefine d2t at the conclusion
of every time step, as the code execution is cheap. In this way, the handling of the first time
step can be accomplished without any if statements.

Your programming logic could look like the following. Note d2t is updated at the end of
every time step, and setting for the next time step involves moving u into um and up into u.

! Initialize constants
d2x = dx + dx
d2t = dt
! Initialize u(i,k) over all real and fake points
[code here]
! Fudge um - this loop could be replaced with a single assignment
do i=1,nx
um(i,k) = u(i,k)
enddo

117



! In the time stepping loopE Since um = u and d2t = dt to start, this

I is really a forward-time step, not a leapfrog step first time through.
do i=2,nx-1
up(i) = um(i)-(c*d2t/d2x)*(u(i+1)-u(i-1))
enddo

I Take care of boundary points

[code here]

I Set for new time step

do i=1,nx
um(i) = u(i) ! Present time becomes past
u(i) = up(i) ! Future time becomes present
up(i) = 0. ! Start with a clean slate
enddo

I Update d2t at end of time step. Can do every time step; does not hurt
d2t = dt + dt

Perform the same test problem as you did for the upstream scheme. With ¢ = 1 there should
be no appreciable difference between the simulated and exact solution after one revolution.

9.2.2 Discussion

As discussed in |[Chapter 5 an advantage of the leapfrog scheme is that it has no amplitude
error as long as it is stable, which for the current problem means ¢ < 1. However, as seen
in Fig. [p.4] the scheme has phase error that is wavelength-dependent, and so has dispersion
error. Short waves are again less well handled and, in this case, the 2Ax waves do not move.
Generally, odd-order schemes do better with phase while even-order ones do better with
amplitude.

That being said, the phase error of the leapfrog scheme is not too bad for long waves, while
the amplitude error of the upstream method is unacceptable. You should verify the result
of the experiment shown in Fig. with your Model Task #1 code. Again, a single wave
of 50Ax is advected, but now with ¢ = 0.5 and for 10 revolutions. You should find a small
phase lag in the leapfrog solution. The phase error in the upstream result is quite small, but
the wave has almost disappeared by this time.

It is noted in passing that in more complex, realistic problems, the computational mode in

time discussed in [Chapter 5|is also a concern.
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Upstream & LF approximation to u_t = -cu_x
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Figure 9.3: Similar to Fig. but with ¢ = 0.5 and after 10 revolutions. Upstream (red), leapfrog
(green) and exact (black) solutions shown.

9.2.3 An RK3 scheme

RK is a family of predictor-corrector schemes, including RK2, RK3, and RK4 (2nd through
4th order accurate, respectively). Additionally, there is no single RK scheme of a given
order. As with the leapfrog, the RK label refers to how it integrates in time; you also need
to choose a form of spatial differencing. The leapfrog scheme attained 2nd order accuracy
in time by centering the tendency about time n (leaping from n-1 to n+1), over an interval
of 2At. An RK2 scheme attains 2nd order accuracy in time by re-computing the tendency
halfway between times n and n+1. Thus, it is still centered in time, but not around time n.

For this task, we will try out Wicker and Skamarock’s (2002) RK3 scheme, which recomputes
the temporal tendency between times n and n+1 twice, for a total of three estimates of the
forecast. That scheme, which was adopted for the Weather Research and Forecasting (WRF')
model’s Advanced Research WRF coreE], was tested with spatial derivatives that were 3rd,
4th, 5th, or 6th order accurate. For simplicity, however, we will match this with spatial
differencing that is only 2nd order accurate, but suffices for the moment as the emphasis is
on the time stepping.

First, we will write the advection term at ¢ for time n with this centered in space formulation:
adv(ul') = —c [uf'; —ul' ] /2Az. (9.6)

Note the minus sign is incorporated into this definition. We will make three estimates of
the forecast value. For the first (see Fig.|9.4)), we combine the advection at time n with the

2The Model for Prediction Across Scales (MPAS) uses RK2 instead of RK3 as the default time integrator.
The loss of accuracy was considered to be small compared to other operations and RK2 permits longer stable
time steps (Bill Skamarock, personal communication, 2021).
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compute advection
(atn)

first step 1 M | | )
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Figure 9.4: Time stepping in our RK3 scheme.
present time, but only jump ahead At/3, creating intermediate estimate u;:

At
up =ul + ?adv(u?). (9.7)

If we had jumped ahead by the full time step, we would have been using a forward time,
center space scheme, which is absolutely unstable. Instead, we will recompute advection

using our new temporary estimate u;, valid at time n + %, and use that to obtain our second
estimate, u;™:

At
ut =+ 7adv(uf{). (9.8)

Although advection was computed at time n + %, we went back to the start time n and

stepped ahead by At/2, which means this time the advection term was not centered. Now,
using this second estimate, we recompute advection a third time, now valid at time n + %,
and combine that with the present value to obtain the forecast for time n + 1:

ul ™t = Ul + Atadv(ul). (9.9)

In the end, we end up with a scheme that is centered in time, but between times n and n+1.
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9.2.4 Leapfrog and RK3 scheme experiments (Model Task #0B)

For Model Task #0B, add leapfrog and RK3 options to your code. For this task, the RK3
should be mated with second order spatial differencing, as in the discussion above. You can
add better versions of this scheme later if you wish. Here are some experiments to try. Only
the bolded ones are required.

1. We stated the forward in time, centered in space scheme was absolutely unstable. You
can prove that to yourself by coding and running it.

2. Do an experiment using upstream, LF, and our RK3 schemes with ¢ = 1
and L = 50Ax, executed for 10 revolutions. You should find the upstream
and LF solutions are nearly exact, but our RK3 has phase lag even at ¢'=1.
Send me this plot.

3. The RK3 is more costly to compute compared to the leapfrog, but it also
permits longer time steps, and can stay stable for some ¢ > 1. Try runs
with larger At. At what time step value does the RK3 scheme become
unstable? Make a plot of maximum wave amplitude after 20 revolutions
vs. At, for time steps between 1 and 2 sec, and send it to me.

4. What happens when you make the initial condition wavelength smaller, like 25 or
10Az. How do the leapfrog and RK3 perform?

5. Our RK3 isn’t optimal. What would happen if you adopted a higher order spatial
differencing? (See Wicker and Skamarock, 2002, MWR, p. 2089).

6. Durran’s (2010) text presents two, even more complex RK alternatives (p. 53). How
well do they perform?
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Chapter 10

Model Task #1: Setting up the base
state

10.1 Vertical grid arrangement

Our model will have five prognostic variables: horizontal velocity wu, vertical velocity w,
potential temperature 6, water vapor mixing ratio ¢,, and nondimensional pressure w. First,
we will set up the initial environmental values ( “base state”) for each of these variables, plus
air density p. The base state will vary only in the vertical direction and will be assumed to
be in hydrostatic balance. MKS values will be used at all times.

In finite differencing, we subdivide the model domain into a set of grid volumes (or grid
areas in 2D). Once accomplished, it remains to specify values of the variables for each grid
volume. Where in space should the variables be defined, or thought of as existing? The
simplest procedure might be to declare all variables to represent points residing at the center
of each grid box. In this arrangement, each variable value is though of as representing a grid
volume average, and the most logical place to think of this average existing is at the center.

Instead, our model will employ a staggered grid arrangement — specifically, Arakawa’s “C”
grid — which is a natural for mesoscale models. The scalar variables (0, 7, ¢,) are still placed
at the grid center but the velocity components are arrayed along the volume or area edges
(see Fig. 1). In this arrangement, the velocities represent flows across the boundaries.

The grid box width and depth will be called Ax and Az, respectively. Note that u and
the scalar variables are at the same physical height levels, while w is displaced 0.5Az above
and below. These two height levels will be called the v and w heights, respectively. In this
arrangement, we only really need boundary conditions in the vertical direction on w, and we
will assume the boundaries are rigid, flat plates such that w = 0 there.
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The only density our model will need is base state density — at least explicitly. Density, a
scalar variable, is most naturally defined at the grid box center with the other scalars (the
u height level). However, since density is so important, we will find it useful to also define
density at the w height levels. The base state densities at the u and w height levels will be
called RHOU and RHOW, respectively, for coding purposes. The base states for the other
variables will be called UB (for @), TB (for #), QB (for ¢,), and PIB (for 7). Mean w is zero.

The vertical grid index will be termed £, and all base state arrays will be vectors with
dimension NZ, as there are a total of NZ grid points (see Figs. 1 and 2). Since the grid is
staggered, note that a given k-index value, say “k = 57, refers to different physical heights for
the w and u/scalar variables!. To facilitate coding, we will include one fictitious grid volume
at the top and bottom of each model column. It will be seen that this permits simpler and
more efficient coding of our equations at a small cost of increased storage. (Fictitious grids
will be added along the horizontal boundaries as well, for the same reason.)

In Fortran (Fig. 1), the index for an array dimensioned NZ begins at index 1 and runs to
NZ, inclusive. Thus, the real boundaries for w will be located at k = 2 and NZ, and w will
be zero at both. Therefore, the lowest and highest physical u and scalar points are located
at k = 2 and NZ-1, respectively. The scalar/u grid points at k£ = 1 and NZ are fictitious,
as is the w point for k=1.

In C++ and other zero-based index languages (Fig. 2), array indices start at 0 and thus
the maximum index for an array dimensioned N7 is actually NZ-1. So, we will enforce w
to be zero at £k = 1 and NZ-1 and the lowest and highest u and scalar points are located
at k = 1 and NZ-2. The scalar/u grid points at £k = 0 and NZ-1 are fictitious, as is w at
k=0. Note that in an array dimensioned N Z the point k=NZ does not exist — at least, not
within the range of the array under examination. The attempt to access array location NZ
in an array dimensioned NZ is the single most common coding error I've seen.

10.2 Base state temperature and moisture

The base state environment described similar to that employed by Weisman and Klemp
(1982, MWR, p. 504) and represents conditions common to the Midwestern United States
during the spring season. Let zrg and Trg be the height level (12000 m) and temperature
(213 K) of the tropopause, with 07 being the potential temperature there (343 K). Let zr
be the distance of a given scalar location above the model surface. In Fortran, the model
surface is the k = 2 w point in Fortran and so the physical height of the first scalar point is
(k — 1.5)Az. In C++, the model surface is the & = 1 w point and so the physical height
of the first scalar point is (k — 0.5)Az. The Weisman and Klemp vertical mean potential
temperature (f) is:
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vertical grid arrangement for Fortran

k-index for k-index for
w u, 0,

nz

nz FERNETNOCENNOIEIINi . model top (w=0)

dx
nz-1
nz-1
[ 1]
k+1 (W]

dz

(<]
H
e |
>

=]

2 [ODCLTTTTTTTIInIII . model surface (w=0)

Figure 10.1: Vertical grid arrangement for Fortran code. The first and last real w points are at
k = 2 and NZ, respectively. The first and last real scalar/u points are at k = 2 and NZ-1. Note
presence of two fictitious grid boxes, located just above and below the model’s vertical boundaries.
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vertical grid arrangement for C++

k-index for k-index for
w u, 0,

nz-1

nz-1 GO NONIDINININININ e model top (w=0)

dx
nz-2
nz-2
K+ [w]

dz

=

=]
5
b=
c
=

=]

1 CODDCODOOOOONniiiiiii . model surface (w=0)

Figure 10.2: Vertical grid arrangement for C++ and other zero-based index language code. The
first and last real w points are at k = 1 and NZ-1, respectively. The first and last real scalar/u
points are at K = 1 and N Z-2. Note presence of two fictitious grid boxes, located just above and
below the model’s vertical boundaries.
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where ¢ = 9.81 m s7!, and ¢,y = 1004 J kg™' K~!. Let the base state mean vapor mixing
ratio, ¢, (kg kg™1), be given by:

0.0161 — 0.000003375 27 zr < 4000 m;
Gy = 0.0026 — 0.00000065(z — 4000) 4000 < zy < 8000 m;
0 zr > 8000 m.

Take NZ=40 and Az = 700 m and compute both. Then use these data to create virtual
potential temperatures, which should also be contained in an array of dimension NZ and
positioned at the scalar heights, using , = 6 [1. + 0.61¢,]. I'll call this array TBV.

10.3 Derived quantities

Next, the base state nondimensional pressure (7) has to be ComputedEI. Pressure is nondi-

mensionalized as: R
d

o
T=|— ,
DPo

where Ry = 287 J kg=! K=! and py = 100000 N m~2 (1000 mb). The hydrostatic equation,
written in terms of « is:

dr g

E N dee_v )

We will obtain 7 as a function of height by integrating this equation upwards from the
surface, starting with a supplied surface pressure which will be taken to be 96500 N m~—2
(965 mb). The basic concept is illustrated in Fig. [10.3] This surface pressure (PSURF) is
recorded at the lowest real w point (kK = 2 in Fortran, £k = 1 in C++). The first task is
then to compute 7 at the first real scalar point, located 0.5Az above the surface. The mean
virtual potential temperature, 6,, will be taken to be its value at the first real scalar point
and presumed constant below that point. This can be coded in Fortran as:

xk = rd/cpd
pisfc = (psurf/p0)**xk
pib(2) = pisfc - grav*0.5%dz/(cpd*tbv(2))

!The advantage of avoiding dimensional pressure is discussed in Sec. 3.3.

126



Az ()

0.5Az

psurf & pisfc

! 'b(l)l k=1 (FAKE)

Figure 10.3: Computation of nondimensional pressure at scalar levels. The black block illustrates
the model surface.
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In C++, the code might look like this:

xk = rd/cpd;
pisfc = pow((psurf/p0),xk);
pib[1] = pisfc - gravx0.5%dz/(cpd*tbv[1]);

Now we need to integrate the hydrostatic equation up through the rest of the column. Each
step will be of height dz as we traverse from one scalar point to the next. From the hydrostatic
equation, we know that the pressure at the top of a designated layer depends on two things:
the pressure at the layer bottom, and the mean virtual temperature of the layer. To get the
mean 0, for a layer between two scalar heights, we need to average the TBV values at the
layer top and bottom. In Fortran, we're integrating from k£ = 3 to NZ-1 because NZ-1
represents the uppermost real scalar point (one-half Az below the model top at w position
k = NZ). (If the desired DO loop increment is unity, it need not be explicitly coded.) In
C++, we traverse from k = 2 to NZ-2, inclusive.

do k = 3, nz-1

tbvavg = 0.5*%(tbv(k)+tbv(k-1))

pib(k) = pib(k-1) - grav*dz/(cpd*tbvavg)
enddo

for(k = 2; k <= nz-2; k++){

tbvavg = 0.5%(tbv[k]+tbv[k-1]);

pib[k] = pib[k-1] - grav*dz/(cpd*tbvavg);
}

You may find it useful to compute mean dimensional pressure at each scalar level as well.

Once 7 is obtained, mean state density p has to be computed from a form of the ideal gas
law (with pressure nondimensionalized):

Cud

PoT Rd

Rab,

ﬁ:

where ¢,g = ¢pg - Rq = 717 J kg=! K=1. Density at the scalar height levels (RHOU) is easily
obtained. You get the surface value of RHOW (rhow(2) or rhow[1]) by knowing the surface
pressure, and RHOWs farther aloft by averaging pairs of RHOU values to the w height level.
From Fig. 1, it is seen this is written as:

rhow(k) = 0.5%(rhou(k) + rhou(k-1))
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Finally, compute the relative humidity at each scalar height level, using a form of Tetens’
equation (see Soong and Ogura 1973, JAS; Murray 1967, JAM) to get the saturation mixing
ratio for the base state, q,.:

380 [17.27(T - 273)
Qvs = —— €XpP =
D (T —36.)

where p and T are base state pressure (N m~2) and temperature (K). Since you are carry-
ing nondimensional pressure and potential temperature instead, these variables need to be
converted. Using the definition of 7:

Cpd

P = po7 fd

and the relationship between T and 6 is:

T = 0.

Compute g, for each scalar grid point and use it to calculate the relative humidity.

10.4 Results for some fields

In creating the following, I employed these values for model constants: ¢ = 9.81 m s™%; ¢g

=1004 J kg ' K Ry =287 J kg ! K™Y and ¢ = 717 J kg™t K1,

z(km) tb(K) qb(g/kg) rhou(kg/m~3) RH (%) pib(ndim) p(mb) T(deg. C)
0.35 300.52 14.92  0.108851E+01 88.78  0.978590E+00 927.08 20.93

1.05 302.05 12.56  0.102329E+01 96.08 0.956077E+00 854.59 15.63
1.75 303.88 10.19  0.959954E+00 99.96  0.933657E+00 786.52 10.57
2.45 305.90 7.83 0.898970E+00 98.72  0.911346E+00 722.71 5.63
3.15 308.08 ©5.47 0.840510E+00 89.18 0.889156E+00 663.00 0.78
3.85 310.38 3.11 0.784646E+00 66.11  0.867096E+00 607.21 -4.02
4.55 312.79 2.24  0.730747E+00 62.94 0.845181E+00 555.20 -8.78
5.25 315.30 1.79 0.679410E+00 66.96  0.823428E+00 506.80 -13.52
5.95 317.89 1.33 0.630783E+00 67.54 0.801845E+00 461.83 -18.25
6.65 320.56 0.88  0.584796E+00 61.11  0.780434E+00 420.11 -22.97
7.35 323.30 0.42 0.541370E+00 41.13  0.759196E+00 381.46 -27.70
8.05 326.11 0.00 0.500413E+00 0.00 0.738135E+00 345.70 -32.44

129



11

21

.75
.45
10.
10.
.55
12.
12.
13.
14.
15.
15.
16.
17.
17.
18.
19.
19.
20.
.35
22.
22.
23.
24.
24.
25.
26.

15
85

25
95
65
35
05
75
45
15
85
55
25
95
65

05
75
45
15
85
55
25

328.
.90
334.
337.
340.
346.
358.
369.
382.
394.
407 .
420.
434 .
448.
463.
478.
493.
510.
526.
543.
.64
579.
598.
618.
638.
659.

331

561

97

88
91
99
96
28
97
04
51
38
68
40
58
22
33
94
06
71
89

97
89
44
62
46

O O O O O O O O O O O O O O O O O O o o o o o o o o

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

O O O O O O O O O O O O O O O O O O O oo o o o oo

.461731E+00
.425375E+00
.391250E+00
.359259E+00
.329307E+00
.298942E+00
.267244E+00
.238910E+00
.213581E+00
.190940E+00
.170700E+00
.152607E+00
.136433E+00
.121974E+00
.109049E+00
.974942E-01
.871648E-01
.779307E-01
.696756E-01
.622957E-01
.566982E-01
.498000E-01
.445270E-01
.398128E-01
.35656982E-01
.318303E-01

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

O O O O O O O O O O O O O O O O O O O o o o o o o o

130

O O O O O O O O O O O O O O O O O O O oo oo o oo

.717253E+00
.696554E+00
.676039E+00
.655707E+00
.635558E+00
.615673E+00
.596277E+00
.577493E+00
.559303E+00
.541687E+00
.524628E+00
.508109E+00
.492111E+00
.476619E+00
.461616E+00
.447088E+00
.433019E+00
.419394E+00
.406200E+00
.393422E+00
.381049E+00
.369067E+00
.357463E+00
.346226E+00
.335344E+00
.324806E+00

312.
282.
254 .
228.
204 .
183.
163.
146.
130.
117.
104.
93.
83.
4.
66.
59.
53.
47.
42.
38.
34.
30.
27.
24.

21

68
24
21
46
83
27
85
50
98
11
71
62
71
84
92
84
51
84
78
26
21
59
36
47

.88
19.

57

-37.
.96
-46.
.58

-41

-51

-56.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-59.
-58.
-58.

19

76

43
54
52
50
47
45
43
40
37
35
32
29
26
23
20
17
14
10
07
03
99
95



Chapter 11

Model Task #2: Assessing convective
instability

The present task is to assess the convective instability of the sounding we created in Task #1.
This instability, called Convective Available Potential Energy (CAPE), is usually gauged for
an insulated parcel originating in the lower troposphere that is subsequently raised without
mixing with — nor experiencing resistance from — the environment. If the parcel can
become positively buoyant, it will convert the potential energy represented by its buoyancy
(CAPE) into kinetic energy of motion. In actuality, the parcel will experience some degree
of mixing with its surroundings, and has to push air residing above it out of the way. Thus,
the CAPE is an overestimate of the true amount of kinetic energy that might be realized by

the parcel.

11.1 Lifting and adjusting a parcel on the model grid

Figure|l1.1|sets up the problem and presents a hypothetical situation. In the grid view we are
defining a parcel at the lowest real scalar grid point by specifying its potential temperature
and water vapor mixing ratio. Call these 6, and g,,. (We're using these properties because
they are conserved, at least until the parcel saturates.) Once defined, we will raise the
parcel, grid point by grid point, until we reach the model’s topmost scalar point. There
are two parts to this problem: first, we compute potential temperature and vapor content
along the parcel’s path, and then we assess its instability (if any) relative to its surroundings.
We use the fundamental air parcel assumption that the parcel’s pressure equals that of its

surroundings at all times.
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Figure 11.1: Grid and Stuve diagram views of an ascending parcel. On this figure, 6 represents
parcel potential temperature, 6,,.
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Call the lowest scalar point index ki; this is & = 2 in Fortran and k£ = 1 in C++4. When
we raise the parcel to the next grid point up (k = k1+1), its 6, and g,, are (tentatively)
preserved. Figure|l1.1|also sketches what this would look like on a thermodynamic chart like
a Stuve diagram. We have ascended one grid point along a dry adiabat. At this juncture,
we test to see if the parcel has become saturated during this displacement. This is done by
computing the parcel’s saturation mixing ratio, ¢,s,, a function of its potential temperature

0, and (nondimensional) pressure 7 (the environment value at the parcel’s height) given byf}

o B0 172767 — 273)
S (0,7 —36) |

where it is recalled that T' = f7r. In the example shown, the parcel is assumed to have just
become saturated at k = kij+1, 80 ¢usp = Gup, s0 the lifting condensation level (LCL) is at
this height level.

Further lifting should now be moist adiabatic, with the parcel continually condensing suffi-
cient vapor to prevent supersaturation at any and every infinitesimal vertical “step”. Note
that since pressure varies along the parcel path, this is impossible to handle with precise ac-
curacy in a model (the model’s framework is Eulerian, not Lagrangian, anyway). However,
it is not terribly inaccurate to first raise the saturated parcel dry adiabatically — which of
course produces a supersaturated parcel) — and then adjust the parcel back to 100% relative
humidity at the new height level. This effectively discretizes the saturated adiabatic process
into two separate steps, dry adiabatic expansion followed by isobaric saturation adjustment,
as shown on the Stuve view in Fig. [I1.1] Naturally, this approximation gets worse as the

vertical grid interval gets larger.

We appreciate that if the parcel is supersaturated, i.e., ¢,, > qusp, the amount of condensation
actually realized is less than the difference ¢,, — gusp. This is because of the temperature
dependence of the saturation mixing ratio. The parcel is supersaturated because it carries
more vapor than it can hold at its temperature. However, as the supersaturated parcel’s
vapor condenses, heat is released that raises the parcel’s temperature, increasing its ability
to hold vapor. Thus, during the process of condensation, ¢,, decreases (as vapor condenses)

but g,s, increases (owing to latent heating).

We compute the isobaric saturation adjustment in the following WayE|: The amount of vapor

that can be condensed from a supersaturated parcel starting with pre-adjustment values of

'In avoiding carrying both dimensional and nondimensional pressure, the equation got more complicated.
You may decide to create a vector array for both.

2The present approach is something of a compromise between the saturation adjustments proposed by
Asai (1965) and Soong and Ogura (1973).
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potential temperature ¢,, vapor mixing ratio g,, and saturation mixing ratio g,s, is:

— QUp - qup

1+ ¢

where ¢ is defined as:

17.27 - 237L,
¢ = Qusp

cpa(6,m™ — 36.)2
and L, is the latent heat of vaporization (~ 2.5 x 10° J kg™'). The vapor loss due to
condensation is then
Gop = qup — C,
and the heat released raises the parcel’s potential temperature according to:

L,

deﬁ'

C.

6, =0, +

At the conclusion of this adjustment, we should have a parcel potential temperature and
vapor mixing ratio that represents exact saturation. It is worth demonstrating that is indeed

the case.

11.2 Computing CAPE and CIN on the model grid

CAPE is an integrated property, defined as:

ZEQL
CAPFE = / g

ZLFC

Sk
and represents the “positive area” on a thermodynamic diagram when both the environmen-
tal sounding and the parcel path are plotted. As the parcel rises, it may find itself less dense
than the environment at some point. The height where this first occurs is called the level of
free convection (LFC). Eventually, the parcel will become more dense than the surrounding
environment; this height is termed the equilibrium level (abbreviated EQL) and is the first

guess at cloud top. CAPE is computed between these two levels.

CIN, in contrast, is the “negative area” existing between the parcel’s initial location (zy) and
the LFC, so it is defined as

ZLFC )
C[N::/h g{%ﬁgiﬁ}dz

CIN is integrated negative buoyancy, but is often presented as a positive quantity. The

definition here produces negative values when CIN is present. Note that these formulae
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use virtual potential temperatures for the parcel and environment (6, and 0,, respectively).
These are defined as:
0y = 0,(1 4 0.61¢q,,),

and
0, = 0(1+ 0.61q,).

Using virtual temperatures allows us to incorporate the effect of moisture on parcel density.

Our present application computes the CAPE and CIN of the Weisman-Klemp sounding for
a surface-based parcel; i.e., commencing at the lowest scalar level above the model ground.
Although we should probably develop code that can handle complex situations — such as
soundings that possess one or more layers with negative buoyancy above the first LFC — the
present sounding will not require special treatment. Our specific example will assign potential
temperature (300.52 K) and mixing ratio values (11.5 g kg™!) to the parcel representing
initial subsaturation (use only kg kg™! in doing your model calculations), from which the
parcel’s 6, can be computed. (Note this parcel is negatively buoyant even at its origin, as
it possesses less vapor than the environment at the first scalar level.) At each model level
above the surface, we have already computed parcel virtual potential temperature, 8,,, and

we have the environmental value 6, as well. It is time to compute CAPE and CIN.

Let the integrand of CAPE and CIN be called b, for buoyancy. We have b at each model
leve]ﬂ. CAPE can be computed using the trapezoidal rule, so the fractional value between

model levels k£ and k£ — 1 would be

br + br_1

—— Az,

2

as illustrated in Fig. [11.2l This straightforward if the parcel is positively (or negatively)
buoyant at both levels. It is likely, however, that the LFC and EQL will fall between model
levels, as also shown in Fig. |[11.2] so there will one or two layers that have to be treated
differently. These special layers will be identifiable by a change in sign of b between the

bottom and top.

As an example, in the layer encompassing the LFC, the positive area would be

b, +0

areapos = (Zk - ZLFC’)y

3This presumes the parcel CAPE and CIN are computed after parcel buoyancy is determined at each
level. That is not necessary, as once you have parcel b at level k, you can compute the CAPE and/or CIN
in the layer between levels k and k£ — 1. In other words, you do not really need to allocate an array for the
parcel buoyancy.
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where 2y pc is the height of the LFC (at which point parcel buoyancy is zero). zppc can be

found via linear interpolation:

Az

— (b, —0) =z, — BA
bk_bk_l(k ) =z — PAz,

RALFC = Rk —

where [ is the fraction of the layer possessing positive buoyancy. This permits us to express

the positive area as

b
areapos = EkﬁAz.

The negative area below the LFC contributes to CIN, and would be

areaneg = %(1 — B)Az.

So, we might have some code for the LFC layer that looks like the following:

btop
bbot

b( k ) ! buoyancy at top of current layer
b(k-1) ! buoyancy at bottom of current layer

if (btop.ge.0..and.bbot.1t.0.)then ! we have isolated the LFC layer
frac = btop/(btop - bbot) ! fraction of layer that is positively buoyant
areapos = 0.b5*btop*frac*xdz I positive area according to trapezoidal rule
areaneg = 0.5xbbot*(1.-frac)*dz ! negative area according to trapezoidal rule
zlfc = z(k) - dzxfrac/1000. ! height of LFC in km

[...]

In the above, z is an array of model scalar level heights (in km) and z{fc is the height of the
LFC. Something similar would have to be done for the layer encompassing the EQL. In my
code, I consider four mutually exclusive possibilities for each model layer: that it contains the
LFC (as in the above code), that it contains the EQL, that it is positively buoyant through
the layer, and that it is negatively buoyant through the layer. The latter contributes to CIN
only if the layer resides below the LFC. (Do not add the negative buoyancy above the LFC
to CIN.)

My output is included at the end of this chapter.

11.3 What is CAPE missing?

The units of CAPE (and CIN) are J kg~! or, equivalently, m? s2. The latter suggests that

CAPE is a (vertical) velocity squared. In our discussion of gravity waves, we rewrote the
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Figure 11.2: Parcel buoyancies on the model vertical grid (oriented horizontally for convenience).

In the hypothetical example illustrated, the parcel starts with some small negative buoyancy at its
origin.

vertical equation of motion into a form similar to that below (though now with moisture):

dw 10p' )

/
— ==t g=.
at  pox Y0,
The hydrostatically balanced mean state has already been removed and the primed values
represent the difference between the parcel and its surrounding environment. Given the air
parcel assumption of mechanical equilibrium, p’ = 0, and the equation is revised to:
dw Opy — 0,
B —— = g—_
dt 6.
Note the right hand side already looks like CAPE; all it needs is to be integrated between

the LFC and EQL height levels. If the motion is strictly one-dimensional (in the vertical)
and steady with time, then

(11.1)

At dzdt . Vdz 2 d

Integrate (11.1]), using the rightmost expression above to replace the left hand side of (11.1]).
So, after rearranging:

dw dwdz  dw 1ld(w?)

1 ZEQL
CAPE = - d(w?)
2
ZLFC
1 2 2
= §wEQL—wLFC
1
= §w§QL (11.2)
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where it has been assumed that w = 0 at the LFC (not a bad assumption). Thus, the vertical
velocity at the estimated cloud top (EQL) depends on the vertically integrated parcel positive
buoyancy such that:

WEQL = V 2CAPE.

For a CAPE of 2000 J kg—!, such as might be found in a late spring Midwestern environment
during the afternoon, this predicts a parcel would strike cloud top with a vertical velocity
of over 63 m s~!. Two things are unrealistic about this value. First, it is too large. Second,
maximum vertical velocity is not likely to be found at cloud top, but rather somewhere
farther below. (Can you explain why?) Indeed, by the time a real parcel approaches cloud
top, its velocity will be much reduced from the largest value it had previously attained, and

may even be reasonably close to zero. (Again, can you explain why?)

11.4 Results

In the results tabulated below, height z is in km, pressure p in mb, thv_env and thv_prcl
are environmental and parcel virtual potential temperatures in K, qv_prcl is the parcel
vapor content in g kg™!, CAPE and CIN are in J kg~!, and buoybot and buoytop are parcel

buoyancies at the bottom and top of the present layer, in m s=2.

CIN is presented as a
negative quantity. These results were obtained with a parcel initial potential temperature
defined as 305.2 K, parcel initial mixing ratio of 11.5 g/kg, and the gravity acceleration and

latent heat of vaporization were defined as 9.81 m/s/s and 2.5E6 J/kg/K, respectively.

You certainly can anticipate that the accuracy of your CAPE and CIN calculations depends
on resolution, and applicability of your estimates depends on your initial parcel properties.
What happens if you increase NX and decrease Az correspondingly? What happens if you

give the parcel different properties, such as something representative of a deeper layer?

Figure shows the sounding as rendered by the metpy Skew-T package. Although pro-
vided with the same initial parcel properties, the CAPE and CIN values computed by this
routine do not agree with we have obtained here. This is in part due to the differences in
the calculation procedure, definitions used (e.g., metpy’s CAPE and CIN do not use virtual

temperature), and perhaps precision.
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[partial results]

initial parcel potential temperature: 300.52 K
initial parcel vapor mixing ratio: 11.50 g/kg
z P thv_env thv_prcl qv_p cape cin buoybot  buoytop

1.056 854.6 304.36 302.63 11.50 0.0 -26.6 -0.020 -0.056

1.75 786.5 305.76 306.00 10.15 0.3 -43.8 -0.056 0.008
[...]

3.85 607.2 310.97 316.29 6.23 194.9 -43.8 0.122 0.168

4.55 555.2 313.22 319.50 5.07 322.5 -43.8 0.168 0.197
[...]

8.75 312.7 328.97 332.77 0.64 1134.2  -43.8 0.162 0.113

9.45 282.2 331.90 333.67 0.38 1192.2  -43.8 0.113 0.052
10.15 254.2 334.88 334.26 0.21 1205.8 -43.8 0.052 -0.018
[...]

13.65 146.5 369.97 335.01 0.00 1205.8 -43.8 -0.638 -0.927
14.35 131.0 382.04 335.03 0.00 1205.8 -43.8 -0.927 -1.207
15.05 117.1 394.51 335.03 0.00 1205.8 -43.8 -1.207 -1.479
[...]

24 .85 24.5 618.44 335.03 0.00 1205.8 -43.8 -4.322 -4.496
25.55 21.9 638.62 335.03 0.00 1205.8 -43.8 -4.496 -4.663
26.25 19.6 659.46 335.03 0.00 1205.8 -43.8 -4.663 -4.826

Vertically integrated CAPE  1205.8 J/kg CIN is -43.8 J/kg

LFC detected at 1.67 km
EQL detected at 9.97 km
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Chapter 12

Model Task #3: Grid setup, initial
condition and visualization

In this task, we set up the model’s two-dimensional (2D) grid, specify the initial condition,
and get a start on model visualization. The dry version of our model will have four 2D
prognostic variables, u, w, ' and 7', and carry a minimum of five one-dimensional (1D)
arrays for the base state temperature, nondimensional pressure and zonal horizontal velocity
(0,7, and @), along with two arrays for mean density at the u and w levels. Sample code for
getting started with the GrADS visualization package is also included. My code adds a fifth
2D prognostic variable, for meridional horizontal velocity v, in case you wish to add Coriolis

accelerations to the 2D model.

12.1 Grid setup

Figure 11.1 shows the grid setup. Remember, in each grid box the velocity components are
defined on the outer edges and the scalar variables reside at the center. The physical domain
is completely surrounded by a set of artificial grid boxes; this just makes coding the model
a little easier. There are a total of NX points in the = direction (index ¢) and NZ points in

the z direction (index k).

In the horizontal direction, the physical boundaries are u points and are located at ¢-index
locations 2 and NX for Fortran (Fig. 11.1) or 1 and NX-1 for C++ and other zero-based
index languages (Fig. 11.2). In the vertical, the physical boundaries coincide with w points
at index locations 2 and NZ in Fortran or 1 and NZ-1 in C++4. We will force w to be zero

at these points, this corresponding to rigid, free-slip (frictionless) boundaries. For this task,
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we’ll take the domain to be laterally periodic, though we will likely want to reconsider this

later.

First, we need to set up the required arrays. We will eventually be using the leapfrog scheme,
a three time level method. Thus, for each prognostic variable — u, w, 8 and ' — we
need to carry three arrays, corresponding to the past, present and future values. For the
u variable, for example, these will be called up, u and um, respectively. There is a more

storage-efficient way of handling this, but that is not our present concern.

So, we have something like this for Fortran

(¢}

set parameters
grid dimensions

parameter (nx=83,nz=42)
¢ grid box lengths

parameter (dx=400.,dz=400.)

¢ variable arrays
dimension thp(nx,nz),th(nx,nz),thm(nx,nz)
dimension wp(nx,nz),w(nx,nz) ,wn(nx,nz)
dimension up(nx,nz),u(nx,nz),um(nx,nz)
dimension pip(nx,nz),pi(nx,nz),pim(nx,nz)

(@]

c base state vectors for theta, vapor, dim. pres., ndim. pres.,
c and density at u and w levels

dimension tb(nz),qb(nz),pb(nz),pib(nz) ,rhou(nz),rhow(nz)
or for C++

// grid dimensions
const int nx 83;
const int nz 42;

// grid box lengths
const double dx 400. ;
const double dz 400. ;

// base state vectors
double tb[nz], gblnz], pblnz], piblnz], rhoulnz], rhowl[nz];

// prognostic arrays

double thp[nx] [nz], th[nx][nz], thm[nx] [nz];
double up[nx] [nz], ulnx] [nz], um[nx] [nz];
double wp[nx] [nz], wlnx] [nz], wm[nx] [nz];
double pip[nx] [nz], pilnx][nz], pim[nx] [nz];

To simplify things, we’ll consider a dry and neutral environment, so set tb to 300.0
at every vertical point and set gb to zero. (Don’t throw away the code that created the

sounding used in Model Tasks 1 and 2; you may want to reuse that later.)
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Figure 12.1: Model grid arrangement for Fortran.
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Figure 12.2: Model grid arrangement for C++ and other zero-based index languages.
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Second, make sure the base state arrays are handled correctly at the artificial points above
and below the physical grid. Since w = 0 at the physical boundaries, there can be no
transport through the boundary. Thus, we can specify the temperature and pressure at
these artificial points to be anything we want; it won’t make a difference. For reasons better

appreciated later, it is best to take the mean state fields to possess no gradient across the

boundaries. We’ve already set up tb and pib (for example) for the real scalar points (k
2, NZ-1in Fortran or k = 1, NZ-2 in C++). Now we need to do:

TB(1)=TB(2)
TB(NZ)=TB(NZ-1)
PIB(1)=PIB(2)
PIB(NZ)=PIB(NZ-1)
RHOU (1)=RHOU(2)
RHOU (NZ)=RHOU (NZ-1)

or

tb[0] = tb[1];

tb[nz-1] = tb[nz-2];
pib[0] = pib[1];
pib[nz-1] = pib[nz-2];
rhou[0] = rhoull];
rhou[nz-1] = rhoul[nz-2];

12.2 Initial condition

Next we set up the initial perturbation. We’'ll define a radially symmetric thermal, consisting
of a positive potential temperature perturbation. Take the horizontal radius, RADX, to be
4000 m and the vertical radius, RADZ, to also be 4000 m. The amplitude of the thermal is
0 = 3 K. Center the thermal at ZC'NT'= 3000 m above the ground. The equations are:

~ |[(zr = 2CNT)]*  [Awx(i—IMID)]’
rad = \/{ RADZ | |7 RADX (121)
and L5 [cos(rad - 1) + 1] rad < 1
) . 50 |cos(rad - m) + rad < 1;
TH(i, k) = { 0 otherwise. (12.2)

TH (i, k) represents the potential temperature perturbation at grid points ¢ and k at the
present time n. In the above 7 is 3.14159. .., not nondimensional pressure. The best way of
using trigonometric 7 in a program is to let the computer calculate it to machine precision.

This can be done with
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TRIGPI=4.*ATAN(1.0)

(This is the same function in C++). As we saw earlier, the height at a scalar point zr, is
defined differently in Fortran and C++; in the former, it is Az (k — 1.5) while in the latter
it is Az (k —0.5).

IMID represents the middle 6 point of the domain. For NX odd, it is located at point (NX+1) /2
in the Fortran domain (starting with ¢ = 1) or (NX-1)/2 in the C++ domain (starting with
i = 0). Using a symmetric thermal precisely at the domain’s midpoint will help us test
our code once the full model’s time stepping loop is implemented in Model Task 5. For
an initially calm environment, a symmetric perturbation placed at the exact center of the
domain will generate a solution which must remain symmetric about the domain center (for

scalars and w; the solution will be antisymmetric for «)... unless there are coding errors.

The leapfrog scheme, having three time levels, has to be started off not only with the present
time value at each grid point, but also with the past time value (time level n-1). We do not
generally have this information, so we typically assign the same perturbation to THM(i,k).

This actually causes some problems; we’ll see this later.

This thermal perturbation will disturb the atmosphere. Normally, this will provoke both
sound waves and gravity waves, but because we are assuming a neutral atmosphere, only the
former will appear. We can attempt to construct a perturbation pressure field in balance
with it. The perturbation hydrostatic equation may be written in continuous and discrete

representations as:

on’ g 0
I e 12.
0z Cpd 02 (12.3)
and
TUP = TH(i,k+1)/(TB(k+1)*x*2)
TDN = TH(i,k )/(TB(k )*x2)
PI(i,k) = PI(i,k+1)-0.5%(G/CPD)* (TUP+TDN)*DZ
or

tup = th[i] [k+1]/(TB[k+1]1*TB[k+1]);
tdn = th[il[ k ]/(TB[ k 1*TB[ k 1);
pili] [k] = pili] [k+1]1-0.5%(g/cpd)* (tup+tdn)*dz;

In C++, remember to declare tup and tdn as doubles.
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We have to assume a value (such as zero) for 7’ somewhere. It is easiest to choose this to be
at the topmost real 7’ point (PI(i,nz-1)), so actually we need to integrate downward.
Thus, the above code has to be rearranged and remapped to fit this new use. We can do
that in this fashion:

DO i = 2,nx-1

¢ set the assumed point, and the fake point above it
PI(i,nz-1) = 0.
PI(i,nz ) = 0.

integrate perturbation hydrostatic equation downward

(@]

DO k = nz-2, 2, -1
TUP = TH(i,k+1)/(TB(k+1)*x*2)
TDN = TH(i,k )/(TB(k )**2)

PI(i,k) = PI(i,k+1)-0.5%(G/CPD)*(TUP+TDN)*DZ
ENDDO

c get the artificial point below the grid
PI(i,1)=PI(i,2)
ENDDO
c finesse the first PIM values, over all points (real and fake)
DO K = 1,nz
DO i = 1,nx
PIM(i,k) = PI(i,k)
ENDDO
ENDDO

for(i = 1; i <= nx-2; i++){
// set the assumed point, and the fake point above it
pili]l [nz-2] = 0.;
pili]l [nz-1] = 0.;
for(k = nz-3; k >= 1; k—-){
tup = th([i] [k+1]/(TB[k+1]*TB[k+1]);
tdn = th{i][ k 1/(TB[ k 1*TB[ k ]);
pilil [k] = pili] [k+1]-0.5%(g/cp)*(tup+tdn)*dz;
} // end of for k
// get the artificial point below the grid
pilil [0] = pili][1];
} // end of for i

// finesse the first PIM values, over all points (real and fake)
for(i = 0; i <= nz-1; i++){
for(k = 0; k <= nx-1; k++){
pim[i] [k] = pili] [k];

In the above, I am using nz1 and nz2 to represent nz-1 and nz-2, respectively. Of course,

those constants have to be declared somewhere in the code.
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You may wish to plot dimensional pressure perturbation p’ instead. Recall from Chap. 3
that 7’ and p’ are related by:
p = m'cpapb,.

This can be coded as:
PPRT(i,k) = PI(i,k)*CPD*RHOU(k)*TB(k)*(1.+0.61*QB(k))

in Fortran. Of course, for now we’re neglecting moisture. However, just in case you want to

add moisture later, you might as well be prepared for it.

Finally, make plots of the initial ' and 7’ (or p’) fields. Figure 11.3 presents initial fields for
0" and p’, made using the GrADS package, described in the next section. Vertical profiles of
0" (in blue) and p’ (in red) through the center of the thermal are presented in Fig. 11.4.

12.3 Visualization with GrADS

If you are programming in a language (such as Fortran) that does not natively support
visualization, you have a number of options available. In this section, the GrADS (Grid
Analysis and Display System) package is described. GrADS available for Mac, Linux/Unix
and Windows. The GrADS home page is

http://cola.gmu.edu/grads/grads.php

As a visualization environment, GrADS has several significant advantages: it is free, eas-
ily installed, very scriptable, operable in interactive and batch modes, and can produce
publication-quality graphics. Many of its downsides are due to its roots in climate science.
GrADS natively and naively treats the horizontal dimension as longitude or latitude. It also

has difficulty handling time increments less than 1 minute.

With GrADS, you will have two files for each model run: a control file, and a data file. The
control file, with suffix .ctl is a text file that describes the contents of the binary .dat file.
On the course web page, I provide sample Fortran code that can be used (or adapted) to
create both files, a template that illustrates the sequence of events involved, and a sample

GrADS script. These are also reproduced farther below.
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Figure 12.3: Initial potential temperature (shaded as shown, in K) and dimensional pressure (50
Pa contours, starting with -50 Pa) perturbation fields for our initial thermal.
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Figure 12.4: Vertical profiles of initial potential temperature (K; blue) and dimensional pressure
(mb; red) up through the center of the initial thermal. Millibars are used for convenience.
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Particularly useful GrADS-related links include:

Documentation index: http://cola.gmu.edu/grads/gadoc/gadocindex.html

User guide and scripting basics: http://cola.gmu.edu/grads/gadoc/users.html
The GrADS control file: http://cola.gmu.edu/grads/gadoc/descriptorfile.html
Controlling colors: http://cola.gmu.edu/grads/gadoc/colorcontrol.html

The GrADS script library: http://cola.gmu.edu/grads/gadoc/library.html

The example program and GrADS-based subroutines printed out below are also available on

the course website.
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OO0 00000O0

(@]

(@]

GrADS-enabled

http://www.atmos.albany.edu/facstaff/rfovell/ATM562/grads_example_code_augmented.f

example model code for ATM562 (Fortran 77 version)

version of 10/24/2018

this template

illustrates a procedure to write data to GrADS files:

one GrADS .dat file is created, and TWO GrADS .ctl files
the first .ctl file is temporary, to help you visualize model
output during a long run, or if a model crash prevents creation

of the final

.ctl file (which is done last)

program task3

your non-executable code, including parameter, dimension, data

NOTE my GrADS code expects certain arrays, including a base state
mean wind (ub) and a 3D array for north-south velocity (v) that
can be utilized for other variables for models lacking Coriolis

ADDITIONALLY
I designate
S0 your code

the leapfrog scheme needs three time levels;
these as thp, th, and thm, for perturbation theta
may include the following:

base state vectors

dimension
2D prognostic
dimension
dimension
dimension
dimension
dimension
dimension

tb(nz),qb(nz) ,pb(nz) ,pib(nz) ,rhou(nz) ,rhow(nz) ,ub(nz)
arrays - 3 time levels
thp(nx,nz) ,th(nx,nz) ,thm(nx,nz)
wp(nx,nz) ,w(nx,nz) ,wn(nx,nz)

up (nx,nz) ,u(nx,nz) ,um(nx,nz)
vp(nx,nz),v(nx,nz),vm(nx,nz)
qvp (nx,nz) ,qv(nx,nz) ,qvm(nx,nz)
pip(nx,nz),pi(nx,nz) ,pim(nx,nz)

pot. temp. pert.
vert. vel.

zonal horiz. vel.
merid. horiz. vel.
water vapor

ndim pert. pres.

* declare your time step, grid spacings (dt,dx,dz)

* declare your model end time, plotting interval (timend,nplt)

* set up your 1D base state (tb,pib,rhou,rhow,ub)

* set your model 2D initial condition (thermal, etc.)

examples... you need to change these
dt=5.0 ! seconds
timend=1000 ! seconds
nplt=60 I plot every 60 time steps, or 300 sec

-]

GrADS initialization is here
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a0

aOo0oo0o0

* set your casename (will create ’casename’.ctl, ’casename’.dat)
* create a temporary control (x.ctl) file
* write initial condition to data (*.dat) file

EXAMPLES. .. you need to change these

casename=’test’ ! declare ’character*80 casename’ above
iplt = 0 ! counter for plotting calls

byteswap = 0 I if byteswapping not needed, set = 0O
igradscnt =999 ! grads counter - dummy value to start

* initial call to write_to_grads_ctl sets up temporary control file
call write_to_grads_ctl(casename,nx,nz,dt,dx,dz,
1 igradscnt,nplt,byteswap) ! create the temporary control file
* write out model data at initial time - i.e., call dumpgrads
igradscnt =0 ! reset grads counter
call dumpgrads(igradscnt,u,v,w,th,pi,qv,rhou,tb,pib,ub,qb,
1 nx,nz,cpd)
model integration loop STARTS here
* update plot counters
* integrate your equations, take care of boundary conditions
* set for next time step
example. ..
iplt = iplt + 1
decide if it’s time to plot...
* if it’s time to plot, call dumpgrads and reset plot counter
example. ..

if (iplt.eq.nplt)then

call dumpgrads(igradscnt,u,v,w,th,pi,qv,rhou,tb,pib,ub,qb,
1 nx,nz,cpd)

iplt=0

endif

* go back to start of model integration loop unless it’s timend
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€
¢ * before you stop model, create FINAL grads control file
¢ * this control file will have the proper number of times listed
call write_to_grads_ctl(casename,nx,nz,dt,dx,dz,
1 igradscnt,nplt,byteswap)
stop
end
€

¢ after your main routine, include GrADS subroutines:

c subroutine dumpgrads

c subroutine write_to_grads_dat

c subroutine write_to_grads_ctl

c * you can also keep them in separate files and link to them
¢ x EXAMPLE: gfortran task3.f grads_routines.f

The code below contains Fortran subroutines for creating and writing to GrADS control and
data files. Note the call to dumpgrads requires 5 2D arrays (u, v, w, th, pi), representing
the 4 model prognostic variables and an array nominally for meridional velocity v; five 1D
arrays with base state values (rhou, tb, pib, ub, gb); and the specific heat at constant
pressure (cpd), which is used to compute the dimensional pressure perturbation. Although
our model will be strictly 2D initially, the north-south velocity (v) is included in the event
that you wish to include Earth rotation later. This array, which is hardcoded at the scalar

grid location, can also be used for other purposes.
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GrADS routines for ATM562 (Fortran 77 version)
http://www.atmos.albany.edu/facstaff/rfovell/ATM562/grads_routines_augmented.f
this version also carries water vapor 2D field (qv) and base state (gb)
version of 10/9/2018

OO0 o000

¢ ======= (QVERVIEW

¢ subroutine dumpgrads expects the following to be passed as input

¢ igradscnt - a counter

C nx, nz - array dimensions

c u, v, w, th, pi - 2D arrays dimensioned (nx, nz)

c rhou, tb, pib, ub, gb - 1D base state arrays dimensioned (nz)

¢ cpd - specific heat at constant pressure

c

¢ with this input, this routine writes

c full and perturbation u, th, and pi; full v; and

c perturbation pressure (in mb)

¢ subroutine write_to_grads_ctl writes out the ctl file

c EXTRA/OPTIONAL:

¢ to add more fields to the GrADS output:

c (1) alter dumpgrads to pass more fields, or compute them in dumpgrads
c (2) add calls to write_to_grads_dat in dumpgrads for new fields

c  (3) update ngradsvars (# of variables written out) in write_to_grads_ctl
¢ (4) add code in write_to_grads_ctl to describe the new field

O
¢ subroutine dumpgrads

€

subroutine dumpgrads(igradscnt,u,v,w,th,pi,qv,rhou,tb,pib,ub,
1 gb,nx,nz,cpd)

dimension u(nx,nz),v(nx,nz),w(nx,nz),th(nx,nz),pi(nx,nz),

1 qv(nx,nz)

dimension rhou(nz),tb(nz),pib(nz) ,ub(nz),qb(nz)

dimension temp(nx,nz)

dimension zero(nz)

nXm=nx
nzm=nz
do k=1,nzm
zero(k)=0.
enddo

c some calls pass a non-zero base state array to augment to the 2D field
call write_to_grads_dat(u,nxm,nzm,nx,nz,zero,0.,1) I' full U is predicted
call write_to_grads_dat(u,nxm,nzm,nx,nz,ub,-1.,1) I pert u = U-ub
call write_to_grads_dat(v,nxm,nzm,nx,nz,zero,0.,0) I v def. at scalar point

call write_to_grads_dat(w,nxm,nzm,nx,nz,zero,0.,2)

call write_to_grads_dat(th,nxm,nzm,nx,nz,tb,1.,0) I full pot temp
call write_to_grads_dat(th,nxm,nzm,nx,nz,zero,0.,0) ! pert pot temp
call write_to_grads_dat(qv,nxm,nzm,nx,nz,gb,1.,0) I full qv
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call write_to_grads_dat(qv,nxm,nzm,nx,nz,zero,0.,0) ! pert qv
call write_to_grads_dat(pi,nxm,nzm,nx,nz,pib,1.,0) I' full ndim pressure
call write_to_grads_dat(pi,nxm,nzm,nx,nz,zero,0.,0) ! pert ndim pressure
do i=1,nxm
do k=1,nzm
temp (i,k)=0.01*rhou(k)*cpd*tb(k)*pi(i,k)
enddo
enddo
call write_to_grads_dat(temp,nxm,nzm,nx,nz,zero,0.,0) ! pert pressure in mb
igradscnt=igradscnt+1
print *,’ done writing grads write number ’,igradscnt
return
end

subroutine write_to_grads_dat(array,nxx,nzx,nxg,nzg,zmean,zfactor,
1 iavg)

dimension array(nxx,nzx),zmean(nzx)

dimension dummy(nxg,1,nzg)

do i=1,nxg
do k=1,nzg
dummy (i,1,k)=0.
enddo
enddo
if(iavg.eq.0)then ! no averaging needed
do i=1,nxg
do k=1,nzg
dummy (i, 1,k)=array(i,k)+zfactor*zmean (k)
enddo
enddo
else if(iavg.eq.1l)then ! average in x-direction
do k=1,nzg
do i=1,nxg-1
dummy (i,1,k)=0.5%(array(i+1,k)+array(i,k))+zfactor*zmean (k)
enddo
enddo
else if(iavg.eq.2)then ! average in z-direction
do i=1,nxg
do k=1,nzg-1
dummy (i,1,k)=0.5%(array(i,k+1)+zfactor*zmean(k+1)
1 +array(i, k )+zfactorxzmean( k ))
enddo
enddo
else if(iavg.eq.3)then ! average from strfcn point
do i=2,nxg-1
do k=2,nzg-1

top_pair=0.5%(array(i+l,k+1)+array(i,k+1))+zfactor*zmean (k+1)
bot_pair=0.5*(array(i+l, k )+array(i, k ))+zfactor*zmean( k )
dummy (i,1,k)=0.5%(top_pair+bot_pair)
enddo

enddo

endif ! iavg
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do k=2,nzg-1
write(66) ((dummy(i,j,k),i=2,nxg-1),j=1,1)

enddo
return
end
€
¢ subroutine write_to_grads_ctl
€ o e
subroutine write_to_grads_ctl(casename,nxg,nzg,dt,dx,dz,
1 igradscnt,ipltint,byteswap)
character*4 ctl,dat
character*80 casename,ctlfile,datfile
close(44)
close(66)
ngradsvars=11
print *,’ writing grads control file’
c if(icall.eq.0)then ! first call
c create names for ctl, dat files
knx=index(casename,’ ’)
write(ctl,’(ad)’) ’.ctl’
write(dat,’(a4)’) ’.dat’
ctlfile=casename(1:knx-1)//ctl
datfile=casename(1:knx-1)//dat
write(6,*) ’casename is ’,casename
write(6,*) ’ctlfile is ’,ctlfile
write(6,*) ’datfile is ’,datfile
open(44,file=ctlfile,status=’unknown’)
open(66,file=datfile,status=’unknown’,
1 form=’unformatted’)
c endif ! icall
c
gradstinc=float (ipltint)*dt/60. ! minutes
igradstinc=ifix(gradstinc) ! if not integer number of min, time counted wrong
print *,’ nxg= ’,nxg,’ nzg= ’,nzg,’ gradstinc ’,gradstinc

write(44,900) datfile ! no underscores in ctl, dat file names

900 format(’DSET ~’,a80)
write(44,901)

901 format(’TITLE ATM 562 model’,/,
1 ’OPTIONS sequential’,/,’UNDEF -9.99E33’)
if (byteswap.eq.1) write(44,902)

902 format(’0OPTIONS byteswapped’)

c write(44,100) nxg-2,dx/2/1000.,dx/1000. ! dx in km
write(44,100) nxg-2,-1*xfloat(nxg-2)*dx/2/1000.+0.5%dx/1000.,
1 dx/1000. ! dx in km

100 format(’XDEF ’,i3,’ LINEAR ’,2f10.5,/,’YDEF 1 LINEAR 1.0 1.0’)
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write(44,101) nzg-2
101 format(’ZDEF ’,i3,’ levels’)
do k=2,nzg-1
write(44,102) (float(k)-1.5)*dz/1000.
102  format(£10.3)
enddo
if (igradstinc.1lt.1)then
print *,’ xxx WARNING - since plotting interval less ’,
1 ’than one minute, GrADS will not report time ’,
1 ’correctly.’
print *,’ *%*x Plot interval recorded as 1 min in ’,
1 ’control file’
igradstinc=1
endif
write(44,103) igradscnt,igradstinc
103 format(’TDEF ’,i5,’ LINEAR 00:00Z01JAN2000 ’,i3,’mn’)
write(44,104) ngradsvars
104 format(’VARS ’,i4d)
write(44,105) nzg-2
105 format(’u ’,i3,” 00 horizontal velocity’)
write(44,106) nzg-2
106 format(’upr’,i3,’ 00 pert horizontal velocity’)
write(44,199) nzg-2
199 format(’v ’,i3,’ 00 north-south velocity’)

write(44,107) nzg-2

107 format(’w ’,i3,’ 00 vertical velocity’)
write(44,108) nzg-2

108 format(’th ’,i3,” 00 potential temperature’)
write(44,109) nzg-2

109 format(’thpr’,i3,’ 00 pert potential temperature’)
write(44,118) nzg-2

118 format(’qv ’,i3,’ 00 vapor mixing ratio’)
write(44,119) nzg-2

119 format(’qvpr’,i3,’ 00 pert vapor mixing ratio’)
write(44,110) nzg-2

110 format(’pi ’,i3,” 00 ndim pressure’)
write(44,111) nzg-2

111 format(’pipr’,i3,’ 00 pert ndim pressure’)
write(44,112) nzg-2

112 format(’pprmb’,i3,’ 00 pert pressure in millibars’)
write(44,999)

999 format(’ENDVARS’)
close(44)

return
end
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Here is the GrADS script that produced Fig. 11.3. Scripts can be a lot simpler than this.
Note this script calls two others: cbarn.gs, to draw the colorbar, and rgbset.gs, to define

the colors used. Those scripts are also available on the course web page.

example GrADS plot script for model task 3

ATM562
http://www.atmos.albany.edu/facstaff/rfovell/ATM562/plot_init_cond.gs
version of 10/9/2015

* ¥ ¥ ¥

* define some nice colors via the rgbset script
’run rgbset.gs’

* set background color white and clear screen
’set display color white’
’clear’

* set map projection off
’set mproj off’

* this formats the virtual page
’set vpage 0 8.5 0.5 8.5’

* smooth contours. enabled until switched off.
’set csmooth on’

* ————————— make temperature perturbation plot --———-—-—""--—-
* set contour label, make thp plot, draw title and axes

* declare a color-shaded plot

’set gxout shaded’

* define colors and contour levels

* colors are as defined in rgbset.gs
’set clevs -3 -2.5 -2 -1.6 -1 -0.500.51.01.52.02.5 3
’set ccols 49 47 45 44 43 42 0 0 62 63 64 65 67 69’

* this next line turns off the grads logo
’set grads off’

* override default GrADS axis labels

’set xaxis -16 16 4’

’d thpr’

* draw the colorbar. requires script cbarn.gs
’run cbarn 1 0 5 0.18°

* reset graphics output to contour
’set gxout contour’

¥ —m—m——m—————— make pressure perturbation plot -------------———-
* get contour color and contour interval

’set ccolor 1°

’set cint 50’
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* suppress contour labels

’set clab off’

* this next line tries to suppress the zero contour
’set black 0 0’

* plot pprmb but convert to Pascals

’d pprmb*100’

* draw titles and labels

’draw title initial temp & pres perturbations (K, Pa)’
’draw xlab x (km)’

’draw ylab z (km)’

¥ ———— - make a PNG plot ---——---------——————————
’gxprint init_tp_pp.png’

* finish up
’set clab on’

The next script plots the vertical profiles of temperature and perturbation pressure.

example GrADS plot script for model task 3

ATM562
http://www.atmos.albany.edu/facstaff/rfovell/ATM562/plot_vert_profile.gs
version of 10/9/2015

* % ¥ X

* set background color white and clear screen
’set display color white’
’clear’

* set map projection off
’set mproj off’

* this formats the virtual page
’set vpage 0 8.5 0.5 8.5’

* smooth contours. enabled until switched off.
’set csmooth on’

* set location at domain center
’set lon O’

* set range for horizontal plot

’set vrange -5 5’

’set grads off’

* plot temperature perturbation profile. color it blue
’set ccolor 4’

’d thpr’

* plot pressure perturbation profile (in mb). color ir red
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’set ccolor 2°
’d pprmb’

* titles and labels

’draw title temperature and pressure pert profiles’
’draw xlab perturbation (K or mb)’

’draw ylab z (km)’

¥ —m———— make a PNG plot ---——-----------m——————
’gxprint init_tp_pp_profile.png’
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Chapter 13

Model Task #4: Implementing the
leapfrog scheme

As an intermediate step towards building the 2D model, this task gets you to implement the
leapfrog scheme for a simple 2D case with constant advection velocity. This task demon-
strates how to implement a time stepping loop for a simple equation. We will take the Model
Task #3 code, add an cone-shaped initial condition for one of the variables, and build the

loop. The resulting simulation will well illustrate the phenomenon of dispersion error.

13.1 2D linear advection

Specifically, we're going to solve the simple constant advection equation
VU = —CgUp — C;Uy,

where ¢, and c, are the advection speeds in the x and z directions, respectively. I have
selected the variable v because I am already writing this field to the GrADS output files,
and am defining it at the scalar location, but am not yet using it for anything. The leapfrog
approximation to this is (written in explicit form):
2At 2At
1 —1
U;nlj = U?,k - me [Uzn—&-l,k - U?—Lk] - CZE [Uz'rfk—i—l - UZ/g—J-
The indices ¢ and k are for the x and z directions. There is a reason why I kept the factor
of 2 in both the numerator and denominator in the advection terms (watch for this below).

This can be implemented in Fortran and C++ as:
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vp(i,k)=vm(i,k)-cx*xd2t*rd2x*(v(i+l, k )-v(i-1, k ))
1 —czxd2t*rd2z* (v( i ,k+1)-v( 1 ,k-1))

vpl[i] [k]=vm[i] [k]-cx*d2t*rd2x*(v[i+1][ k ]-v[i-1]1[ k 1)
—czxd2t*rd2z*(v[ i J[k+1]-v[ i 1([k-1]1);

where d2t is 2At, d2x is 2Ax, d2z is 2Az, cx is ¢, and cz is ¢,, along with:

rd2x=1./d2x
rd2z=1./d2z

This turns some frequent divisions into multiplications, which are faster and more efficient.
So, we've three arrays, vp, v, and vm, each dimensioned nx by nz. I have adopted nx=nz=51,
so for Fortran the domain center is at index 26, and for C++/Python at index 25.

To facilitate this example, we will implement periodic boundary conditions in both directions.
This means there are only nx-2 and nz-2 unique points. The Fortran do loops will span
i= 2, nx-1 in the z direction and k =2, nz-1 in the z direction. The C++ for loops will
span i =1, nx-2 and k =1, nz-2. Upon completion of these calculations, we need to fill out

the non-unique points in the arrays, using coding like:

do k=2,nz-1
v( 1,k)=v(nx-1,k)
v(nx,k)=v( 2,k)

enddo

do i=1,nx

v(i, 1)=v(i,nz-1)
v(i,nz)=v(i, 2)
enddo

for(k=1; k<= nz-2; k++){

vl 0 1[k] = v[nx-2] [k];
vinx-11[kx] = v[ 1 1[k];
+

for(i=0; i<= nx-1; i++){
v[il[ 0 1 = v[i] [nz-2];
v[il[nz-1]1 = v[il[ 1 1;
+

Take dx and dz to be 100 m, dt to be 50 sec, and cx = cz = 1 m s~!. The initial perturbation
will resemble Task #3’s, but with radx = radz = 1000, delt = 10, and placed in the domain
center. Because of the doubly periodic domain, the simulated cone should return to the

domain center in 4900 sec. You can use code like this for Fortran and C++:
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Fortran
imid and jmid are coordinates of domain midpoint
imid=(nx+1)/2
kmid=(nz+1)/2
¢ parameters for initial perturbation
delt=10.
radx=1000.
radz=1000.
c trigpi is trigonometric pi
trigpi=4.*atan(1.0)
do i=2,nx-1
do k=2,nz-1
rad=sqrt ((dz* (k-kmid) /radz) **2
1 +(dx*(i-imid) /radx) **2)
if(rad.ge.1.)then
v(i,k)=0.
else
v(i,k)=.5*%delt*(cos(trigpi*rad)+1.)
endif
c we don’t have VM at the initial time, so we fake it
vm(i,k)=v(i,k)
enddo
enddo

oo

// C++
// imid and jmid are coordinates of domain midpoint
imid=(nx-1)/2;
kmid=(nz-1)/2;
// parameters for initial perturbation
delt=10.;
radx=1000. ;
radz=1000. ;
// trigpi is trigonometric pi
trigpi=4.*atan(1.0);
for(i = 1; i<= nx-2; i++{
for(k = 1; k <= nz-2; k++){
rad=sqrt (pow(dz* (k-kmid) /radz,2)
+pow (dx* (i-imid) /radx,?2) ;
if(rad >= 1.)
v[il[k] = 0.;
else
v[i] [k] = .5*delt*(cos(trigpi*rad)+1.);
// we don’t have um at the initial time, so we fake it
vm[i] [k] = v[i][k];
} // end of for k
} // end of for i

This perturbation shouldn’t be nonzero near the boundaries, but take care of the boundary

points anyway, just to be safe:
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Fortran
periodic BCs
do k=2,nz-1
v(1l,k)=v(nx-1,k)
v(nx,k)=v(2,k)
vm(1,k)=vm(nx-1,k)
vm(nx,k)=vm(2,k)
enddo
c so now 1,nx and 2,nz-1 has been done
do i=1,nx
v(i,1)=v(i,nz-1)
v(i,nz)=v(i,2)
vm(i,1)=vm(i,nz-1)
vmn(i,nz)=vm(i,?2)
enddo
¢ and that took care of the remaining points

oo

// C++
// periodic BCs
for(k = 1; k <= nz-2; k++){

vl 0 1[k] = v[nx-2] [k];
vinx-11[kx] = v[ 1 1I[k];
vm[ 0 J[k] = vm[nx-2] [k];
vm[nx-1][k] = vm[ 1 1I[k];

}
// so now 0,nx-1 and 1,nz-2 are done
for(i = 0; i <= nx-1; i++){
v[il[ 0 ] = v[i] [nz-2];
v[il[nz-1] = v[iI[ 1 1;
vm[ilJ[ 0 1 = vm[i] [nz-2];
vm[i] [nz-1] = vm[i]l[ 1 1;

}

// and that took care of the remaining points

Get ready to integrate. I like to set counters for both the time step and the model time.

Also, remember since we dont have time n-1 starting out, we need to do the first time step

with a forward time and center space scheme. We can fake this easily, without much extra

coding, by taking vm = v at the model start [we already did that above] and initially taking

d2t = dt instead of 2At...but just for the first time step. So we can code (in Fortran;

similar code for C++):

O o0

n=0

get ready to integrate
N is my time step counter; start at N=0

¢ TIMENOW is my model time keeper; start at TIMENOW=0

timenow=0.

c TIMEND is my integration stop time: 4900 sec

timend=4900
¢ My grid spacings
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d2x dx + dx
d2z = dz + dz

¢ but D2T is DT to start!
d2t = dt

Now, build the integration loop. There’s many ways of implementing a loop; one of the most

straightforward is to do something like this:

c Fortran
c Get ready, get set - GO

1000 n=n +1 I update the timestep counter
timenow = float(n)*dt ! update the time

c Are we through yet? If so, bail out
if (timenow.gt.timend) go to 1001

>k >k >k 3k 3k 3k 3k ok 5k 3K 5k >k >k >k 5k 3k 5k 5k 3k 5k 3k >k >k >k %k %k %k >k >k 5k kK

The integration code goes here..
stk ok skokok ok skokok sk ok skokok ok sk okok ok ok skokok ok ok

Oo0o00o0

Here is the end of the integration loop. First, make sure we fix D2T.
This gets done at the end of the first model time, and every time
thereafter - no big deal; it avoids an IF statement and doesn’t slow
the model down enough to stress over

d2t = dt + dt

o000

¢ Loop back to label 1000
goto 1000

c At TIME=TIMEND, the loop exits to here
1001 continue

¢ Close up shop..

// Ct++

// Get ready, get set - GO
double temp = timend/dt;
nmax = (int) temp;

while(n < nmax)

{

n++; // update the timestep counter
timenow = nxdt; // update the model time

/* integration code goes here */

/* here is the end of the loop. First, we make sure we
fix D2T. This gets done at the end of the first model time,
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and every time thereafter - no big deal; it avoids an IF statement
and doesn’t slow the model down enough to stress over */

d2t = dt + dt;
} // end of time stepping loop

// Close up shop..

As I said, there are more elegant ways of doing this main loop, but I find this inelegant way to
be quite readable. However, note in the above that I'm handling specification of the current
model time with something like timenow = n*dt instead of timenow = timenow + dt. The
latter is more straightforward but can result in the accumulation of truncation error. (Try
this with a fractional time step like 0.4 and see what happens.) That can be important
if you need to use the timenow variable to trigger processes (including stopping the model

integration) elsewhere in the code.

In the integration loop, do the forecast over the unique points, then clean up the boundary
points, and finally get set for the next time step. Notice that since d2t is really dt and vm
is v for the first time step, the leapfrog code really is implementing the forward time scheme
for the first time step. Also note that we’ll require v values outside of the ranges 2, nx-1 and
2, nz-1 (or 1, nx-1 and 1, nz-1 for zero-based index languages), but since we take care of the
boundary points each time step, we can implement the leapfrog code without a lot of messy

IF statements.

¢ Fortran
¢ In the integration loop:

c Loop over the unique points
do k=2,nz-1
do i=2,nx-1
vp(i,k)=vm(i,k)-cx*d2t*rd2x*(v(i+1,k)-v(i-1,k))

1 —czxd2t*rd2z* (v(i,k+1)-v(i,k-1))
enddo
enddo
¢ That was easy. Now take care of the boundary points for VP
do k=2,nz-1

vp(1,k)=vp(nx-1,k)
vp (nx,k)=vp(2,k)
enddo

do i=1,nx
vp(i,1)=vp(i,nz-1)
vp(i,nz)=vp(i,2)
enddo
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¢ Finally, get set for new time step. For the next step,
¢ V becomes VM and VP becomes V. Note we do this over ALL points
¢ since the boundaries are already fixed up.

do k=1,nz

do i=1,nx

vm(i,k)=v(i,k)
v(i,k)=vp(i,k)
enddo
enddo

¢ Now is it time for a plot? If so, call GrADS subroutine here.

// Ct++
// In the integration loop:

// Loop over the unique points
for(i = 1; i <= nx-2; i++){
for(k = 1; k <= nz-2; k++){
vpl[i] [k]=vm[i] [k]-cx*d2t*rd2x*(v[i+1][ k J-v[i-1]1[ k 1)
—cz*d2t*rd2zx(v[ i J[k+1]-v[ i ][k-1]1);
}

}
// That was easy. Now take care of the boundary points for VP

for(k = 1; k <= nz-2; k++){

vpl 0 J1[k] = vplnx-2][k];
, vplnx-1][k] = vp[ 1 1[k];
for(i = 0; i <= nx-1; i++){

<
vplil[ 0 ] = vpli] [nz-2];
, vp[i]l [nz-1] = vpl[il[ 1 1;

// Finally, get set for new time step. For the next step,
// V becomes VM and VP becomes V. DNote we do this over ALL points
// since the boundaries are already fixed up.
for(i = 0; i <= nx-1; i++){
for(k = 0; k <= nz-1; k++){
vm[i] [k] = v [i][k];
v [1]1[k] = vplil[k];

+
+

// Now is it time for a plot? If so, call GrADS routine here.

13.2 Results of example integration

Figure [13.1] shows the initial condition and the forecasted fields at 1500 sec intervals. The
contoured field is the leapfrog solution, superimposed on the exact solution, represented

by the color shaded field. The true feature and its finite difference counterpart are being
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advected in the “northeast” direction. Owing to the double periodicity assumption, the cone
reenters the domain at the southwest corner, and the cone’s virtual neighbors are also seen

in the northwest and southeast quadrants.

Note the quick appearance of small-scale features in the wake and the deformation of the
simulated cone. We can consider this as “noise” if we choose, but in reality this represents an
integral part of the true cone structure that is being mishandled. Note further that the noise
is propagating in the opposite direction to the main feature! For the 2D leapfrog scheme, the
phase speed of small-scale waves such as 2Ax and 2Az is not only incorrect in magnitude,
but also in direction. Owing to the domain’s periodicity, the noise field intersects itself,

creating an interference pattern. There is also a small but discernible phase lag.

The simulated cone should remain axially symmetric about a 45° angle, the propagation
direction. If your results differ, make sure you've placed the initial perturbation in the exact
center of the domain, check your leapfrog scheme code, and re-examine how you handle the

boundary conditions.

Note: For this model task, I have slightly modified my GrADS code with respect to how the

“vertical” direction is handled. This is the code change in subroutine write_to_grads_ctl:

c original code - commented out

c write(44,101) nzg-2

¢ 101 format(’ZDEF ’,i3,’ levels’)

c do k=2,nzg-1

c write(44,102) (float(k)-1.5)*dz/1000.
102  format(£10.3)

c enddo

c revised code starts
write(44,1100) nzg-2,-1*float(nzg-2)*dz/2/1000.+0.5%dz/1000. ,
1 dz/1000. ! dz in km

1100 format(’ZDEF °’,i3,’ LINEAR °’,2f10.5)

c revised code ends

13.3 Specification of the exact solution

In this section, code for generating the exact or true solution is presented. The initial cone
feature is recreated each time step, centered on a position that is shifted at speeds ¢, and

c,. It is likely there is a more elegant way of accomplishing this, but this approach works.

The main problem is that the cone will exit the domain on one side and re-enter on the
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other. Thus, there will be a period of time in which the cone is straddling the boundaries,
possibly with “ghost” features in other parts of the domain. (See, for example, Fig.
at the northwest and southeast corners.) This cannot be handled in the simple manner by

which we handled the periodic boundaries in the code.

Figure presents the concept employed by my example code for placing the cone rep-
resenting the exact solution. For simplicity, the cone is presumed to be translating in one
direction, towards the right. At the time shown, the cone is in the process of exiting the
domain and re-entering on the left side. We can consider this a combination of a physical
cone (that is only partly within the domain) and its virtual counterpart (that is also partially

in the physical domain).

The x coordinate for the center of the physical cone is xmid. This point falls within the
domain. xi represents any grid point in the domain, whether residing within the cone or
not. Since xmid is inside the domain and the domain is periodic, the centroid of the virtual
cone will reside outside of the physical domain, at location xmidmirror. Our arbitrary grid
point xi has distance xloc from the centroid of the physical cone, and distance xlocmirror

from the virtual cone’s center.

For reconstruction of the exact solution, the smaller of these two distances should be selected.
In the example shown, that would be xloc since the virtual cone’s center is much farther
away. This distance will be used to determine if the grid point lies within the cone. Other
points in the domain, however, will be closer to the virtual cone’s center, and that distance
will be used to determine if the point resides within the cone instead. This will permit
reconstruction of the exact solution, even if it is the process of moving across the virtual

boundaries.

In the code below, the exact solution is stored in the 2D array called qv, utilizing an array

I write to my GrADS files that is not currently being used for moisture.

€ m

c exact solution

o
xmid=dx* (nx+1) /2+cx*n*dt | Departure of cone centroid
zmid=dz* (nz+1) /2+cz*n*dt | from initial position

if (xmid.ge.nx*dx) xmid=xmid-(nx-2)*dx ! Passing the periodic
if (zmid.ge.nz*dz) zmid=zmid-(nz-2)*dz ! boundary

if (xmid.gt.dx*(nx+1)/2) then ! The cone’s mirror location
xmidmirror=xmid-(nx-2)*dx ! on other side of periodic bdry

170



else
xmidmirror=xmid+ (nx-2)*dx
endif
if (zmid.gt.dz*(nz+1)/2) then
zmidmirror=zmid-(nz-2) *dz
else
zmidmirror=zmid+(nz-2) *dz
endif

qv=0. I start with a clean slate

do i=2,nx-1

do k=2,nz-1

xi=float (i)*dx | Current location
zk=float (k) *dz

xloc=((xi-xmid) /radx) **2 | Location relative to
zloc=((zk-zmid) /radz) **2 ! domain midpoint

xlocmirror=((xmidmirror-xi)/radx)**2 ! Distance to mirror beyond the
zlocmirror=((zmidmirror-zk)/radz)**2 ! periodic boundary

xloc=aminl(xloc,xlocmirror) ! Take smaller of the
zloc=aminl(zloc,zlocmirror) ! two coordinates
rad=sqrt(xloc+zloc)

if(rad.1t.1.) qv(i,k)=.5*delt*(cos(trigpi*rad)+1.) ! Exact soln.

enddo
enddo

13.4 Animations using GrADS

The script included below can be used to create a sequence of PNG files that can be combined
into an animated GIF. As written, the script starts making images from the first time (dis_t
= 1) until the last time in the file (_endtime). Hitting the Enter/Return key is needed to
advance from frame to frame. That can be eliminated by commenting out the pull dummy

line in the code.
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example GrADS plot script for model task 4

this version can save individual frames as png images

ATM562
http://www.atmos.albany.edu/facstaff/rfovell/ATM562/plot_cone_movie.gs
version of 10/9/2018

* % ¥ % ¥

’set display color white’
’clear’
’run rgbset.gs’

* display parameters

’set mproj off’

’set vpage 0. 8.5 0. 8.5’
’set parea 1 7.5 1 7.5’

* save individual plots as png images?
say ’Create png images? (l=yes ; O=no)’
pull ans

* find final time in grads file
frame = 1

’q file’

rec=sublin(result,b)
_endtime=subwrd(rec,12)

say " endtime is " _endtime

* looping flag
runscript = 1

* start at time 1

dis_t = 1

*

* MOVIE LOQOP
*

while(runscript)
’set t ’ dis_t
’clear’

’set grads off’

’set ccolor 15’

’set cint 2.0°

’set black 0 0’

’set cthick 7’

’set gxout shaded’

’set clevs 0 2 4 6 8 10’

’set ccols 0 0 61 63 65 67 69’
)d qv)

’run cbarn.gs’

’set clab off’

’set gxout contour’
’set ccolor 2’
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’set clevs 2 4 6 8 10’
)d qv)

’set clab on’
’set cthick 5’
’set ccolor 1°
’set cthick 6’
’set cint 2.0°
Jd V)

*

* FINISH

*

if (ans)

if( frame < 10 )

’gxprint movieOO’frame’.png
else

if ( frame < 100 )
’gxprint movieO’frame’.png
else

’gxprint movie’frame’.png
endif

endif

frame=frame+1

endif

)

)

)

* this next line makes you hit return key to advance
pull dummy

if ( dis_t=_endtime )
runscript=0

endif

dis_t = dis_t + 1
endwhile
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Figure 13.2: Concept for handling the placement of the cone representing the exact solution in a
doubly periodic domain, the real (physical) extent of which is indicated by the thick black square.
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Chapter 14

Model Task #5: Discretizing the
model equations

14.1 Equations and flux form

This task starts up where Task #3 left off. In that task, we had created a neutral, calm and
dry base state environment, defined a thermal perturbation as an initial condition and made
sure the initial pressure field was in hydrostatic balance with it. In this task we discretize
the model equations and perform a sample integration within a domain that is presumed
to be periodic in the = direction and confined between flat, rigid plates in the z direction.
Please keep in mind that the periodicity assumption is very confining and unrealistic for a
finite domain, and can potentially exert an enormous influence on the results obtained. In

the next chapter, the handling of open lateral boundaries is discussed.

The model equations we’re going to solve (yet again) are:

ou - _ Oon’

E = —V  -Yu-— deQU% (141)
ow - _ On' o'

il -V -Vw — deej;g + 95 (14.2)
%—i = V.Vl - w% (14.3)
or’ G2 R

At this point, our model does not include moisture but the base state virtual temperature
has been retained in the pressure gradient terms and the pressure equation. Incorporation

of moisture will require revising the w equation’s buoyancy term in addition to including at
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least one equation for water substance.

Our handling of these equations will parallel that of Wilhelmson and Chen (1982), except
that we will only implement second-order approximations. They didn’t solve the equations
quite in the form presented above. Rather, they rewrote the advection terms into fluzx form.

Flux form has some desirable properties, but it is based on a set of assumptions.

Recall from discussion in [Chapter 6|that the pressure equation ([14.4]) reduces to the anelastic
continuity equation
V-V =0 (14.5)

when the sound speed becomes infinitely fast and the base state environment is isentropic.
Even though the problems we solve rarely satisfy those conditions, (14.5)) is often used to
rewrite the advection terms into flux form. As an example, take (14.1) and multiply it by

the mean density, p:

opu _ Ou ou _ - on
= U = P — Pl —

0z ox

The mean density was brought directly into the time derivative on the LHS because it isn’t

a function of time (it is only a function of height). Next, use the chain rule to produce:

dpu  Opuu  Opuw - _ - or
i el e AT RO

The term in square brackets is simply (14.5)), and is zero in an isentropic and anelastic
atmosphere. Wilhelmson and Chen’s model atmosphere was neither isentropic nor anelastic,
but they employed flux form (neglecting the square bracketed term) because they stated the

anelastic solution is “the desired one”.

Actually, Wilhelmson and Chen did not write the ¢ equation in flux form because of a
concern that then the " and n’ equations would no longer be independent. It seems that
this isn’t a problem with the QCOM approximation (or so I recall), though, since we’ve
already neglected the f, term that was originally in (14.4). (That term had ‘% in it.)
You can write the 6’ equation in flux form or not (or code both and see if you can find a
difference). In the example problem shown later, flux form was not used in the 6’ equation.
I have a switch in my model where I can go back and forth between flux form and regular

(“advective”) form for this equation.

What’s missing from this? So far, we have no artificial diffusion of any kind, be it time
smoothing to control the leapfrog odd-even time step separation, or spatial smoothing to
restrain nonlinear computational instability. Those will need to be added in the future as

more complex phenomena are simulated.
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14.2 Discretization

Recall we have a staggered grid, with periodic lateral boundaries (applied at u locations i

= 2 and nx in Fortran) and rigid lower and upper boundaries (applied at w locations k = 2

and nz in Fortran). Thus, for all fields, the unique points fall in the range i = 2, nx-1,
inclusive. For u, " and 7', the unique points in the vertical direction fall between k = 2,
nz-1, inclusive. For w, the inclusive range is between 3 and nz-1, since we don’t need to

solve for w at k = 2 and nz (it’s zero; why bother?).

The flux form equations are:

/ =2 -Nn
58_7; _ _ﬁ {pv%+a/§:w} (14.9)

Note that in — we've divided through by p. Also, the advection of # has been
written in flux form but vertical advection of mean potential temperature cannot be. If you
choose to use advective form for ¢, then the equation is simply:

00’ 00’ 00’ df

ot = or Vor V-
In this case, the two vertical advection terms may be combined, if desired.

(14.10)

14.2.1 The u equation

Clarity is more important that efficiency in the following discussion, so feel free to code these
equations more compactly. First, we look at the time derivative term, recognizing we’ll have

to rewrite it into explicit form rather than the form shown here:
u  uftt —ult
ot 2At
The other time derivatives are handled in the same way. The horizontal advection term
in the u equation will be discretized in this manner (see Fig. 1 for grid layout and index

assignments):
Juu 1

C9r Ax

U?Jrl,k + U?k 2 B U?k + U?A,k ?
2 2
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To get the horizontal gradient of u? centered at the u point, we first have to average u? to
the scalar point, and then divide by the distance between the scalar points (Ax). Note that
although the difference is not done over 2Ax, it is still centered and second-order accurate.

This is one advantage of grid staggering.

u S u S u k+1
w w k+1
u S u S u k
w w k
u ) u s u k-1
w w k-1
i-1 ) i . i+1

Figure 14.1: Grid staggering and indexing (“s” stands for scalar).

The vertical advection of u will be discretized as follows. The vertical term has to be centered
at the here/now w point, which means we have to average u vertically as well as average
w horizontally. Note p, j is the mean density evaluated at the kth w level, while p,; is
evaulated at the kth w level. This is more convenient than constantly averaging density in

the vertical direction.

1opuw 1

P 0z ﬁu,kAz
Pw,k+1§(wi,k+1 + wifl,k+1)§(ui,k+1 + ui'y)
_pw7k§(wz‘,k + wi—l,k)é(ui,k + Uiy )
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The u equation’s pressure gradient acceleration term is easy, a natural for this grid staggering.
To center the horizontal derivative at the ¢th u point, we need the 7 values to the right and
left, being at indices ¢ and ¢ — 1, respectively:

_on' _ 1
m m
—Cpaly— = —Cpalp— |7 — 7" |,
pUaZL’ parv, ﬁl’[l’k zl,k}

Sample Fortran coding

Note in this sample an attempt has been made to line up the terms on the right hand side,

to facilitate reading, understanding, and debugging.

¢ preliminary definitions --- redefined each time step
c (because d2t is redefined after first time step is completed)
dtx=d2t/dx
dtz=d2t/dz
¢ do loop for U
¢ loop over unique points: i=2,nx-1 and k=2,nz-1
do k=2,nz-1
do i=2,nx-1

up(i,k)=um(i,k)-.25*dtx*((u(i+l,k)+u(i,k))**2

1 -(u(i-1,k)+u(i,k))**2)
2 -.25%dtz* (rhow(k+1)* (w(i,k+1)+w(i-1,k+1))
2 *(u(i,k+1)+u(i ,k))
3 -thow( k )*x(w(i,k )+w(i-1,k ))
3 *(u(i,k D)+u(i ,k-1)))/rhou(k)
4 —dtx*cpxtbv(k)*(pi(i,k)-pi(i-1,k))
enddo
enddo

Now enforce the boundary conditions. There is no flow through the rigid upper and lower
boundaries (since w there is zero), so it doesn’t matter what u is just above and below the
model surface. It helps simplify the coding if we just take u to be zero-gradient across these
two boundaries. Then, we need to enforce periodicity. Boundary conditions for the other

variables are discussed in the next section.

c zero gradient top and bottom over the unique points
do i=2,nx-1
up(i,1)=up(i,?2)
up(i,nz)=up(i,nz-1)
enddo
¢ now k=1,nz has been done for the unique points
¢ now apply periodic lateral boundaries for all k
do k=1,nz
up(1,k)=up(nx-1,k)
up (nx,k)=up(2,k)
enddo
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Sample Python coding

A straightforward port of the sample Fortran loop above to Python might result in the
following code (dtx and dtz defined as above.). As Python uses zero-based indexing, the
real points extend from 1 to nx-2 in the horizontal and (for v and scalars) from 1 to nz-2 in
the vertical. However, in Python the ranges do not include the final value indicated, so this

is coded as 1,nx-1 and 1,nz-1. The rest of the code closely mimics its Fortran counterpart.

for i in range(1,nx-1,1):
for k in range(1,nz-1,1):
up[i,k] = um[i,k]
-0.25%dtxx (((uli+1,k]+uli,k])**x2.0)
-((uli-1,k]+uli,k])*x2.0))
-0.25%dtz* (rhow [k+1]*(w[i,k+1]+w[i-1,k+1])
*(uli,k+1]+uli ,k 1)
-rhowlk JI*(wl[i,k J+w[i-1,k 1)
*(uli,k J+uli ,k-1]1)
) /rhoulk]
—dtx*cpd*xtbv [k]*(pi[i,k]-pil[i-1,k])

A major deficiency of Python is that it performs repetitive computational tasks very slowly,
and the code sample above is not competitive with Fortran. However, Python can be vec-
torized, and the code version below executes substantially faster. This code example was

provided by Massey Bartolini.

up[1:-1,1:-1] = um[1:-1,1:-1]
-0.25%dtx*x(((u[2: ,1:-1]+ull1:-1,1:-1]1)**x2.0)
-((ul :-2,1:-1]+ufl1:-1,1:-11)**2.0))
-0.25%dtz*x(rhow[2: JI*(w[1:-1,2: J+w[ :-2,2: 1)
*(ul1:-1,2: J+ul1l:-1,1:-1])
-rhow[1:-1]*(w[1:-1,1:-1]+w[ :-2,1:-1])
*(ull:-1,1:-1]+ufl1:-1, :-2])
)/rhoul1:-1]
—dtx*xcpdxtvb[1:-1]*(pi[1:-1,1:-1]-pi[:-2,1:-1])

The expression up[1:-1,1:-1] includes the predicted values of v from ¢ = 1 to nx-2. The
range end specified is “-1”, which represents the last item in the sequence nx-1, but (again
in Python) the last item in the range is not included. In several places, blanks are provided
instead of indices, which means the default values [0, referring to both start and end] are

being requested. Don’t forget to handle the boundary conditions.
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14.2.2 The w equation

The w equation’s horizontal advection term is:

n n 1 n n
é(ui—i-l,k + ui+1,k—1)§(wi+1,k +wi'y)
1 n n 1 n n
- §<uzk + ui,k71)§<wi,k +wi )]

Both u and w have to be averaged, while in the vertical advection term

Lopww 1
:5 0z B ﬁw,kAZ
W + W ?
Pu.k 9
w4+ wk 2
_ i,k i,k—1
—Pu k-1 |: 9 :|

only w has to be averaged. In the pressure gradient acceleration term, 6, has to be averaged

to the w location:

_ o' 15 = Tile — Tik—1
_dee 0z = _de§ [ev,k + ev,k—l] [T} .

Finally, the buoyancy term is:

%, %)

1
o5 =g |5 o

14.2.3 The ¢ equation (in flux form)

In the horizontal advection term, we need to average #' to the u locations before we can

compute the derivative. Thus:

oud” 1 [

1 1
— or __A_[IZ' u?—l—l,kﬁ( H—lk_'_e ) zk:§( +0@ 1k):| :

The vertical advection of § is similar:
10pwd’ 1
15 0z B ﬁu,kAZ

1 n n
|:pwk+1wzk+12(elk+1+ zk) pwszk2(/ + ;kl):|
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The final term (for now) is the vertical advection of the mean state. Some people multiply

and divide by p, to be consistent with the other terms:

w dﬁé . 11 _ (é]ﬁ_l — ék) _ n (gk — gk—l)

—_——— = W ———— + W, ——————=
ﬁ dz 9 ﬁ%k Pw,k+1 i,k+1 Az Pw,k i,k Az
[ am not aware of a compelling reason for doing that. Note that since this equation is not
in flux form, it consists of an average of two differences, rather than the difference of two

averages.

14.2.4 The 7’ equation

The RHS of the " equation has two terms, both multiplied by this coefficient:

¢’ c

pepald? ﬁu,kcpdgg,k
Theoretically, ¢ is a function of height, as seen in [Chapter 2], but we will take it to be a

constant, externally supplied parameter. The first term is:

Z0u 1 o n
[)911% B A_xpu,keuk [ufink — ui] -

while the second term is:

8ﬁ§vw 1 _ n 1 - o - n L 5 0
az = A_Z pw,k+1wi,k+1§(0v7k+1 + Qv,k) - pw,kwi,k;§<0v,k + 01},]{:—1)

14.3 Boundary conditions

As noted above, we are presuming a horizontally periodic domain confined between flat and
rigid plates. The periodic condition was illustrated above for the u equation and this is
applied to all prognostic variables at the left and right boundaries. Rigidity and flatness
imply no flow normal to the plates, and thus the first and last real w points are identically
zero (i.e., for Fortran, w(i,2) = w(i,nz) = 0. at all 1). As a consequence, the upper and
lower boundary conditions do not actually matter for the other prognostic variables, so it

suffices to presume zero-gradient conditions, as illustrated above for the u equation.

When we are finished with the boundary conditions, every (fake as well as real) point in the
up, wp, thp, pip arrays has been given a value, and we are ready to set for the next time
step. The order in which the prognostic equations are computed and boundary conditions

applied does not matter, as long as the updating is performed last in the time stepping loop.
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14.4 A sample integration

Figures show fields of &, w, u and 7’ through a sample integration, made with
these values listed below (that are consistent with the model design of Model Task 3):

e Model domain of 83 by 42 points (so the model takes little memory).

e Calm, dry, isentropic atmosphere (300 K potential temperature).

e Surface pressure 965 mb.

e 400 m grid spacing in both directions (pretty coarse for this problem).

e Sound speed ¢, = 50 m s™! (too slow, but allows model to run quickly).

e Thermal specifications: 4000 m horizontal and vertical radii, centered at 3000 m above

the ground, with maximum amplitude of 3 K.

2 sec time step.

Integrated for 1200 sec.

Each figure shows the fields at the initial time, and at 400, 800 and 1200 sec. We can’t make
the atmosphere too deep because it’s dry adiabatic (do you know why that is?). We can’t
integrate the model for too long; the thermal will eventually hit the rigid model top. Even
before that, the periodic lateral boundaries will cause (physical, not necessarily numerical)
problems for this narrow simulation domain. This is because periodic boundaries in an

initially calm environment act as rigid walls, and are perfectly reflective.

We can observe the consequences of the reflective walls in all of the model prognostic vari-
ables, but it may be most obvious in the perturbation pressure field at the lowest scalar
level and when presented as a Hovméller (time-space) diagram (Fig. . In Model Task
#3, we supplied the initial thermal with a hydrostatically-balanced pressure perturbation
field. Close observation of the model integration reveals the initially supplied n’ field is
not sufficient to prevent sound waves from being excited by the temperature disturbance.
Two waves emerge and propagate in opposite directions at speed c,. After reflecting off the

periodic boundaries, the waves return to the domain center, where they reflect yet again.

That Hovmoller diagram also helps us see that our initially supplied 7’ field was perhaps

not very good. We assumed the adjustment was hydrostatic, which means each column was
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handled in an independent manner, and only model columns that had some thermal pertur-
bation inserted were affected. This is why the magnitude of the initial pressure perturbation
at the surface was large in absolute terms; in reality, the adjustment should have been much
broader, resulting in a smaller surface pressure reduction directly beneath the thermal. Note
how quickly the initially supplied surface #’ changed. This is evidence the adjustment was
excessively large. Did it do more harm than good? Try making a simulation without the

initial 7'.

Also, keep statistics like domain maximum w and € every time step, and plot them. Do
you see any temporal instability? What happens if you don’t hydrostatically balance the
initial thermal? If you properly center your initial condition, and have no coding errors, your

solution should be perfectly axially symmetric (or, for u, perfectly anti-symmetric).

185



(@) t =0 sec (¢) t = 800 sec

z (km)
z (km)

N\

X :<m) X (:<m)

(b) t = 400 sec (d) t = 1200 sec

z (km)
z (km)

Figure 14.2: Perturbation potential temperature field at initial and three subsequent times. Con-
tour interval 0.5 K; zero contour suppressed.
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Figure 14.3: Vertical velocity field at initial and three subsequent times. Contour interval 2 m

s~!: zero contour suppressed.
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Figure 14.4: Horizontal velocity field at initial and three subsequent times. Contour interval 2.5
m s~!; zero contour suppressed.
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Figure 14.5: Dimensional pressure perturbation field at initial and three subsequent times. Contour
interval 0.25 mb; zero contour suppressed.
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Figure 14.6: Hovmoller diagram of dimensional pressure perturbation field at the lowest scalar
model level. Contour interval 0.5 mb; zero contour suppressed.
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Chapter 15

Model Task #6: Next steps

15.1 Final project

The final modeling project will entail a written report, which can take the form of a Power-
Point presentation. The report should hit these main points:

e The problem to be simulated, including background relevant to the problem:;

e The modifications to the model that had to be done to perform the simulation;

e A description of the basic results;

e The conclusions — what was learned from doing the project.
[ don’t expect amazing, new, earthshaking results here. Just a demonstration that effort has

been expended and something was learned — about the physical problem simulated and/or

about modeling in general.

As an example, you can augment Model Task #5 in a number of ways, such as by comparing
your simulation results to those from laboratory and theoretical analyses (I can point out
where those results may be found). Or, you can approach the problem from a pure modeling

perspective and design experiments to address basic questions such as:

e What is the effect of changing the temporal and spatial resolution on the results?

e What differences are found if different numerical schemes are employed? (Such as

second- vs. fourth-order leapfrog, Runge-Kutta, etc..)
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e What errors are introduced by artificially slowing down the sound waves?

e In 2D, do a decomposition of the pressure field into buoyancy and dynamic pressure
components by solving the anelastic pressure equation. Or make your model fully

anelastic and compare results with compressible simulations.

e Make your model 3D and compare results between 2D and 3D. Why are 3D motions

typically so much stronger?

e Add a passive tracer to your model and see how it gets pushed around by a thermal
rising through its midst. (This involves adding another, simple equation to the model.)
Where does the tracer go? For a tracer initialized outside of the original thermal

perturbation, how much of the tracer winds up within the thermal itself?

e By making your thermal negatively buoyant, you can study how a cold air pool spreads
along the ground, a sort of “dam break” problem. At sufficiently fine resolution, you
can capture the development of Kelvin-Helmholtz waves along the interface between
the chilled and ambient air. What resolution do you need to successfully capture
these waves? Which is more important, vertical or horizontal resolution? What does
diffusion do to the waves? Implement a passive tracer in your model, and perhaps
initialize it outside the heat sink. How much tracer does the cold pool eventually

entrain? Is that also a function of resolution?

One of those options, or a suitable alternative, is sufficient for a final modeling project.
Suitable alternatives can include, and are not limited to, adding heat or momentum sources
to the model, surface friction and/or surface heat fluxes, adding moisture and microphysics,
and implementing non-flat lower boundaries to mimic flow over mountains or into canyons.
This is certainly not an exhaustive listing. The rest of this chapter discusses how specific

additions and improvements can be made to the Model Task #5 model.

15.2 Open lateral boundary conditions

15.2.1 Theoretical basis

Thus far, our model has employed periodic lateral boundary conditions (BCs), primarily for
simplicity. We have already seen, however, that this represents a powerful constraint on

the circulations that can develop within the domain. To alleviate this, we can try to “open
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up” the domain, creating potential inflow and outflow boundaries. Oliger and Sundstrom’s
(1978) analysis demonstrated that for inflow boundaries, p — 1 BCs are needed, where p is
the number of equations being solved, whereas at outflow boundaries, only one boundary
condition is required. The variable that obviously always requires a BC is u, as in the 2D

model it is the only variable sited directly on the boundary when the grid is staggered.

Whether a domain side is an inflow or outflow boundary, however, is feature-dependent.

1

Suppose there is a mean flow of © = -10 m s across grid point : = NX. For advective

phenomena, that is an inflow boundary, as the wind is directed into the domain from the
outside. However, suppose a gravity wave with an eastward phase speed of 30 m s~ is
approaching that side. For that wave, the domain edge at ¢ = NX is an outflow boundary.
Furthermore, it is possible that the wave will reflect upon reaching the edge of the domain,

and subsequently progress inward, which is an undesirable result.

Below, we describe Klemp and Wilhelmson’s (1978; “KW”) approach to implementing open
BCs. The idea is that a wave that might be approaching a domain side is identified and the
velocity at the boundary is adjusted to try to let the wave pass by with minimal reflection
by essentially “advecting” it out of the domain. Let ¢* be the intrinsic phase speed of a
wave moving independently of the flow, so u 4 ¢* is the wave’s flow speed relative to the
model domain. Specifically, u 4 ¢* is the approach speed for the eastern domain edge. This
could represent an eastbound wave (¢* > 0) being hastened (u > 0) or slowed (u < 0
but also |u| < ¢*) in its motion, or a westbound wave (¢* < 0) being pushed by a strong
westerly current. Unless u+c¢* > 0 on the domain’s east end, however, that is not an outflow
boundary, at least for that wave. Similarly, u — ¢* < 0 is the wave’s approach speed for the

western boundary.

If a particular domain side is an inflow boundary for that wave, the local time tendency for
u is set to zero. We do not actually know what resides outside our finite domain, so it is
assumed that u there, whatever value it happens to have, is not changing. For the remaining
model variables, a zero-gradient BC is applied. For a wave-relative outflow boundary, KW

replaced the normal velocity’s equation with a simplified version of the form

ou ou

— =—(uxc")—, 15.1
ot ( ) ox (15.1)
where the plus (minus) sign is applied at the eastern (western) domain edge. Note the
pressure gradient and vertical advection terms are absent; all we are doing is advecting a

particular wave feature across the boundaryﬂ.

'If Coriolis accelerations are incorporated into the model, these are retained in the KW boundary condi-
tion. See Klemp and Wilhelmson (1978, p. 1077).
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But... which wave? Many may exist in a particular simulation and be approaching a given
boundary, including sound waves and gravity modes, thereby representing a very wide spec-
trum of wave speeds. The KW approach involves the specification of a single value for
c*, and they adopted the intrinsic phase speed of the fastest-moving low-frequency gravity
wave, which has phase speed of %, where the denominator represents trigonometric 7w, N
is the Brunt-Vaiséla frequency, and zr is either the height of the domain top or the model
tropopause. Referring to , we can see this represents a wave of infinite horizontal

extent and a vertical wavelength of twice zr.

With a tropospheric value of N = 0.01 s7!, a z7 of 10 km (shallow even for a midlatitude
warm-season tropopause) yields ¢* ~ 30 m s™!, which is what KW used in their 3D control
experiment. KW’s analysis showed that this BC will not reflect a wave having precisely
the specified value of ¢*. Yet, even if it is perfect for that one feature, that means that the
potentially many other waves having different intrinsic speeds will reflect, at least to some
degree. KW also tested values larger and smaller than this value (see their Fig. 10), and
their analysis and simulation results suggested that overestimating ¢* is less harmful than

underestimating it.

It is noted here that other variants of this open BC exist. For example, Wilhelmson and
Chen (1982) estimated separate, time-dependent ¢* values just inside each lateral boundary.
Durran and Klemp (1983) did something similar, but averaged vertically so ¢* did not vary

within a given model column.

15.2.2 Implementation

When the leapfrog scheme is employed, the original KW boundary condition can be coded
in a manner like the following, where cstar is ¢*. The BC is being applied to the u equation
for i = 2 and nx, which are the zonal velocity’s boundary points. Note that the gradient of

u is being computed at time n — 1. This is necessary to maintain stability.

dtx=d2t/dx
do k=2,nz-1
up(2 ,k)=um(2 ,k)
1 —aminl ((u(2 ,k)-cstar),0.)*(um(3,k)-um(2,k))*dtx
up (nx, k)=um(nx,k)
1 —amax1 ((u(nx,k)+cstar),0.)*(um(nx,k)—um(nx-1,k) ) *dtx
do i=3,nx-1
[code for non-boundary points]
enddo ! i
enddo 'k
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15.3 Solving the anelastic pressure equation

The anelastic continuity and pressure equations were introduced in |[Chapter 6, and an exam-
ple of solving a simple version of the elliptic pressure equation was demonstrated. Here, we
discuss how to solve the full pressure equation in a 2D framework. This can be implemented
either as part of an anelastic model, or within a compressible model to provide an anelastic
version of the pressure field that can be separated into components such as dynamic and
buoyancy pressure. In the latter case, the anelastic pressure perturbation would not be
the same as that prognosed in the model, and would not be formally used in the model

integration.

In we derived the anelastic pressure equation as
0*r! 1 0 _on' 1 OpADV (u) N OpADV (w) 1 0pB

N e 0 — _ .
ox? + PCpaby 3zpcp 2 PCpaly ox 0z + pCpaly 0z

(15.2)

Again, ADV also includes all of the terms in the u and w equations (such as diffusion, Coriolis
and friction) apart from pressure gradients and buoyancy. The elliptic pressure equation can
be solved either iteratively or using a direct method. Recall that the simplified equation
resulted in a sparse, tridiagonal matrix . The above equation is more complex, but
still yields a matrix that is very structured and sparse; it becomes “block-tridiagonal”. We

will employ a direct solver that exploits its ordered, sparse nature.

15.3.1 Subroutine BLKTRI

In two dimensions, we can use subroutine BLKTRI, from the NCAR scientific software library
called FISHPAK. BLKTRI is designed to solve equations of the form

am(i)*pi(i-1,k) + an(k)*pi(i,k-1) + (bm(i)+bn(k))*pi(i,k) +
cm(i)*pi(i+1,k) + cn(k)*pi(i,k+1) = £(i,k)

The coefficient arrays am, an, bm, bn, cm, cn are one-dimensional, representing either
model width or depth, and essentially hold the non-zero values along the diagonal and off-
diagonals of the block-tridiagonal matrix. They are dimensioned either nx-2 or nz-2 because
the solver will ignore our domain’s fake points. The 2D array f(i,k) holds the discretized
version of the right hand side if (15.2).
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We start by discretizing the LHS of (15.2)), one term at a time. The second derivative with

respect to x is

m m m
T, — 2 + T2

Az? ’
By inspection, it is clear that the coefficients being applied to 7", ; and 7}, ; (i.e., am and
cm) are both 1/Az?, and that the coefficient for bm is — 2/Az? .This means that, nominally,

we are making these associations:

rdx2 = 1./(dx*dx)

do i=2,nx-1

am(i-1) = rdx2

cm(i-1) = rdx2

bm(i-1) = -am(i-1)-cm(i-1)

enddo

I wrote “nominally” because we will subsequently consider if our boundary conditions will
need to alter these assignments. At present, there is no need to have the values of am, bm,
cm vary along the horizontal grid. That will change if, say, the horizontal grid stretching
is implemented, which would make dx a function of . The assignments are being made to
point i-1 because BLKTRI will be ignoring our fake row of points, shifting everything one
point to the left.

The vertical derivative on the LHS of ((15.2)) is more complicated and will vary in the vertical

direction even before boundary conditions are considered. Our discretization is

1 o (p%kﬂ (év,kJrl + év,k) [Wz,‘?}gﬂ - W;@] _5 (Q_v,k + H_v,k—l) [Wﬁ; - 7%—1] ) Az,

ﬁu,kcdeU,k 2 Az wk 2 Az

Thus, we are making these nominal assignments:

rdz2 = 1./(dz*xdz)
do k=2,nz-1
coef = 1./(rhou(k)*cpd*tbv(k))

an(k-1) = coef*(rhow( k )*0.5%(tbv(k+1)+tbv(k)))*rdz2
cn(k-1) = coef*(rhow(k+1)*0.5%(tbv(k)+tbv(k-1)))*rdz2
bn(k-1) = -an(k-1)-cn(k-1)

enddo

We are shifting one point downward owing to the fake level at £k = 1. So far, we have been
presuming that all model levels are separated by dz. In practice, vertically stretched grids
are often employed, meaning the grid interval between levels k-1 and k and between k and
k+1 may not be the same. A stretched grid could be accommodated by defining dz and rdz

as one-dimensional functions of height. This would require rewriting the code above.
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Horizontal boundaries

At this point, we need to be concerned with how the boundaries are handled. Recall from
the simple example in that all known values are collected on the right hand side
of the equation, i.e., into £(i,k). If the horizontal boundaries are periodic, no changes to
am, bm, cm are needed, because none of the values of 7’ are known before all of them are
determined. If we open up the lateral boundaries, however, we will apply a zero-gradient

BC to the pressure perturbation. This means

m m
Tok — Tk 0
Ax '
ati = 1, and at 1 = nx-1,
m m
Tz — Tnz—1k —0

Ax
In other words, am = rdx2 for all grid points, except when i = 2, because the zero-gradient

BC forces 7, and 73 to be equal. Similarly, cm = rdx2 for all grid points except i =
nx-1, where it vanishes, and bm is -2*rdx2 for all points except at both ends, where it is
-1.xrdx2. This can be accommodated by appending the following code after the do loop in

which am, bm, cm are defined (and the iper flag having been set):

if (iper.ne.1)then ! lateral BCs are not periodic
am(1)=0.

bm(1)=-cm(1)

cm(nx-2)=0.

bm(nx-2)=-am(nx-2)

endif

Upper and lower boundaries

Our model is confined between rigid plates. The absence of flow across those plates implies

that w, 22 and % are all zero there. Thus, our vertical equation of motion becomes

7ot dt
_ on’ o'
—deQU% =95
Rather than forcing the gradient to be zero, we are demanding that the vertical pressure
acceleration and the buoyancy cancel each other. It appears more complicated, but it causes

essentially similar revisions to be made to the coefficient vectors:

an(1)=0.
bn(1)=-cn(1)
cn(nz-2)=0.
bn(nz-2)=-an(nz-2)
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Initializing BLKTRI

After constructing the coefficient vectors, the solver is initialized by setting iflg = 0 and

calling the subroutine:

iflg = 0
np =1
mp = 1

if(iper.eq.1) mp = 0 ! periodic horizontal BCs

call blktri(iflg,np,nz-2,an,bn,cn,mp,nx-2,am,bm,cm,nx-2,rhs,
1 ier,wa)

print *, ier,wa(l)

if(ier.ne.0) stop ’blktri_problem’

In the above, mp, np are 1 unless the horizontal and vertical directions are periodic. The
array rhs(nx-2,nz-2) is a proxy for the RHS, and is ignored for the initialization. Just
provide the routine with a 2D array of the required dimensions. wa is a vector provided for
internal calculations. There is a complex formula for computing the required length but, in
practice, just give it a large dimension like 8000. The length actually required is computed
and stored in wa(1), which can be inspected. The variable ier holds the error code. Unless

it is zero, there is a problem.

Computing the right hand side of ([15.2]

The code example below presumes that periodicity in x is being assumed, and will have to
be modified for open boundaries. First, we construct advu, representing the RHS of the u

equation other than the pressure gradient term, and enforce the BCs:

c compute ADV(u)
do k=2,nz-1
do i=2,nx-1
advu(i,k)=-.25%((u(i+1,k)+u(i,k))**2

1 -(u(i-1,k)+u(i,k))**2)/dx
2 -.25%(rhow(k+1) *(w(i,k+1)+w(i-1,k+1))
2 *(u(i,k+1)+u(i,k))
3 -rhow( k )*x(w(i,k )+w(i-1,k ))
3 *(u(i,k-1)+u(i,k)))/
4 (dz*rhou(k))

enddo

enddo

c BCs for ADV(u)
c zero gradient top and bottom
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do i=2,nx-1
advu(i,1)=advu(i,?2)
advu(i,nz)=advu(i,nz-1)
enddo
¢ now k=1,nz has been done
c periodic lateral boundaries
do k=1,nz
advu(1,k)=advu(nx-1,k)
advu(nx,k)=advu(2,k)
enddo

Now compute the buoyancy term buoy, and advw, representing the RHS of the w equation

other than the pressure gradient and buoyancy, and impose our boundary conditions:

do k=3,nz-1

do i=2,nx-1
buoy (i,k)=g*0.5%(th(i,k)/tb(k) + th(i,k-1)/tb(k-1))
advw(i,k)=-.25*x((u(i+1,k)+u(i+1,k-1))

1 *(w(i+1l,k)+w(i,k))
2 -(ui ,k)+u(d ,k-1))
2 *(w(i-1,k)+w(i,k)))/dx
3 -.25%(rhou( k )*(w(i,k+1)+w(i,k))**2
4 -rhou(k-1)*(w(i,k-1)+w(i,k))**2)/(rhow (k) *dz)
enddo
enddo
¢ BCs for ADV(w)
c w is zero at k=2 and nz. also zero at k=1, which should not be referenced.
do i=2,nx-1
advw(i,2)=0.
advw(i,1)=0.
advw(i,nz)=0.
enddo
¢ now k=1,nz has been done
c periodic lateral boundaries

do k=1,nz
advw(1,k)=advw(nx-1,k)
advw(nx,k)=advw(2,k)
enddo

We are not bothering to compute advw at k¥ = 3 and nz because we are making sure those

vanish.

Pressure decomposition and recomposition

Now we differentiate advu and advw, as required by ([15.2)). This is made easier because we
already took care of the BCs.
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c set up for pressure decomposition
do k=2,nz-1
al=1./(rhou(k)*dz)
a2=1./(cp*tb(k))
do i=2,nx-1
byctrm(i-1,k-1)=(buoy(i,k+1)*rhow(k+1)-buoy(i,k)*rhow(k))*al*a2
dyntrm(i-1,k-1)=((advu(i+1,k)-advu(i,k))/dx

1 +(advw(i,k+1)*rhow(k+1)-advw(i,k)*rhow(k))*al)*a2
alltrm(i-1,k-1)=dyntrm(i-1,k-1)+byctrm(i-1,k-1)
enddo

enddo

In (Chapter 6| it was noted that a nice property of the elliptic equation (15.2)) is that we can
separate the forcing (RHS) into parts, and solve the equation for the part of the pressure

field responding to that forcing. In the above, we have written the RHS anticipating we will
want to separate buoyancy from dynamic pressure. Thus, bycterm is a 2D array storing the
vertical gradient of the buoyancy term in . Solving the elliptic equation for it alone
yields buoyancy pressure. Similarly, dynterm represents the derivatives of advu and advw
and yields dynamic pressureﬂ We do not actually need to combine dynterm and bycterm as
alltrm and solve the equation a third time, as we could just combine the results from the

first two calls, but the provided code does this anyway, providing a sanity check.

iflg = 1 ! BLKTRI has already been initialized
np =1 I vertical dimension is not periodic
mp = I horizontal domain is periodic

call blktri(iflg,np,nz-2,an,bn,cn,mp,nx-2,am,bm,cm,nx-2,byctrm,ier,wa)
call blktri(iflg,np,nz-2,an,bn,cn,mp,nx-2,am,bm,cm,nx-2,dyntrm,ier,wa)
call blktri(iflg,np,nz-2,an,bn,cn,mp,nx-2,am,bm,cm,nx-2,alltrm,ier,wa)

do k=2,nz-1

do i=2,nx-1
pbyc(i,k)=byctrm(i-1,k-1)-byctrm(1,1) ! cosmetic adjustment
pdyn(i,k)=dyntrm(i-1,k-1)-dyntrm(1,1) ! cosmetic adjustment
ptot(i,k)=alltrm(i-1,k-1)-alltrm(1,1) ! cosmetic adjustment
enddo

enddo

We should augment the code above to check the value of ier for each call; this was removed
to enhance readability. On return from BLKTRI, the forcing arrays contain the pressure
components, having been overwritten in the routine; these need to be shifted back to account
for our fake points. Because we are solving the equation with periodic and/or Neumann BCs,

however, there is no way of obtaining unique values of the pressure perturbation. This does

2 As shown by Rotunno and Klemp (1982), the dynamic pressure can be further decomposed into its linear
and nonlinear parts; this would require some rewriting of the above code.
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not matter very much because we formulated our equations to require only pressure gradients.

(This was discussed in [Chapter 3| as one of the advantages of 7’ over dimensional p'.)

This leaves us, however, with pressure values that can float. The provided code addresses this
annoyance by subtracting the corner value from each pressure component. One could select
a different corner point, depending on the application, or do something more sophisticated,
such as adjusting the mean domain value to a specified constant, such as zero. Owing to the

way our model is formulated, however, this is completely cosmeti(ﬂ

15.3.2 An example application

Figure shows fields at 900 sec from Model Task # 5’s thermal simulation. Note the
pressure perturbation field consists of high pressure above the thermal, low pressure on the
thermal’s flanks, and sound waves (above x = £12 km) with maximum amplitude at the
surface. As discussed in the previous chapter, those waves resulted from our providing a
hydrostatically balanced initial pressure perturbation field. In Fig. the anelastic version
of the pressure field (panel b) and its decomposition (panels ¢, d) into dynamic (p/;) and
buoyancy pressure (p}) components are shown for comparison with the compressible model’s
pressure prediction (repeated from the previous figure as panel a). It is immediately seen
that the prognosed and diagnosed p’ fields are not the same, and the most striking difference

is the absence of the sound waves in the anelastic field.

Even though the anelastic and compressible pressure fields are not identical, we can still
utilize the former’s decomposition into dynamic and buoyancy pressures to understand what
is going on. The dynamic pressure field consists of low pressure on the flanks and high
pressure above and below the thermal (the below-thermal high being too small for the
contour interval selected). As shown in Rotunno and Klemp (1982), high dynamic pressure
is produced by both convergence and divergencdﬂ, while low p/; results from rotation. The
buoyancy pressure pattern consists of high perturbation pressure above the thermal with low
pressure beneath. This can be understood from a simplified, 1D version of :

o°n’ OB
022 0z
For wave-like features (describable with sines and cosines), the second derivative of a field

is proportional to the field itself, with the sign reversed (e.g., d*sinxz/dz? o —sinz). As

3With the version of BLKTRI provided, your Fortran compiler may issue a warning about the call to
subroutine PPADD. The code appears to work, so this warning can be ignored.
4This requires the assumption that the pressure field is sinusoidal, which is not always true.
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Figure 15.1: Fields at ¢ = 900 sec for the Model Task # 5 thermal simulation: (a) horizontal
velocity (3 m s™! contours); (b) vertical velocity (5 m s~
temperature (0.5 K contours); and (d) perturbation dimensional pressure (0.2 mb contours). Zero

contours suppressed.

a consequence, we see that high buoyancy pressure would be expected where dB/dz is
negative — above the thermal — and low pressure where buoyancy increases with height —
below the thermal. The effect of buoyancy forcing on the vertical velocity could be examined

by combining the vertical buoyancy pressure gradient with the buoyancy field itself (cf.,

Rotunno and Klemp 1982).

15.4 Adding a mean horizontal wind or shear

We wrote our potential temperature equation to prognose ¢’ (as thp, th, thm), perturba-
tions from a horizontally homogeneous base state described by #. Our water vapor prediction

equation will also be written in terms of perturbations. This is traditional, likely because
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Figure 15.2: Dimensional pressure component fields at ¢ = 900 sec for the Model Task # 5
thermal simulation (0.2 mb contours): (a) pressure predicted by the compressible model (same as
Fig.[15.1d); (b) anelastic pressure field; (c¢) anelastic dynamic pressure component; and (d) anelastic
buoyancy pressure component. Zero contours suppressed.
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temperature and vapor perturbations are explicitly needed in the w equation’s buoyancy
term. As a consequence, when we code the vertical advection, we need a separate term to
handle the advection of the mean state. As artificial diffusion designed to control nonlinear
instability (see below) should be applied only to perturbations, however, no special handling

of the vertical diffusion term will be needed.

Adding a mean (possibly sheared) horizontal wind to the model involves placing nonzero
entries in ub. Although not required, it is traditional to handle u as the full field, representing
mean plus perturbations. Under this approach, which is presumed in the examples that
follow, u and um are set equal to ub everywhere during the initialization. However, we will
need to subtract ub from u in the vertical diffusion term, owing to the possibility of mean

state vertical shear.

15.5 Diffusion and time smoothing

We have seen repeatedly that models handle the shortest wavelengths worst. They are
subjected to the largest phase errors and grow the fastest when the model goes unstable
(Chapter b)), and aliasing of these waves was implicated in nonlinear computational instability
(Chapter 7). Adding a diffusion term to the model is straightforward, as long as the term is
applied at time level n — 1 when the leapfrog scheme is used. If the purpose of the diffusion
is solely to restrain computational instability, and not to represent a physically realistic
mixing process, then it is standard to apply the smoothing only to perturbations from the
basic state. This is not an issue with prognostic variables th, pi and qv, as they already
represent perturbation quantities, nor with w for which the mean state is zero. However, if u
was coded to represent the full horizontal velocity field, diffiusion should only be applied to
the perturbations, i.e., u(i,k)-ub(k). This is illustrated in the sample code below (derived
from Model Task #b5).

dtx=d2t/dx
dtz=d2t/dz
rdx2=1./(dx*dx)
rdz2=1./(dz*dz)
¢ do loop for U
¢ loop over unique points: i=2,nx-1 and k=2,nz-1
¢ model predicting full u but applying diffusion only to u’

do k=2,nz-1
do i=2,nx-1
up(i,k)=um(i,k)-.25*dtx*((u(i+l,k)+u(i,k))**2
1 -(u(i-1,k)+u(i,k))**2)
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2 —-.25xdtz* (rhow(k+1)* (w(i,k+1)+w(i-1,k+1))
2 *(u(i,k+1)+u(d ,k))
3 -rhow( k )*(w(i,k D+w(i-1,k ))
3 *(u(i,k )+u(d ,k-1)))/rhou(k)
4 —dtx*cpxtbv (k) *(pi(i,k)-pi(i-1,k))
5 +dkx*d2t*rdx2* (um(i+1,k)-2.*um(i, k) +um(i-1,k))
6 +dkz*d2t*rdz2* (um(i,k+1)-2.xum(i,k)+um(i,k-1)
6 -ub( k+1)+2.*ub( k )-ub( k-1))
enddo
enddo

This code sample specifies constant mixing coefficients, dkx and dkz, applied to the horizontal
and vertical directions, respectively. The values can be selected based on their amplification
factors for 2Ax and 2Az waves (see . Again, if the mixing is purely for numerical
reasons, these should be the smallest possible values that accomplish the required task.
Higher order diffusers might also be considered, especially for the horizontal direction, to

attain greater scale selectivity.

The above was explicit spatial smoothing. Recall that time smoothing has been used to
control the leapfrog scheme’s computational mode. discussed two filters, the
Robert-Asselin and a recent modification of that scheme. The code below suggests how this
could be handled in the time stepping loop. Before the displayed code segment, the forecast
for up has been completed, and BCs applied, but we have not yet swapped values from u to
um and from up to u. The still-current time value u is being smoothed based on the forecast,
original present value, and immediate past value, where ts is the smoothing coefficient. The

operation is applied to all grid points, real and fake, because BCs have already been applied.

¢ time filter before setting for new time step

do i=1,nx

do k=1,nz
u (i,k)=u (i,k)+ts*x(up (i,k)-2.*u (i,k)+um (i,k))
w (i,k)=w (i,k)+ts*x(wp (i,k)-2.*w (i,k)+wm (i,k))
th(i,k)=th(i,k)+ts*(thp(i,k)-2.*%th(i,k)+thm(i,k))
pi(i,k)=pi(i,k)+ts*(pip(i,k)-2.*pi(i,k)+pim(i,k))
enddo

enddo

15.6 Adding a heat source

A heat source can be implemented by supplying a forcing term for the potential temperature

perturbation equation. The source can be held steady with time, or made to oscillate.
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As examples, Nicholls et al. (1991) and Mapes (1993) considered the response of a stable
environment to maintained heat sources representing diabatic forcing generated by convective
storms. They gave their heat sources vertical profiles that resembled what is observed in
nature and simulated by cloud models, and examined how the gravity waves that were excited

by activating the heating modified the environment surrounding the source.

Specifically, they considered heating profiles that were describable as sine (or half-sine) func-
tions in the vertical. As with the thermal used in Model Tasks #3 and 5, the source is
confined to a limited area. The code below places into hsrc a source with amplitude ampl
and horizontal radius radx at grid point icnt. A single half-sine of depth H comparable to
the troposphere depth can represent the gravest mode of deep convective heating. A second
mode, described by a full sine wave but with half the depth of the gravest component and
half its amplitude is optionally included, if xmode2 = 1. The combination of these two waves
can produce the “top heavy” heating profile considered in both Nicholls et al. (1991) and
Mapes (1993), and made non-negative in the latter.

do k=2,nz-1
argz=((dz*(float(k)-1.5)-znaught) /radz) **2
vert=(trigpi/H)*(dz*(float(k)-1.5))
do i=2,nx-1
argx=(dx*(i-icnt)/radx) **2
rad=sqrt (argz+argx)
if(rad.le.1.)then
hsrc(i,k)=0.5%ampl*(cos(trigpi*rad)+1)

1 *(sin(vert)-0.5*xmode2*sin (2*vert))
hsrc(i,k)=amaxl(hsrc(i,k),0.)
endif
enddo
enddo

Add this code to the right-hand sides of the 6’ equation. As usual, trigpi is trigonometric
7, which can be obtained as 4.0*atan(1.0). Don’t forget to multiply by 2At.

In a stable atmosphere, the deeper heating mode should provoke a gravity wave of depth

2*xradz, propagating away fromt he source at phase speed

NH
c=+t—1,
T

where N is the Brunt-Vaisala frequency and the denominator is trigonometric . The second
mode will move at half that speed, and thus travel through the gravest mode’s wake. The
source could also be made unsteady, characteristic of multicellular storms, and be made

to tilt at some angle to the vertical, which is representative of mature squall lines. More
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complex heat sources, including explicit diabatic cooling to represent evaporation, could also

be crafted to mimic squall lines, as was considered by Pandya and Durran (1996).

Bretherton (1988) found that the atmosphere’s response to a maintained heat source is
complicated. While the vertical motion forced reaches a steady state, the horizontal velocity
perturbations in the vicinity of the source grow logarithmically with time. Adding the
Coriolis force to the model suppresses this logarithmic growth, however. (This can be done
in 2D, and requires adding a term to the u equation as well as a v equation.) Can you

demonstrate this occurs?

15.7 Adding a momentum source

A momentum source can be added to the equations to simulate steady or unsteady obstacles
or forcings by defining a streamfunction ¢ that enters into the u and w equations in this

manner

ou 10y

a " 5o

ow 10

ot ;78_15'
The streamfunction can be confined in areal extent (much like our initial thermal), and
made either steady or unsteady with time. As an example, Fovell et al. (1992) used an un-
steady momentum source placed in the midtroposphere to excite stratospheric gravity waves.
Changing the width of the source and frequency of the oscillation affects the wavelength and

tilt of the resulting waves, as does adding in various vertically sheared flows.

Fovell (2005) used a series of steady momentum sources placed in the boundary layer to
mimic horizontal convective rolls, which consist of a series of updrafts and downdrafts. By
altering the flow passing over the drafts, vertically propagating gravity waves having various
tilting angles can be generated. By shifting the streamfunction closer to the surface, and
playing with the magnitude of the source, a “mountain” consisting of a series of hills or
a single peak can be created. There will still be some flow through the virtual mountain
— it is not actually impermeable, especially if the wind is strong — but in many ways this
can provide a simple and straightforward way of including topographic-like features in the

numerical model.

The code below implements Fovell (2005) forced rolls, being more straightforward than

the method used in Fovell et al. (1992). psik and psim are the horizontal and vertical
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wavenumbers. The source is centered at height znaught (set to 1 km in Fovell 2005) and
horizontal grid point icnt. ampl is the source amplitude, taken to be 0.27 in that paper,
and the horizontal and vertical wavelengths were 7000 and 3000 m, respectively. This code

sets up the streamfunction, which is placed in 2D array strfcn.

argul=psik*dx*(float(i-icnt)+.5)
argu2=psim* (dz* (k-1)-znaught)

argu=argul+argu2

if (argu2.gt.-0.5%trigpi.and.argu2.1t.0.5%trigpi)then
strfcn(i,k)=ampl*sin(argul)*cos(argu2)

else

strfcn(i,k)=0.

endif

Note that the streamfunction is being defined at a point that is 0.5Az above and below u
and 0.5Ax to the left and right of w, which makes sense given how it will be used to create
forcing for these velocity components. Add this code to the right-hand sides of the u and w
equations. Don’t forget to multiply by 2At.

15.8 Add a surface heat flux to the lower boundary

By adding the heat flux to only part of the domain, you can simulate the sea-breeze circula-
tion (or an urban heat island). The heated portion of the domain represents the land surface
during the day, while the unheated part represents the sea. Heated air over the land rises,
and the relatively cooler air originating over the “sea” pushes inland. Adding a mean u flow
directed “offshore” to the model restrains the inland progress of the sea-breeze front, but also
can make it much stronger and sharper. An “onshore” flow speeds the front’s propagation
but makes it much more diffuse. Can you show how the sea-breeze frontal lifting varies with

the intensity and direction of the mean wind?

By adding the heat flux to the entire domain, combined with an initial perturbation, you
can simulate the development of Rayleigh convection, represented by roll-like circulations in
2D. If you implement a uniform heat flux, however, you should not provoke any motions,
especially if your domain is periodic. (Why?) As a consequence, you will need to superimpose
some variation on the surface flux. Will adding random noise to the heat flux create coherent,

non-random circulations?

The code below implements a source term for the # equation, but only to the lowest real

temperature level k = 2, and only if the potential temperature there (f + ') exceeds a
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specified, but fixed ground temperature, tground. If the air is cooler than the ground surface,
there is an upward heat flux. It is not uncommon either to augment the near-surface wind by
a “convective velocity” value to mimic turbulent heat transfer and/or to employ a minimum
wind speed in the flux equation so the source does not become too small when winds are
calm. The code sample provided implements both ideas. Note the temperature difference

tdif is computed at time n — 1.

tb is base state potential temperature (K)
tground is a specified, fixed ground surface temperature
cdh is a nondimensional heat transfer coefficient (usually something like 7E-3)
addlfx implements random variation around a mean of 1.0
apply ONLY at lowest real level
if (ishflux.eq.1l.and.k.eq.2)then
tdif=amax1 (tground(i)-(thm(i,k)+tb(k)),0.)
avgu=0.5%abs(u(i+1,k)+u(i,k))
avgu=amax1(avgu,2.0) ! enforce a minimum wind speed
wnetc=2.*sqrt(tdif) I "convective velocity" adjustment
vel=sqrt (avgu*avgu+wnetc*wnetc)
thp(i,k)=thp(i,k)+d2t*cdh*vel*addflx(i)*tdif/dz
endif

15.9 Add a near-surface heat sink to the model

A simple way to mimic a thunderstorm cold pool or cold front is to put a heat sink into
the model, an area within which the air will be either constantly cooled, or “nudged” to
a selected, fixed negative buoyancy. (This is similar to the previous idea but implemented
above the ground instead of at it.) The chilled air produced in the sink will commence

spreading along the model surface.

Can you relate the pool’s propagation speed to the density excess within the cold air? As
it spreads, the cold air “underruns” the less dense air outside the pool, forcing it to rise.
Can you relate the strength of this forced lifting to factors such as the pool’s propagation
speed and the stability of the environment? (The latter would obviously require making the
base state non-isentropic.) What happens if you also impose a mean horizontal wind? What

happens if that mean wind is also sheared?
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15.10 Implementing surface drag (friction)

Surface drag is often implemented using a bulk aerodynamic formula involving nondimen-

sional momentum drag coefficient Cpy;:
ﬁCD M|V]u,

applied to the horizontal wind at its lowest real level above the ground. Values of C'pys such
as 0.003 and 0.001 have been used over land and water surfaces, respectively. |\7| is the
wind speed at the first horizontal wind level, including the vertical velocity interpolated to
there. A minimum velocity may also be included in |‘7], so the drag does not vanish when
the winds are nearly calm. You need to think about whether you want to apply drag to
the full u field, or just u/. Applying the drag to the entire wind field will cause the flow to
spin down near the ground, which may be undesirable. After all, @ is considered to be a
time-independent base state so, in a sense, it is already supposed to incorporate the mean

effect of friction near the surface.

15.11 Adding moisture and microphysics to the model

Simulate a simple, isolated cumulus cloud. What kind of life cycle does it undergo? How
much rain falls out of the cloud? How fast does the cloud top rise and how long does it

survive? Can you make a new convective cell grow after the old one dies out?

Adding moisture and even “warm rain” microphysics to the model is quite complicated, and
the following step-by-step strategy is suggested. A lot of things have to be added, more than
you might guess, and a lot of adjustments and refinements have to be made. However, you
don’t have to go all the way to a full-blown cloud model with rain and perhaps even ice
species to get something worthy of using in an experiment. I am presuming you are starting

with Model Task #5, the dry thermal in a neutral environment.

1. Make the environment stable, although still dry. A good choice is reverting to your
MT1/MT?2 sounding. The thermal will not rise as far, of course, and now you will

excite gravity waves.

2. Add spatial diffusion to the prognostic equations, to suppress nonlinear instability.
Terms like K, 2% and K, 2%

T o2 Z 92

210



3. Add

K, and K, are mixing coefficients, units squared meters per second. Optimal
values depend on the problem and the resolution. For mesoscale applications, try
100 and 10 for K, and K, as a first guess.

This diffusion is artificial in nature, and should be applied only to perturbations
from the mean state (e.g., v’ = uw — ). This will only matter after @ varies with

height, however.

How does this influence your thermal? Adjust and tune the coefficients.

temporal diffusion (Robert-Asselin filter) to the prognostic equations, to control

the computational mode (Sec. 5.2.3).

4. Add

first.

A good place to apply this is after you have finished computing advection, spatial
diffusion and have applied the boundary conditions, but before you set for the

next time step.
Try to keep the filter coefficient, €, small (.01 or less).

Also add domain statistics that might help reveal computational mode activity:
Domain maximum vertical and horizontal velocity, domain total kinetic energy,

domain maximum and minimum temperature and pressure perturbations, etc..

water vapor prognostic equation to the model, treating it as a passive tracer at

Craft your equation in terms of ¢, and mimic the 6" equation. You will need a
term for vertical advection of g,, in advective form. Add spatial diffusion, applied

to ¢, (you will need it).

Re-enable ¢, from MT1/MT2. Consider also adding ¢/, to your initial thermal, by
adjusting the RH in the thermal to 100%, say. (Otherwise the thermal represents

an area with lower RH.)

Advect your water vapor field. Note negative total mixing ratios (i.e., ¢, + ¢.)

will occur, just as negative values were produced in the wake of the cone in MT4.

Adjust the negative total mixing ratios in some fashion. Do this after advection
and spatial diffusion and before applying the boundary conditions. Simply zeroing
them will add a spurious moisture source to the model. Using better adjustments
is fairly simple and straightforward. Implementing positive-definite advection

schemes will be more challenging.

Do temporal diffusion and apply boundary conditions.
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5. Make water vapor active, by implementing a saturation adjustment, as in M'T2, but in

a “cloudless cloud model” or pseudoadiabatic model.

e Add ¢ to the buoyancy term of the w equation. Buoyancy is g [%—/ + O.61qﬂ. See
Sec. 8.2.2.

e Following advection, spatial diffusion and boundary condition treatments, but
before time filtering, check your time n + 1 fields for supersaturation. Apply
saturation adjustment where RH > 100% to adjust ¢, at supersaturated grid
points back to 100% RH. This is a sink term for vapor, and a source term for
potential temperature. (You are not doing anything with this condensed vapor;

it is simply ignored, as if its fallspeed were infinite.)

e The adjustment is instantaneous, and so is NOT multiplied by the time step.
The supersaturation did emerge over the last time interval, but it is adjusted

instantaneously.

e When saturation adjustment is finished, reapply boundary conditions, do the time

filtering, and then set for the next time step.

e Diabatic heating owing to microphysics tends to force the model at small time
and space scales. Watch out for linear and nonlinear instability, and excitement
of the computational mode. Adjust time step, K,, K, and ¢ as needed. Watch
out for strange goings-on in your model stratosphere, where the vertical static
stability is high.

6. Add cloud water, q., to the model, making a rainless cloud model.

e Advect cloud water. Deal with negative mixing ratios. They should not exist.

e Add ¢. to the buoyancy term. Now buoyancy is g [%/ +0.61¢, — qc]. Cloud

droplets represent a drag on the air, and so contribute to negative buoyancy.

e Now the saturation adjustment has two roles: to create new cloud water mass
at supersaturated grid points, and to remove cloud water if present where RH <
100%. So, look not only for grid points where RH > 100% but also for subsatu-
rated points at which ¢. > 0.

e In MT2, the mixing ratio adjustment was labeled C. Now positive C is a sink
for vapor, a source for " and a source for ¢.. Negative C' is a source for vapor,
and a sink for ¢ and ¢.. |C| can exceed available cloud water, so do not let that

happen. All of these adjustments are instantaneous.
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e As you implement cloud water, reconsider your time steps and diffusion coeffi-

cients, and watch out for 2At¢ noise.

7. Add rain water, q,, to the model, representing “warm rain” (Kessler-type) microphysics

(vefer to [Chapter §).

e Advect rain water and adjust the negative mixing ratios.

e Unlike cloud droplets, raindrops have a non-negligible fall velocity relative to still
air. Add a terminal velocity (V7) term to vertical advection in the ¢, equation,
creating (w — V) (see Sec. 8.1.2). In practice, Vr depends on drop size (mass),
and drop size is (usually) presumed to depend on g, itself; the more rain mass
in a grid volume, the more large drops are presumed to exist. See Sec. 8.1.1 for
details. It may suffice here, however, to impose a constant Vi to get something

going. A 6 m s™! fall speed is probably a good start.
e Raindrops also represent a drag source, so buoyancy is now g [% +0.61¢), — q. — qr} .

e After advection and spatial diffusion are accomplished, but before the saturation

adjustment and time filtering, it is time to perform microphysics:

— Warm rain microphysics consists of “autoconversion” (self-aggregation) of
cloud droplets into raindrops, the accretion of cloud droplets by falling rain-

drops, and the evaporation of raindrops in subsaturated air.

— Kessler imagined that cloud droplets would evolve into raindrops at some
rate, as long as droplets were sufficiently numerous. He implemented this as
k1(ge — qe0), where ky is a conversion rate (typically 0.001 s™1) and g, is a
cloud water threshold (often 0.001 kg,, kg !). This is typically conceded now

as a poor way of handling this process.

— Once created, rain mass also grows owing to accretion, as the drops collided
with more slowly falling (relative to still air) cloud particles. Kessler distilled
the geometric “sweep-out” problem into this simple term: ksq. [ﬁqr]7/ 8 with

ks the accretion rate of 2.2 m/8 kgi/® s71 .

— Raindrops also evaporate in subsaturated air. This process is not instanta-

neous and the equation is complex (see Sec. 8.1.4).
e Details regarding the implementation of microphysics:

— Microphysics represents processes that occurred over the previous time inter-
val. As they reside on the right hand side, these terms are multplied by d2t

when the leapfrog scheme is employed.
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— There is not uniform agreement on which time level to base microphysical
rates on. As an example, the accretion of cloud by rain depends on both ¢. and
¢-. Since the rates are applied to the interval between times n—1 and n+1, it
is reasonable to assume that you use the cloud and rain values at time level n.
Some cloud models (e.g., ARPS) base microphysics rates like autoconversion
and accretion on time m + 1 values, at least when Kessler microphysics is

employed. This means that doing autoconversion before accretion changes

n+1

mt1and ¢!, which were just

the accretion rate, as the latter is based on ¢
altered. The sample code that follows adopts this approach, but I would be

cautious about this.

— The sample code below does frequent checks for negative mixing ratios, more
than necessary. If you took care to adjust negative values that were caused
by advection prior to doing computing microphysics, and take care not to
transfer more mass from a particular species than actually exists, you should

not need to be so vigilant.

— Some models compute raindrop sedimentation (fallspeed) separate from ad-
vection, with the result that an updraft may push drops some vertical dis-
tance, only to be shifted downward again when the fallspeed is finally applied.
It seems to make more sense to combine the fallspeed with the vertical veloc-
ity (i.e., w— VT), as was written in Sec. 8.2, and do sedimentation as part of

advection.

e As always, reconsider your time steps and diffusion coefficients, and watch out
for 2At noise. Microphysics can and will add noise to the model, and very likely

excite the leapfrog computational mode.

To reiterate, here is the order in which the model should operate in the time-stepping

loop.
(a) Compute advection and spatial diffusion for all real points, for all prognostic
variables, creating forecasts at time n+ 1. This includes rainwater sedimentation.

(b) Take care of negative mixing ratios in the time n + 1 quantities. For water vapor,
which we handle as ¢/, we are making sure the total vapor mixing ratio, ¢, + ¢,

is non-negative.
(c¢) Take care of the boundary conditions.

(d) Perform microphysical calculations, updating time n+ 1 quantities. This includes

raindrop evaporation. These rates are multiplied by d2t.
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(e) Perform saturation adjustment, which removes supersaturation (creating ¢.) or

evaporates cloud droplets present in subsaturated air. These adjustments are

instantaneous, and not multiplied by d2t.

(f) Update the boundary condition again, on fields potentially modified by micro-

physics and saturation.

(g) Apply the time filter to suppress the computational mode.

(h) Set for the new time step.

Sample code for Kessler-type microphysics. This mimics code from the ARPS model.

compute autoconversion of cloud water to rain, accretion of cloud by rain

and evaporation of rain in subsaturated air

this logic follows that used in the 0U ARPS model

-- rates are multiplied by d2t because leapfrog scheme is used

-- rates are based on values of qc, qr, qv at time n+l. This is arguable, and can
- cause results to be potentially dependent on order in which terms are computed
—-- checks are made to ensure mixing ratios qc, qr, and qv+gb do not become negative
-- negative mixing ratios are zeroed out, creating a spurious source. Not optimal.

things defined prior to computing microphysics

d2t = dt + dt
xki = cpd/rd
psl 1000.e2

—-- base state information
pbar = pb(k)
pibar = pib(k)
thetabar = tb(k)
gbar = gb(k)
x1f = 2.5e6

after 1st time step
cpd/rd
reference pressure (Pa)

mean dimensional pressure (Pa)
mean nondimensional pressure
mean potential temp (K)

mean vapor mixing ratio (kg/kg)
latent heat of vaporization

autort = 0.001
autotr = 0.001

gcplus = max(0.0, qcp(i,k) )
ar = autort *( qcplus - autotr)
ar = max(0.0, ar)
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autocon threshold, kg/kg

! not using negative mixing ratios
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arcrdt

qcp(i,k)
qrp(i,k)

qcplus

qrplus

cr acr
arcrdt

qcp(i,k)
qrp(i,k)

grplus

qvplus

min( ar*d2t, qcplus )

qcp(i,k) - arcrdt
qrp(i,k) + arcrdt

max (0.0, qcp(i,k) ) !
max (0.0, qrp(i,k) ) !
t*qcplus* (rhou(k) *qrplus)**0.875 !
min( cr*d2t, qcplus ) !

qcp(i,k) - arcrdt !
qrp(i,k) + arcrdt !

max (0.0, qrp(i,k) ) !

max (0.0, qvp(i,k)+gbar ) !

! —- saturation mixing ratio at time n+1 (see MT2)

pc=380./
pth = th

(pibar**xki*psl) !
p(i,k) + thetabar !

mult autocon rate by d2t, and
do not exceed available qc
subtract result from qc

add result to qr

| accretion rate, (m/kg)~(7/8)/s

not using negative mixing ratios
(shouldn’t be needed here)
not using negative mixing ratios

accretion rate
mult accretion rate by d2t, and
do not exceed available qc

subtract result from qc
add result to qr

not using negative mixing ratios
(shouldn’t be needed here)
not using negative mixing ratios

coefficient for qvs eqn.
full theta, time n+1

qus=pc*exp(17.27*(pibar*pth-273.)/(pibar*pth-36.)) ! Tetens’ for qvs at n+l

I —— evaporation
coef

deficit
er =

&

& *
erdt =
qrp(i,k)
qup(i,k)
thp(i,k)

& -

/( (2.03e4 + 9.584e6/(pbar*qvs) ) &
rhou(k) )

min( grplus, max(0.0, er*d2t) )

qrp(i,k) - erdt
qup(i,k) + erdt

thp(i,k) &
x1lfxerdt/( cpd*pibar )

1.6 + 30.39%( rhou(k)*qrplus )**0.2046 !
amax1((1.0 - qvplus/qvs(i,j,k)),0.) !

coefxdeficit* ((rhou(k)*qrplus)**0.525 ) & !

ventilation coef.
saturation deficit (RH < 100%)

evaporation rate, kg/kg/s, >0

! do not exceed available qr

! subtract from qr
! add to qv

! latent cooling



Part 111

Adjoint models
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Chapter 16

Theory and construction

In the course of a modeling study, one may wish to gauge the effect the model’s initial
conditions (ICs) and/or parameter settings (PSs) might have on the model forecast. One
may be interested in assessing either how a single alteration at the initial time eventually
influences everything at the final time. Alternatively, one may be more concerned with how
a single aspect of the final forecast was influenced by everything at the initial time. These
complementary but incommensurable strategies represent the simplest foci for the modeling

experiment.

For the first focus, the obvious solution is to run the model repeatedly, spanning every possi-
ble combination of ICs and PSs. This could well be a formidibly expensive, or even outright
impossible, task. Some efficiency might be achieved by replacing the original, nonlinear nu-
merical model with a tangent linear model (TLM). As will be seen, the TLM is constructed
from the original model using Taylor series truncated to first order, creating a model that
forecasts perturbations from the original model solution while constraining them to share

the original model’s temporal trajectory.

First, a control run is created by the integration of the full nonlinear numerical model. Then
the TLM is initialized, not with the control run’s initial fields and parameter values, but
rather with small variations or perturbations for a subset of those values. Finally, the TLM
is integrated to forecast how those perturbations from this control state would evolve. Owing
to its truncated Taylor underpinning, it is clear the perturbations must start off and remain
small, lest the neglected higher order terms (involving products of these perturbations)

become non-negligible.

In the second focus, one wishes to trace some aspect of the control run’s final forecast
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backward in time in order to identify that aspect’s precursors, those specifically being the
variables and the locales which have combined to most influence the magnitude and even
appearance of the aspect. As an example, say the forecast aspect of interest is the surface
central pressure of a cyclone predicted by the control run to reside at a particular location
and to have a certain value. That final central pressure has certainly been influenced by the
atmospheric state at earlier times, and might also have been different had alternate values
for various model parameters been selected. However, which fields, at which locations and
times, and which parameters, wielded the most influence on how the simulated cyclone came
to be?

To investigate this, it is necessary to run a new model — the adjoint model — backward in
time, commencing with the final forecast one wishes to examine. This new model is created,
in effect, by transposing the TLM. In this situation, the TLM is but an intermediate step
in the construction of the adjoint model. Indeed, the chief use of the TLM appears to be in

validating the correctness of the adjoint model.

Unlike the TLM, however, the adjoint model does not propagate the original model’s vari-
ables, or even perturbations from those variables. Instead, the model deals with sensitivity
and is “initialized” at the final time with sensitivity concentrated in the field(s) and locale(s)
of particular interest. In the present example, the adjoint would start off with some nonzero
sensitivity in the model variable representing surface pressure at the cyclone center since that
is the field and the locale we are focusing on. All other model variables would initially hold
zeroes. The adjoint model then propagates this sensitivity backwards in time, during which
it spreads among spatial locales and other model variables. In this way, the model attempts
to identify the fields, locales and parameters that were most influential on determining the

forecasted central pressure, through distributions and concentrations of sensitivity.

Put another way, I like to think of the adjoint model as propagating a dynamically active
tracer or tracker backwards in time. This is a considerably enhanced extension of the concept
of passive tracers. One often uses passive tracers when one wishes to identify the origin of
air that is found to reside at a particular place and time. If you saved the wind data as the
model ran forwards, then you can initialize a passive tracer at the locale of interest at the
final time and run the “wind tape” (as it were) backwards, advecting the tracer upstream
as time rewinds. Owing to its absolutely passive nature, this tracer does not influence the
flow field which bears it — and this makes sense because in a very real sense the “future” has
already occurred and should not be altered by this operation. The absolutely passive tracer

is dynamically inert as well because it is simply being shunted by the wind.
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But now suppose you are not as concerned with the origin of the air at the location of interest
as with the origin of the dynamics that conspired to determine atmospheric conditions — the
winds and more — there. Unlike the passive tracer model, the adjoint model is composed of
a set of sensitivity trackers, one for every prognostic field and parameter of interest in the
model. Even though the model may be initialized (say) at the final time with nonzero values
in only one of the tracked fields, at only one of the domain’s grid points, this tracker will
spread to other tracked fields (and locales) as time rewinds owing to the coupled nature and
structure of the equations. As far as the forward model is concerned, the adjoint tracer is
still passive, and running the adjoint model itself does not change the already known future.

However, the model can — within its inherent limitations — identify how that future came to
be.

16.1 The Tangent Linear Model - Introduction

Here is a simple model equation consisting of a single prognostic variable u, a function of
[2D or 3D] space and time, and a single model parameter «, the value of which is set at the
initial time:
ou
ot
Integration of in time starting from initial values yields the forecast solution u(z, z, t).

Let one such solution be termed the control run, which will be designated with the subscript

= F,(u, ). (16.1)

“C” in this introductory discussion. The initial condition at time ¢=0 is uc(z, z,0) and this
simulation’s parameter value is a. The forecast equation in this case will be revised slightly

to read:
8UC

ot

The initial values of uc and a¢c completely determine the subsequent evolution of the u field.

= Fu(uC,Oéc). (162)

Now, let another, alternative simulation, to be designated with the subscript “A”, also be
run, yielding wa(x,z,t). This run may start with a different initial condition wa(z, z,0)
and/or a different value for the model parameter a.4. For this simulation, (16.1)) becomes

auA

W :Fu(UA,OzA). (163)

The alternative solution may be viewed as a variation on the control run. Let the difference

between the alternative and control runs’ model parameter values be termed «”, so we have
" =ax— ac. (16.4)
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At any given point in time and space, the difference between the two forecasts for u will be

called u”, and defined as:

u'(z,2,t) = ualz, 2, t) —uc(z, 2, t). (16.5)

The obvious way to handle this situation is to simply run the nonlinear model twice, or
for however many instances are needed to examine a parameter space consisting of initial u
values and model parameter o values. As noted above, this could be a formidable task. If —
and this is a big if — the perturbations from the control run are and remain small, then a good
approximation to the alternative run(s) could be obtained from a tangent linear version of
the original nonlinear model. Instead of predicting u4 and subtracting it from u¢ to obtain
u”, we are directly prognosing u” using an approximated model. This model, the TLM, may

be more efficient to run.

There appear to be two ways of defining the TLM. One is straightforward and utilizes first-
order truncated Taylor series; the other is involved mathematically but appears to wind up
with the same TLM formulation. The former is examined below; the latter in Appendix
B. For simple models, the Taylor approach can be applied directly to the model differential
equations, generating the TLM model in analytic form. The TLM differential equation is
then discretized and integrated. For more interesting and commonly occurring situations,
however, it seems one is stuck with starting with the model difference equations; i.e., the
model code. Since we are concerned with assessing model sensitivity, and the “model”
subsumes its coding, we should be more generally concerned with creating the TLM of the

finite difference rather than the original differential equations anyway.

16.2 Construction of the TLM

16.2.1 TLM formulation of a differential equation

A function of a single variable, like f(u), may be expanded by Taylor series as follows:

fua) = f(uc) = (ua — uc)g—ilc + h.o.t.,

where h.o.t. stands for the higher order terms. At first glance, it appears this expression is

directly extensible to functions of two or more variables in the following fashion:

flua,an) — fluc,ac) = (ug — Uc)g—£|c + (s — ac)g—£|0 + h.o.t.. (16.6)
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It turns out, however, that this is true only if the two partial derivatives on the right hand
side (RHS) exist and are continuous at the reference point (uc, ac )} This may need to be
called into question later, and may be the salient difference between this approach and the

more complex procedure discussed in Appendix B.

Assuming for the present that (16.6) is applicable, it may be applied to the RHS of the
model equation, specifically expanding the RHS of ((16.3)) about the state defined by (16.2]).

In this case, we get:

OF, oF,
Fu(ua,an) — Fy(uc,ac) = (ug — uc)%b + (s — ozc)a—a|c + h.o.t.. (16.7)

Henceforth, the higher order terms will be neglected. Using ((16.2)) and ((16.3)), it is seen the
left hand side (LHS) of (16.7)) is simply

Jup  Oug ou”

ot ot ot '’

so that to a first order approximation (owing to the neglected terms), the equation forecasting
the difference between the two simulations takes the form

ou” ,OF, ,OF,

or SV gy let 5y

Definitions (16.4) and ((16.5)) were used to obtain the above expression. This is the TLM

for the perturbations, which were again designated u”. The derivatives depend only on the

fe2 (16.8)

temporally evolving control run, and so perturbation forecasts possess the same evolving
temporal trajectory as the control run simulation. The TLM is predicated on the existence
of these derivatives and the negligibility of the missing higher order (perturbation product)

terms. The latter assumption can be particularly specious in some, if not many, applications.

16.2.2 A simple example

The following example is cast in one-dimensional space for simplicity. First, we consider a
tendency equation with one forcing term, consisting of Rayleigh friction. This is a simple

damping function. The differential equation is:

ou

E =F, = —au, (169)

where a represents the damping rate.

!Condon and Odishaw, Handbook of Physics, 1958, p. 1-38
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To apply (|16.8), we need the partial derivatives of F, with respect the two independent

variables, u and «, evaluated for the control run. It is seen that 8612‘ lc = —ac and aa%b =
—uc. Thus, the TLM of the model differential equation (16.9)) is

a "

(;i = —u"ac — "uc. (16.10)

Although we're neglecting the approximation sign, the expression ({16.10]) is not precise. The

perturbation product term,
n_n 82Fu _ n_n

u'a = —u'"a
Judo

is missing and the TLM is accurate only as long as this term is negligible.

16.2.3 A partially discretized simple example

We are actually concerned with constructing the TLM of the model discretized difference
equations rather than its differential equations. As an example, we revisit the Rayleigh
friciton equation and discretize its RHS. We will have to make a decision regarding the
LHS discretization before long, however. If the centered, three time level leapfrog scheme is
used, the damping term has to be evaluated at the past time (time level n-1) for stability.
Presuming this choice has been made, the mixed differential-difference equation for ((16.9))
is:

8ui

ot

where 7 is the spatial index. This is the equation we wish to construct a TLM from.

=F,;=—aul, (16.11)

Now Taylor expansions are applied. The equation ((16.11)) may be written as:

ou; _
8tz - F“(u? 17 Oé).
The truncated expansion of the RHS for the alternative run about the control run is:

-1 nm—1 " -1 ~ nm—1 8Fu " 8Fu
Fuujc +u"  ac+a") = Fu(ulc ,ac) = 8u”_1|0+a 5a lo

However, the two partial derivatives on the above equation’s RHS are:

GFu’ B 0 [—au”_lﬂ
oun—1'9 T gun-1 ‘ ©
= —Q¢,
and
or, 0 n
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while the LHS is simply aaLt”' Thus, the TLM model prognostic equation is:

3u”
Im—1 1", n—1
= —QcU; — ui,C .

ot ‘

16.2.4 TLM of a model equation with constant advective velocity

As already mentioned, analytic forms for the partial derivatives of F;, for simple models may
be easily constructed. In more complex settings, one seems forced to discretize the model

equations first. We have now reached this point.

Again considering only a single spatial dimension for simplicity, the PDE governing constant
advection of a variable u may be written as:

ou B ou

where ¢, is the advection speed. Employing the second-order centered approximation for the

RHS of ((16.12)), we create:

ou Cy " "
% - T 9Az [y — Uiy ] (16.13)
Cy Cy
= oA Ui T oA Ui 16.14
2Ag it + N e (16.14)
= Fu [cz’u?—f—lvu?—l} . (1615)

Equation ((16.15)) shows that the forcing F, is a function of three independent variables,
being the advection speed and the present time’s values of u on either side of the current

grid point .

For the truncated Taylor expansion, we need the partial derivatives of the RHS with respect
to each of the independent variables separately. I know of no way of doing this for the
original differential equation, but differentiating the discretized version is very simple. Thus,

starting with

ou” 4, OF, m OFy m OFy

~c + U U, 1 =—|c- 16.16
we quickly wind up with
ou” N cl CaC ym CaC

ot = 2Azx [U?H,C - U?A,O} T oAg it + YN (16.17)
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16.2.5 TLM of a model equation with nonlinear advective velocity

If we replace ¢, in ([16.12]) with u, creating a nonlinear term, (16.12), (16.13)) and (16.15))

become

ou _uﬁu
ot Ox
= T 9Ar [ui+1 - uifl]

o n .n n
= Fy [“z 7ui+17ui71} )

respectively, and our TLM is evaluated using:

ou” mOFy o OF, o OF,
~u' e tui et U e (16.18)
ot ou; + ou, Lour |

Combining all of the above examples, it is seen that the total number of independent variables
requiring differentiation in the construction of the TLM is equal to the number of model
parameters on the RHS of the equation plus — for each prognostic variable and each time
level involved — the number of unique points contributing to the discretization of the spatial

operators present on the RHS.

16.2.6 TLM of a simple system of nonlinear equations

We extend the foregoing to a system of coupled equations by considering a simple example
consisting of two prognostic variables (v and v), two model parameters (¢ and «) and a
single grid point in space. The parameters are not perturbed in this example. The model

differential equations for this example are:

0
8_7;: = guv—au+uv (16.19)
0
8_2; = —gu—av — uv. (16.20)

The right hand sides of the above equations will be referred to as F), and F,,, respectively.

Since only the model variables are being subjected to perturbation, we have

ou” 2 OF, 2 OF,

ot = u ou |C +v o |C (1621)
o 2 OF, ,OF,

ot = u ou |C +v v |C’ (1622)
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for the TLM model equations. Upon evaluation of the required RHS derivatives, we come

up with
au” " "
5 = U (—ac +ve) + 0" (ge + uc) (16.23)
8/0” " 1
5 = U (—g9c —ve) + V" (—ac —ue) . (16.24)
for the TLM. The preceeding can be written more compactly in matrix form. Specifically,
we have o
ou’” _ "
a1, | = ac +vc  go +uc UH 7 (16.25)
S —gc —vc —Oc —uc v
whereas the general form of ((16.21))-(16.22) is
o’ OF, |C OF, |C o
|: 8%” } = |: &| &| :| |:,U// } . (16.26)
ot ou v IC

The matrix is identified as the Jacobian of partial derivatives, evaluated for the control run.

All that remains is to discretize the time derivatives on the LHS, supply initial conditions
and to integrate the resulting model. If a two time level scheme is employed with time step
At, we have

o’ n+1 —ac+ ol + 1 go + u® W 1"
” = At c n nC ,, , (16.27)
v —gc — V& —ac —ug+1

where it is appreciated that the now slightly augmented matrix is a function of time but
depends solely on the control run. Defining x” as [u”, v”]T, this is more compactly written

as
X" = A" (16.28)

where A,, has incorporated the time discretization At.

16.3 The adjoint model

16.3.1 Roadmap for adjoint formulation and discussion

Now we employ the TLM to construct the adjoint model. The adjoint is essentially created
by transposing the TLM’s Jacobian matrix and then running the resulting model backwards.
As it stands, this statement may not be particularly enlightening. However, we start with
this and (hopefully) clarify some concepts along the way. Part of the following discussion
mirrors that presented in Errico and Vukicevic (1992, MWR; hereafter “EV”).
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Importantly, numerous aspects of the adjoint model are simplified, and proper coding of same
much more easily checked, when time integration schemes involving only two time levels are
employed. This raises a sticky situation, however: For advection, two time level schemes
are usually either unacceptably flawed or computationally burdensome. On the other hand,
adjoint models made from forward codes using more efficient three time level schemes are
much more convoluted. Despite this, until further notice the following examples implicitly

presume or explicitly use simple, two time level time differencingﬂ

The structure of this discussion is as follows: First, we recapituate the presentation of the
fully discrete TLM in matrix form, as this will facilitate the derivations to follow. Then, the
concept of the forecast aspect will be introduced, at its simplest and most straightforward
representing one thing about the final control model forecast you’d like to know more about
the evolution of. The adjoint variables will appear at this point, representing the sensitivities

you wish to track backwards in time.

16.3.2 The TLM in matrix form

Let x be a vector representing all temporally varying independent variables, or degrees of
freedom, in the model. In the discretized model it includes all of the prognostic fields (wind
components, temperature, humidity variables, etc.) at all of the model grid points. Thus, if
there are M variables and I total grid points, the length of x is L = M x I. Then, let x” be

the perturbations from a control run as forecast by a TLM.

In the simplest possible model, one discretized with a forward time scheme (requiring only
two time levels at any instant of time) and having no model parameters that are varied from
the control run configuration, we can express the prediction of the state of x” at time level

n + 1 based on the state at time n as:
X" = AL X" (16.29)
just as in (|16.28]). Here A, is the L x L time-dependent Jacobian matrix evaluated using

the control run information at time n.

In (16.26)), the Jacobian was a simple 2 X 2 matrix, because there were only two degrees

of freedom. In a model with a substantial set of prognostic variables, and particularly a lot

2As a compromise, I have made forward and backward models using the leapfrog and Euler backwards
schemes. The latter is a two time level scheme, but requires twice the computational burden of the leapfrog
since it involves both predictive and corrective calculations for each time step. Still, it generates virtually
identical results (for the simulations I've made thusfar) and its two time level construction facilitates accuracy
assessment.
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of grid points, A can be a very huge matrix. Within its structure, it allows the possibility
that every perturbation forecast in x"*! can potentially be influenced by every perturbation
in the model at the present time. This would be the case if A, were dense, with few or no
zeroes. In compressible models, however, the forecasts at time n+ 1 and grid point ¢ depends
only on previous values located in the immediate vicinity of ¢. Thus, for large domains A is

a very, very sparse matrix.

Now, since x itself depended upon A,_; and x""~! in a manner analogous to ((16.29)), so
(116.29) could also be written as:

X" = AL A, XL (16.30)

The state at time n — 1, in turn, relied upon the still earlier time n — 2 and so on, right on
back to the initial condition at time step n = 0. Thus, we could also write (16.29) as

X" =P, 1x", (16.31)

where P, = A,A,,_1--- Ay and is called the transition matriz. The upshot is that in
a deterministic model such as this, the model state at any given subsequent time can be

considered to be a transformation applied to the state at the initial time.

This has a further important implication. As noted above, the sparseness of the matrix A,, at
any given time n reflects the fact that a perturbation forecast at time n+ 1 can be influenced
only by a small number of perturbations present at time n. However, the multiplication of
A, with A, _; in (16.30)), which relates the perturbations at times n + 1 and n — 1, would
logically produce a fuller and more complex matrix. Now consider a temporal integration
proceeding from the initial condition at time 0 to final forecast time N which would entail
the sequential multiplication of every individual, sparse matrix A spanning the integration
period. By , this matrix is identified as Py, and it would likely be very full. The
implication is that a given forecast at the final time is directly linked to a wide array of
points and fields in the initial state, and is thus correspondingly sensitive to alterations in
those initial conditions. It will be seen the adjoint model uses this matrix (or, more precisely,

its transpose), to quantify this sensitivity and dependence.

16.3.3 The forecast aspect

At this point, we need to introduce the forecast aspect, which quite literally represents some

aspect of our forecast about which we wish to examine the sensitivity. This aspect, which
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will be designated J, can be a complex function of many model fields, spatial locations and
points in time, so J = J(x). One is not limited to directly prognosed fields; derived fields
(e.g., vorticity and relative humidity, say) are also fair game. Dramatic simplification of
the presentation, however, results from defining J at a single time. This restriction will
henceforth be adopted.

In the simplest and most tractable application, J might be be a function of a single field
(such as pressure), at a single location (such as at the surface, at a single grid point in the
center of a cyclone, perhaps) at a single time (such as the final forecast time N). We might
then wonder how this particular aspect of interest came to be, how it was influenced or even
controlled by the atmospheric state existing at earlier times. That is, we desire to learn
which fields and which locations at earlier times most profoundly determined how surface

pressure at the grid point of interest evolved.

Consider a J based on the control run at the final forecast time N which we will call Jy,
some function of Xy. If we changed this run’s initial conditions, we might conceivably alter
what the forecast aspect comes to be at that final forecast time. This would be an alternative
run, having its own forecast aspect J3. Or, say the control run’s surface pressure forecast is
known to be wrong, and we're interested in how that error came to be. That is, we wish to
track the error backwards in time, to other prognostic fields and spatial points. In this case,

our J5 would be the observed pressure at the aspect point.

In either scenario, we can define dJy = J§ — Jy, representing either the aspect difference
between two simulations or between control simulation and reality. As J is a function of
Xy, we can approximate dJy as AJy, defined using a truncated Taylor series expansion
about the control run state. Keeping in mind that the TLM variables x”lN approximate
the difference between the control and alternative fields, we can write the truncated Taylor

expansion as:
L

Ay = Zx”Na—J. (16.32)

I=1
(Recall that [ ranges over all M fields and I locales, as L = M x I.)

Thus, whether a particular field located at a particular point (i.e., zi¥) can affect the forecast

aspect (i.e., contribute to AJy) depends on two things: the existence of variation from its

control run value there (i.e., x”fv # 0) and, more importantly, the presence of any sensitivity

to that perturbation there (that is, % # 0). Naturally, if the sensitivity is zero, no pertur-
l

bation, of any size, can influence the final forecast at the grid point of interest. .. at least as

far as the linearized TLM and adjoint models are concerned. In contrast, if the sensitivity
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is huge then even a small variation could exert a very substantial effect.

The perturbation values z”}" at any time n can be obtained by an integration of the TLM for-
aJ

ward from perturbed initial conditions. The corresponding sensitivities, 7=, will be provided
!
by the adjoint model. As a shorthand, we will adopt the notation
0.J
=17, 16.33

which is interpreted as follows: 2} is the sensitivity of aspect J to model variable z; at time
n. So, as an example, say that J is the central pressure of the cyclone at final time N.
One of entries of Z}' represents the vertical velocity field at some grid point at time n. The
magnitude of the adjoint variable corresponding to that particular field and locale represents
the adjoint model’s assessment of how sensitive that final central pressure is to the vertical
velocity field at that time and place. If J has units of millibars, that particular adjoint

variable would be dimensioned millibars per meter per second.

Now it must be realized that AJy (or, more properly, dJy) is known information, at least
in this application. We've chosen our J and can be presumed to have both the control and
alternative datasets for time N at hand. Moreover, the right hand side of , applied
at the final time N, is also known. The TLM has already been integrated, yielding x” ;V for
all [ (fields and grid points combined).

More importantly, the sensitivities involved in (16.32)) are trivial, at least as far as the final
forecast time is concerned. For a forecast aspect also consisting of a single field at a single
grid point, the only way that any final time perturbation could instantaneously influence the
forecast aspect is if it were in the field that defines the aspect (e.g., pressure) and located
directly at the forecast aspect point. Thus, in this example, the only nonzero sensitivity at
final time NV is that owing to the aspect field at point itself. Indeed, that nonzero value is 1,

because the partial derivative of J depends only on itself there.

The key is to obtain the sensitivities representing earlier times. Owing to the coupled nature
of the equations, we can reasonably expect that as we move backwards in time, more and
more fields and locales could be contributing some influence towards the final forecast aspect.
It is the backward integration of the adjoint model that will yield these sensitivities. How is

the adjoint model constructed? This is the topic of the next subsection.

230



16.3.4 Construction of the adjoint

In this subsection, the following strategy is employed: First, we define the adjoint model in
a practical way, using a shortcut rather than a mathematically rigorous procedure. Then
the basis of the shortcut is examined. Finally, a neat manner, based on the forecast aspect
sensitivity already considered, in which the fidelity of the adjoint model may be assessed is

presented.

The adjoint to (|16.29)) is practically constructed in the following way. First, the matrix A,
is transposed and transported (not inverted) across the equivalence sign. Then the TLM
perturbation variable vector x” on either side is replaced with the adjoint sensitivity vector,
denoted x. That means there is an adjoint version of every degree of freedom in the TLM.
The adjoint variables in X are “initialized” at the control run’s final time, and are integrated
backward in time, perhaps as far as that run’s initial time. In other words, the TLM forecast

representation ((16.29)) has been transformed into:
" = ATgn (16.34)
where the superscript “T” denotes transposition.

Note does not really immediately follow from , not only because X is not x”,
but also due to the fact that A” % A~! (except perhaps in very simple cases). Thus, we are
not actually running the TLM model backwards. Instead, we are using the TLM formulation
of the original nonlinear model to create a new model — the adjoint model — that is designed
to be run backwards. Indeed, instead of using A,, to push us forward from time n to n + 1,
as we did in the forward integration of the TLM, we are now using the transpose of that
same matrix to draw our (adjoint) model backwards over that same time interval, from time
n + 1 to n. This is further illustrated in Fig. 1.

Recall that the adjoint variable X" at any given time n is simply the sensitivity of the
forecast aspect at that time, according to . Thus, the adjoint model takes the trivial
sensitivities defined at the control run’s final time and prognoses them backwards in time.
Note also that if we run the adjoint model backwards over the entire length spanned by
the forward model, then we have employed — in reverse succession — every matrix A, that
resulted from the forward integration. Thus, we have (and can exploit) the same transition

matrix formed in the forward procedure.

This is also illustrated in the following operation. Starting with (16.31]), the equation which

related the TLM states at the initial and final times via the transition matrix Py, and using
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TLM model (forward)
An-1 An

X n-1 X n X n+1

adjoint model (backward)
T T
An-1 An

Xn-1 Xn Xn+1

Figure 16.1: TLM model forward time stepping and adjoint model backward time stepping

the same strategy employed for , we create
%0 =Pix”. (16.35)
Noting this property of matrix multiplications
(abe)” = c'vlat,

it is seen that
T T T T
P :AO '..AN72AN71'

Thus, the same control-run dependent mappings that stepped the TLM forward in time are

used in reverse sequence to draw the adjoint model backward from the final time.

The basis of the adjoint model lies in what is termed the “adjoint property”, which may be
simply stated as:

(a,Lb) = (L"a,b). (16.36)
The parentheses indicate matrix multiplication (the inner product), the vectors a and b are

dimensioned L x 1 and the matrix L is L x L. The adjoint property essentially says this: A
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multiplication of the vector a by the vector resulting from the operation Lb yields the same
result as the operation which multiplies L7a by b. In the situations we will encounter, LT

is the transpose of L but in more general situations it is that matrix’s adjoint.

This property permits us to directly relate AJy with AJy. Using definition (16.33)) along
with the inner product notation, we can rewrite (16.32)) as

Ady = (&Y, x"™). (16.37)

Again, keep in mind that AJy is known and trivial. Still, since the final TLM model state
is directly related to the initial condition via the transition matrix Py, we can use ((16.31))

to rewrite the above equation as
Ady = (XY, Pyx"). (16.38)

Now the adjoint property (16.36)) can be used to move the transition matrix’s position within
the inner product:
Ay = (PLxY,x"). (16.39)

By (16.35)), though, this means we actually have:
Ay = ()”(O,X”O) = AJy. (16.40)

Given perturbations in the initial condition (x"), their effect on the final forecast aspect
is determined by the sensitivities (X°) at that time. Those sensitivities were drawn back
starting at the final time via integration of the adjoint model ((16.34]).

To recap, the summed product of the control run perturbations and adjoint sensitivities
at the final time (which was trivial) is equal to the summed product of the control run
perturbations and adjoint sensitivities at the initial time. This is even more general than
it might appear, since we can define the transition matrix as valid for any time interval

bounded by n and N where n need not be zero (the initial time). Thus, we can generalize

(116.39)) for any time n by writing

AJ = (X", x"™). (16.41)
In the above expression, the subscript on AJ is dropped because its temporal invariance has
now been established. This holds true whenever two time level discretization is employed.

Since AJ was trivial at the final time N, it necessarily follows that it is trivial at any and

every other time. This seems useless, but actually this characteristic provides a very useful
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gauge of the fidelity of the adjoint model. If one runs the TLM model forward and saves
those fields at every time step, then AJ values may be calculated at every step during the
adjoint model’s reverse integration. These values should not vary, at least to within roundoff
errorf Failure to preserve the temporal invariance of A.J indicates an inconsistency between
the TLM and adjoint modes exists.

16.3.5 An example

It is not always necessary to discretize the model’s time derivatives prior to forming the
adjoint model (at least when we confine ourselves to simple two time level schemes, that is).
To simplify the discussion, the notation will be changed a bit when this alternative solution
path is adopted. The example below comes from Lorenz and Emanuel (1998, JAS), though

the notation has been altered for convenience.

There is one prognostic variable, ¢, and the model domain consists of N gridpoints, indexed
with the subscript ¢. The partially discretized model equation predicting ¢; is

dg;
dt

= (O — o)l — ¢ + G (16.42)
= F[4], ¢4, 7 1,@ 2 G, (16.43)

where G represents a model forcing that is held constant with time and not varied from its
control run value. The perturbation value ¢” is evaluated via truncated Taylor series about

the control run values (indicated by the “C” subscripts and by ®) as:

Ao’ n OF o OF o OF o OF
— e Y g 16.44
dt (b ) 0(?”’0 z+1a¢z+1| _'_(b zfla(b?_l‘c—i_gb 1728(?7‘1 ‘C ( )

— _¢//n+¢//:l+1 1_|_¢//n [@;:—1 _@7;,_2] —Qb”n q:);l 5 (1645)

the second expression coming from evaluating the required partial derivatives. This is the

TLM. The control run values are indicated by the capital letters to simply the notation.

All of the RHS entries are computed at time n. The matrix version of the TLM for a very

small domain consisting of five points would look like this:

dy+1 —®; 0 ®; —(By—®y) | T ¢,

(5 — B5)  dp+1 — 0 ®, ¢,
®, (B, — @) d+1 —d, 0 ¢y | (16.46)

0 i (5 — By)  dp+1 — 4 ",

~®, 0 ®, (B — B3) dp+1 @'

3Running double precision on all reals on a Sun workstation, we have gained seventeen digits of accuracy
even for prolonged integrations.
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In the above, d; denotes the time derivative and all variables that appear are at time n.
Specification of boundary conditions was required; we presumed periodicity such that indices

0 and 5 represented the same point.

Now we take the transpose of the mapping matrix and replace ¢” with (13 Thus, the first
column in the matrix above becomes the first row. For the point ¢ = 1 this yields:
d . . . .
{% + 11 ¢1 — [P3 — 5] Py + Pagp3 — Pypps = 0. (16.47)
This is the adjoint equation for gridpoint ¢ = 1. Actually, all of the gridpoints would yield
a structurally similar equation, especially owing to the presumed periodicity. Generalizing
and rearranging this, we see the adjoint model is
do;
dt

It is noted this is Lorenz and Emanuel’s equation (8) (with a typographical error repaired).

= _¢? + ((D?Jrz - (I);L—1) ?+1 - (I)zT’L—H zT‘L+2 + (I)?—2¢?—1' (16-48)

16.3.6 An alternative strategy

As stated earlier, for models with a large number of grid points and prognostic variables,
the matrix A,, will be huge yet sparse. EV outline a strategy for constructing the adjoint
equations by hand, essentially by doing the transposition locally. This strategy works as
illustrated herein when two time level discretization is employed, and is similar to the path

taken by automatic differentiators. We first examine the Lorenz-Emanuel example.

In the EV strategy, we first identify every independent variable in the model TLM’s dis-
cretized RHS(s) that shows up at a given time step and grid point location. (The time
derivative is not yet discretized.) This therefore includes every prognostic variable at every
grid point and time level that appears on the TLM’s RHS. Later, when more complex prob-
lems are considered, model parameters that will be varied from their control run values will

also be identified. Adjoint variables will be created from all of these.

Then, as an intermediate step, each equation is converted into a set of adjoint equations.
In , the LHS ¢”, becomes the multiplier ngbZ for the adjoint equations’” RHS terms.
The RHS perturbation variables each create their own prognostic adjoint equation. In this
example, the TLM has only one variable at a given grid point, namely ¢”,. This creates the
adjoint term multiplier ¢7. The RHS independent variables are ¢, ¢" @', and @),
At this intermediate step, these generate four prognostic adjoint equations

dd; ddis1 ddi—y dois

dt’ dt 7 dt 7 dt
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Thus, for example, the ¢, , term in ((16.45)) yields the adjoint time derivative dd);f, the

RHS of which is the coefficient of ¢”,_, (namely ®? ;) multiplied by the adjoint version of

the LHS (namely gﬁz) When completed, this system of equations is produced:

di" — —or (16.49)
d%’;l — D" " (16.50)
Tl (@l -0l (16.51)
d%ﬁ — =" P (16.52)

Note in this simple example every adjoint multiplier on the RHS is (ﬁ?. This is because these
four adjoint equations came from a single TLM equation (with but one LHS, of course). The
backarrow is employed to indicate that the RHS term is added to an LHS equation that
may also have other terms. That would be more obvious in an example with more than one

equation, having common terms on the RHS.

I’'ve noticed that — at least under some conditions — these four equations thus created can
be condensed into the single equation (16.48)). This is done by taking the three equations
applicable to grid points other than point ¢ and mapping them to that point. So, (16.52)),

for example, becomes

dél n  on
at — =L 07

Each index ¢ was increased by two wherever it appeared. After this mapping, all four equa-
tions have the same LHS and the RHS terms can thus be aggregated. This yields the adjoint
equation previously presented in , without the intermediate steps of constructing and
transposing the matrix A,,. (Since I've not read this anywhere, keep a look out for places

where this strategy might fail.)

Once this remapping is completed, the adjoint model difference equations look rather like the
original equations they were constucted from. This makes applying the boundary conditions
(BCs) straightforward and easy, at least when the BCs are zero-gradient, periodic or solution-
specified. This remapping strategy makes proper implementation of BCs for diffusion terms
particularly easy. It is noted that this strategy does not appear to work when open radiation-
type boundary conditions are employed. (In fact, I have not gotten an open BC to work,

and it is possible it simply cannot work properly in reverse.)
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As the final step, the adjoint’s LHS has to be discretized. The same scheme that was used in
the nonlinear (and TLM) model is used, but simply run backwards in time. EV emphasize
that proper ordering in the adjoint model must be respected, and that for the reverse model
operations are executed in reverse. Thus, if the forward model performs the sequential
operations A — B — C, then the adjoint model executes the adjoint of those operations in

reverse sequence, i.e., from C - B — A.

It is noted that automatic differentiation software tools effectively skip this final step because
they differentiate the entire model difference code at once, including the temporal discretiza-
tion. This doesn’t make a difference when a simple two time level scheme is employed. Using
a three time level scheme (such as the leapfrog scheme) is much more complicated; see the
appendix of Talagrand and Courtier (1987, QJRMS) for a demonstration. The leapfrog

scheme is discussed in Sec. 9.3.9 below.

Actually, since the adjoint model never references the TLM perturbations at all (only the
control run information appears on the RHS), it is again emphasized that the TLM itself
never has to be integrated forward at all, unless one is performing the temporal consistency
check on AJ. The TLM was just used as an intermediate but necessary step in the con-
struction of the adjoint model. Typically, one desires to know the sensitivies at any given
time. In this situation, the perturbations applied at that time represent whatever it takes

to bring about desired result at the final time.

16.3.7 A more complex 1D example

Here is an equation with constant advection (at speed ¢,) and Rayleigh frictional damping

(at rate «), in differential and semi-discretized forms:

ou ou
5 = —Cm% — au, (1653)
CZ‘ n n n
= —E ['LLZ'Jrl — ui71:| — Oé'U/Z- . (1654)

In this example, the time derivative would again have to be discretized with the two time
level scheme because the sponge term is evaluated at time n. Of course, employing the
simple forward time scheme yields an unstable combination anyway, but serves the purposes

of demonstration.

The TLM version of the foregoing equation (using upper case symbols U, A and C,, to denote
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the control run values) is:

ou” B C:c n n C”x
o = aAg Wi W] = 5a

= UM ] — A — o0 (16.55)

A 7

The RHS contains three time-dependent independent perturbation variables (u”},;,u"} ;,

and u"}) as well as two temporally fixed model perturbation parameters (¢, and o). This

will result in five time-dependent adjoint variables.

Using the EV strategy, these five equations are:

afgf — —QCA’xsz;” (16.56)
8%;1 — 22”;121-” (16.57)
%i" — —Aug" (16.58)
Coi —ﬁ U, — U] a" (16.59)
& — UM (16.60)

Note that while the parameter perturbations are temporally fixed, their adjoint versions are

time-dependent. Since these parameters do not have an associated prognostic equation, the
way (16.59) and ((16.60)) are handled is different, as outlined below.

As before, equations ({16.56))-(16.58)) can be combined into a single equation:

aal Cl“ A~ n A~ n An
ot = E [ui—i-l — Uj—1 ] — AUZ . (1661)

The <« sign has been replaced since we're done building this equation.

16.3.8 Integrating the adjoint; the forecast aspect

To integrate the adjoint backwards in time, we first discretize the time derivatives using
the same (two time level) temporal discretization scheme employed in the forward direction
by the original nonlinear model (and the TLM) and then initialize the adjoint variables at

the “final” time. As the model parameters are not governed by prognostic equations, their
adjoints are simply summed across time. That is, (16.59)) and ((16.60)) are replaced with

- A At n n An
Coi = Cui — 5T [ i+l T Ui—l} U; (16.62)
& = & — AU (16.63)
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The old values of ¢, and & at each grid point are updated each time step.

Again, the details of the adjoint initialization at the final time depends upon the sensitiv-
ity one wishes to assess. No matter how J is formulated in the present example, AJ is

constructed as

nn // aj " aj
AJ = Z Za 7t g T | (16.64)

Because the partial derivatives on the RHS are, in fact, the adjoint variables by definition,

we can also write ((16.64]) as:
AJ = Z T4 e 4 o an] (16.65)

Since we’ve seen that A.J is trivial for a given specified J, it again follows that AJ provides
nothing more than that (very useful) model check. If this check is not needed, then the TLM

need not be integrated at all.

16.3.9 Using and coding the leapfrog scheme

Now we’ll touch upon using the leapfrog (LF) scheme in the forward and reverse models.
As a three time level scheme, its adjoint will be more complicated. For the forward model,
it is presumed that the LF scheme is started off from time ¢t = 0 with an “Euler” step with
stepsize At. This forward time, center space scheme is unstable but is only used for this first
step. Subsequent steps use the standard LF scheme and are of length 2At, “leaping” from

time levels n — 1 to n 4+ 1. The final step generates the forecast for time step V.

For this example, we’ll look at the TLM for just the advective part of (16.53), ignoring any
parameter variation for simplicity. Also, we’ll presume laterally periodic BCs are used and
have been applied when and where necessary. Thus, the equation we start with is:

ou” ou”
= C,—, 16.66
ot Ox ( )

where C, is the control run’s value for the advection speed parameter.

The initial condition (IC) for the forward model is placed in u”} for any or all i. The first

. 1 .
Euler step, forecasting u”;, is coded as:

CAt
u”il _ u//? . m |: ”?Jrl . u"?,l] . (1667)
For time steps n = 1,N-1, the standard LF is coded as:
n no1 CRL2At -, n
u//i +1 _ u//i 1 N [u//H_1 . u”z‘—l} ) (1668)
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Time step N — 1 concludes with the finished forecast representing time N.

To recap, the forward model code is structured as follows: First, the IC is specified. Then
the forecast for time n = 1 is made using the Euler scheme. Then subsequent LF forecasts

are made. In my manner of coding, after each LF forecast we ready ourselves for the next

time step by shifting the value from «”} into w7 and then the value of «"*" into 7.
The code might look like this:
c arrays used:
c hup(i) represents TLM u’’ field at time n+1
c hu (i) represents TLM u’’ field at time n
c hum(i) represents TLM u’’ field at time n-1
c ** for forward model we proceed hum -> hu -> hup
c CX is the advection speed
c DT is the time step
c DX is the grid spacing
c we’re starting at time=0
time=0
¢ first we put the initial condition into UM, which represents time O
hum(i) = IC I for all i
¢ forecast time is updated
time = time + dt
c first time step uses the Euler scheme (for all i)
hu (i) = hum(i) - dt/(2*dx)*CX*(hum(i+1)-hum(i-1)) ! line A
¢ now integrate subsequent steps using the LF scheme.
¢ we integrate from time steps 1 to N-1,
making forecasts for times 2 to N
do n=1,N-1,1
¢ forecast time is updated
time = time + dt
c forecasts for time n+l (stored in hup) are made (for all i)
hup(i) = hum(i) - 2*dt/(2xdx)*CX*(hu(i+1)-hu(i-1)) I line B
c now we set for new time step by remapping times (for all i)
hum(i) = hu (i) ! line C
hu (i) = hup(i) ! line D
hup(i) = 0. ! not really needed
c go on to the next time step
enddo

The adjoint model operates in reverse. The initial sensitivity is defined at time level n = N.
Time steps n = N —1 to 1, going in reverse, use the adjoint of (16.68]). The model concludes
by employing the adjoint of the forward model’s Euler step, (16.67)). Since the forward model

240



remaps the TLM time level arrays after each standard LF application, the adjoint model
will start every reverse time step doing the adjoint of the remapping first. Everything is

proceeding in reverse.

This brings us to the problem with using a three time level scheme like the LF for the adjoint
model. Note that takes information from the two time levels n and n-1 and uses it to
forge the forecast at time n+ 1. This is illustrated in the upper panel of Fig. 2. The adjoint,
proceeding in reverse, unravels this (as it were). The adjoint of will take information
at time level n 4+ 1 and push it back into to both times n and n — 1. Put another way, the
the n+1 time level was influenced by two prior times in the forward model, so in the reverse

model the n + 1 time influences two earlier times. See Fig. 2’s lower panel.

leapfrog in forward model (n=1...N-1)

|
n-1 n n+1

leapfrog in adjoint model (n=N-1...1)

n-1 n n+1

Figure 16.2: The leapfrog scheme in forward and reverse modes

Continuing on, the adjoint of (|16.68]) yields:

art o artt (16.69)
. 2At
ui+1 — Cx QAZL’UZ + (1670)
. 2At
N +(JIEui+1, (16.71)
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Note again that at this step, we’re placing information into @ at two different time levels. We
follow this procedure for n=N-1...1 (going in reverse, of course), with the final application

putting information into @] and @Y for all i. The program will conclude by applying the

adjoint of (16.67)), which is:

a) <~ a) (16.72)
. At
Uy —Capi—il; (16.73)
At
) p—h 16.74
u_, — +C AL i (16.74)

which finally combines all information into the final, concluding time level.

The coding example below utilizes the “line-by-line” strategy usually employed by automatic

differentiators. These programs take a forward TLM model code line like

A// — B// _|_ C(//
and convert it into

B = B+ A

C = C+A

A = 0.

The adjoint 1C is placed into A prior to running this code snippet. The ICs of B and C are

Zero.

now the adjoint code starts

arrays used:
dup(i) represents adjoint uhat field at time n+1
du (i) represents adjoint uhat field at time n
dum(i) represents adjoint uhat field at time n-1
x* for reverse model we proceed dup -> du -> dum

O 0o o o0 o o0

the time counter should be set to the final time from the forward run

we are presently at time step n = N, the final time

put the initial sensitivity into the adjoint into DU, here
representing the adjoint model at final time N

O o o o0

du(i) = IC ! for all i

c we’re ready to integrate backwards
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do n=N-1,1,-1 ! backwards from N-1 to 1

¢ update the forecast time
time = time - dt

¢ for each standard LF step, the forward model set the new time step
¢ mapping last, so for the adjoint we do it first -- for all i
dup(i) = dup(i) + du(i) ! these two lines are the adjoint
du (i) = 0. ! of line D from forward model
du (1) = du(i) + dum(i) ! these two lines are the adjoint
dum(i) = 0. I of line C from forward model

¢ now we do the adjoint of the standard LF -- for all i

¢ the forward model MAKES time n+1 from values at times n and n-1

c therefore the reverse model uses time n+l to PUT values into times

C n and n-1
dum( i ) = dum( i ) + dup(i) ! these three lines
du (i+1) = du (i+1) - 2*dt/(2*dx)*CX*dup(i) ! comprise adjoint of
du (i-1) = du (i-1) + 2xdt/(2*dx)*CX*dup(i) ! forward model line B

c we’re done for this reverse time step
enddo

the forward model did the Euler step first,

so the reverse model does it last
note in reverse model, each time step put values into TWO time levels,
the final time step finally ‘‘stitches’’ the two times back together

O o0 o0 o0

¢ update the forecast time -- we should be back to time = 0 now
time = time - dt

c the adjoint of line A yields, for all i

dum( i ) = dum( i ) + du ( i)
dum(i+1) = dum(i+1) - dt/(2*dx)*CX*du ( i )
dum(i-1) = dum(i-1) + dt/(2*dx)*CX*du ( i )

¢ and we’re done, the adjoint sensitivity at the forward model’s start
¢ time is in array DUM

c end of model

The chief disadvantage of the leapfrog scheme is that at any intermediate time between
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time levels NV and 0 one needs to combine adjacent times to construct a complete adjoint
sensitivity field. This is illustrated in Fig. 3 for the simple advection example we've been
considering. The grid depicted shows time levels and grid points. The adjoint is initialized
at time level N at a single grid point, designated 4 (i.e., 4¥). This is point indicated with

the white dot and labeled “0”. All other values at this time level contain zero values.

From -m we see that as we step from time NV to N —1, this IC causes information
to be placed into three time/space locales: into uf\_le and 47!, both at time level N — 1,
and into @~ "2 Since this is the first adjoint operation, this is labeled “1”. The light grey
dots so labeled identify the appropriate positions on the figure grid.

Now we move to the next time step, N — 2, in which — will be applied to each
locale bearing the label “1”. The time/space locales influenced in this operation are identified
as the dark grey dots labeled “2”. The time/space locale (i, N — 2) is being modified for the
second time, and so it bears both labels. Then step N — 3, representing the third operation,
is applied to all locales bearing the “2” marking. The IC’s influence has now spread to the

time/space positions labeled “3”.

The example ceases at this point, but two items must be addressed. First, note the staggering
that is resulting from this operation. It is clear that in order to retrieve a full intermediate
field, two adjacent time levels would have to be combined. Second, this temporal-spatial
separation isn’t finally cured or “congealed” until the very last LF operation, the Euler step.
It is that operation that finally stitches the odd and even time level fields together. This

illustrates a significant limitation that is not shared by adjoints employing two time level

schemes.
grid index
time level -5 i-4 -3 -2 i-1 i i+1 i+2 i+3 i+4 i+5
o
N O

O—0
O—@—O————
O &
00—

N-5

N-6

Figure 16.3: The adjoint leapfrog scheme, started with a single-point IC (point “0”. Labels on
other points show the steps that create and/or modify that particular time/space point.
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Chapter 17

Example applications

In this chapter, we describe example applications of an adjoint model, specifically motivated
by Fovell and Tan (2000, QJRMS; hereafter “FT00”). That study evaluated the performance
of a simplfied, parameterized moisture model in simulating 2D squall-line type circulations.
Their model was anelastic; herein, our forward model is based on the quasi-compressible
equation set. Using the compressible equations makes the adjoint model construction less

complicated.

The moisture parameterization obviates the explicit treatment of water substance and latent
heating and cooling. In particular, condensation heating is made conditionally proportional
to vertical velocity, and evaporation cooling is handled by a simple sponge-type term. Tra-
ditional “full physics” cloud models typically track at least three forms of water and possess
microphysical interaction terms that are tricky to handle in tangent linear and adjoint mod-
els. The simple parameterized moisture (PM) framework greatly facilitates construction of
the adjoint.

Naturally, the adjoint simulations will be of little to no value unless the PM model permits
reasonably realistic simulations. Indeed, we have used the adjoint to track the source of

deficiencies in the first-generation PM model and to suggest avenues of improvement.

17.1 The moisture parameterization

The PM framework (see Fig. 1) was described in detail in FT00. The chief effects of moisture
are parameterized through the inclusion of terms representing vapor-condensation warming

and liquid-water evaporation, labeled Q™ and ~, respectively. These terms appear in the
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Figure 17.1: Schematic model illustrating PM model implementation.

model’s perturbation potential temperature (') equation as

do’
= =Q"+Q". (17.1)

This perturbation is defined relative to a temporally and horizontally invariant basic state.

The evaporation cooling term, ()~, is treated as a shallow, lower-tropospheric cooling zone
dimensioned xj, X 25, in which air is continuously relaxed to the preset potential temperature
perturbation, 0. with a designated time scale 7.. The sink’s upstream edge is positioned
a small distance ¢ behind the storm’s gust front, subsequent to that feature becoming es-
tablished. As per usual, the model domain is translated in such a way as to keep the gust
front as stationary as possible, but in some cases domain-relative motion can still occur.
The cooling zone’s alignment relative to the front is examined every time step, and shifted

if necessary.

In the PM model latent heat release is made proportional to ascent velocity (w > 0) by
presuming air rises moist adiabatically within the “cloud”. The slope of the moist adiabat
in (0, z) space is v*, a predetermined, nonnegative function of height alone, so Q% is handled

as
Q" = 7" max(w, 0). (17.2)

The model subdomain in which v* is nonzero is termed the “unstable region”. As depicted
in Fig. 1, this region resides between the specified height levels z,, and z,. Further, the
unstable region stretches laterally rearward to the domain’s downstream boundary but its

upstream extent is truncated a small distance € ahead of the surface gust front’s position.
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FTO00 reported this truncation had virtually no effect on their simulations. As in FT00, both

6 and € are taken to be 5 km.

17.2 Model implementation

17.2.1 Basic model design

The model domain is 550 km wide and 21.2 km deep. The horizontal and vertical grid
spacings are Az = 1 km and Az = 250 m, respectively. In the quasi-compressible model,
the sound speed is treated as a free parameter, and typically discounted somewhat to permit

. simulations with larger values

larger time steps. The sound wave speed is set at 100 m s~
generated very similar results. The time step At is 0.5 s. Note that “time splitting”, the
approach that integrates acoustically active and inactive terms with different time steps, was

not adopted. We have chosen straightforward over efficient design at this time.

The model grid is staggered, using the Arakawa “C” grid. See Fig. 2 for the specific grid
arrangement and indexing convention employed. The upper and lower boundaries are rigid,
free-slip plates; the horizontal domain is periodic. Using periodic boundaries simplifies ad-
joint construction but is not realistic for the kind of circulations under examination. To
compensate for this, the domain has been made sufficiently wide to make the boundary

assumptions unimportant over the lengths of our integrations.

The modeling system has three components: the nonlinear and tangent linear models, both
integrated forward in time, and the adjoint model, operated in reverse (see next section).
Two independently implemented versions of the system have been created, one employing the
leapfrog method and the other using the Euler-backward scheme. Both schemes incorporate
second order centered differencing for spatial derivatives. The leapfrog approach is fast and
efficient but its three time level structure complicates implementation and fidelity assessment
of the adjoint model, as well as interpretation of that model’s intermediate results. These
are the strengths of the two-time level Euler-backward version. The Euler-backward scheme,
however, requires roughly twice the number of computations of the leapfrog approach and
also tends to damp high frequency signalsﬂ Because the model is compressible and not time
split, however, the modes of interest are actually quite slowly varying. Even for prolonged
integrations, the two versions yield virtually indistinguishable results, for both forward and

reverse integrations.

'Haltiner and Williams (1980), p. 134-35.

247



9", 0", 6p k+1

A w (k+1)
Az 9',0" 0p K
Y w (k)
6|, eu’ ep k_1

Figure 17.2: Staggered grid employed by the forward and adjoint models.
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For the moisture parameterization, the moist adiabatic slope ~, is defined at the w locations
at the top and bottom of each grid box. In the nonlinear forward model, presuming a two

time level scheme is employed, ((17.2) is implemented at time n and spatial location i, k as:

At n * n *
j,k = o [max(wi,kJrlu O)’Yk+1 + maX(wi,lm O)’Yk:} . (17.3)
That is, the parameterized heating is calculated at the w locations and then averaged to the

grid box center where 6’ resides. Parameterized evaporation cooling is handled as
Qip=— (0% —0:) 7. (17.4)

within the spatially confined cooling zone.

17.3 Recapitulation

The full nonlinear model may be employed to make two distinct simulations, termed the
“control” and “alternative” runs. These may have have started with different initial condi-
tions (ICs) and /or parameter settings. The tangent linear model (TLM) is a modified version
of the fully nonlinear model that attempts to prognose and track the discrepancies between
the two nonlinear model runs. This model is obtained by taking the full model’s code and
linearizing it about a state provided by the control simulation using truncated Taylor series.
Thus, an approximation to the alternative run is obtained by combining the control and
TLM solutions. The accuracy of the approximation depends upon the importance of the

missing terms.

The adjoint model is subsequently obtained by transposing this TLM. In our work, the TLM

represents the intermediate step in adjoint model construction, and is mainly used to verify

that the adjoint is coded properly. Symbolically, wi;, @}, wiy and @} will represent w

variables from the alternative, control, TLM and adjoint solutions, respectively. In this case,

the variable identified is the vertical velocity at time n and spatial location ¢, k.

17.3.1 Implementing the parameterization in the TLM

The PM model’s discretized latent heating term ((17.3)) is a simple function of vertical velocity

QZk = Fy (ka-s-laka)
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making its TLM implementation quite simple. The TLM term is

/m afﬁ- n,aﬁl
At n mn .k
= o [ i k+1w;/k+17k+1 + Bz kw;/k%g] ) (17.6)

presuming that grid location (i, k) resides in the spatially truncated unstable zone. In the
first expression, the subscript C' indicates the term is evaluated for the control run. In the
second, the value of the indicator variable 8 depends upon whether ascent was present in

the control run at the given point and time:
o )1 ' >0
k1 0 otherwise.
The TLM version of (17.4]) is simply

Qly =~ (17.7)

presuming grid point (i,k) resides in the cooling zoneﬂ The position of the cooling zone may
shift with time if the control run’s specified domain translation speed fails keep the gust
front stationary. At a given time, this position is forced to be the same in the control, TLM

and adjoint models.

17.3.2 Adjoint implementations of the parameterization

Now we turn to the adjoint formulation. Starting with (17.6) and (17.7) the adjoint was
constructed by hand transposition in the following manner: First, the salient parts of the

TLM prognostic equation for 6”, using a two time level scheme and in coded form, is:
At ~
9//n+1 — elln 6]?_5_1 ;/272-1-1 + Bk,’ w;/272:| AtT_lelm (178)

Next, the TLM variables are replaced with their adjoint counterparts (designated here by

hats). This equation spawns the following three lines of code

At - .

M n—+1
Wi g1 2 zk+19k; Vi+1

wr n+1 *
W; k A ___5zkzk

7L

—1pn+1
i,k % _AtTC 92,k 9

2If the leapfrog scheme is employed, the 8’ and " values used must represent the past time step, n — 1
for stability.

)

250



where [ retains its previous meaning. Since the adjoint model is being integrated backward
in time, time level n+1 “preceeds” time level n. As in the forward model, these terms affect

the adjoint fields only in their respective, designated subdomains.

17.3.3 Verification of the TLM and adjoint

The control/TLM combination may fail to accurately reproduce the alternative run not only
owing to the TLM’s inherent approximations but also due to design and coding errors. Effort
was made to make sure the TLM was free of the latter error source. Then the verified TLM

model was used to vet the correctness of the adjoint model’s coding.

In the course of TLM model validation, the strictly adiabatic discretized model was examined
first. In this configuration, inherent TLM error arises solely due to the neglect of terms
beyond first order in the Taylor expansions. This truncation, however, affects only the
advection terms, and the missing terms themselves are no higher than second order. Indeed,

they are nothing other than easily identified TLM perturbation products.

We tested the adiabatic TLM model code by installing and temporarily reenabling these
missing terms. The output of this “augmented” model should track the discrepancies between
the control and alternative simulations to within roundoff error. This was found to be the
case, thereby validating the adiabatic TLM code itself. Naturally, the perturbation product
terms have to be excluded from the TLM since they cannot be written in matrix form, and

thus are not transposable for use in the adjoint model.

The PM model’s diabatic terms are first order but note (17.2)) is not differentiable at w = 0.
Thus, there is error beyond simple roundoff wherever and whenever the control and alter-
native simulation vertical velocities have different signs (as might happen if the updraft

boundary were slightly shifted between two nonlinear simulations, for example). A formula-
tion for (17.6) that is exact (to within roundoff error) is

At m

Q;’z = 5 [(max(u?zkﬂ + Wi, 0) — max(Wi 1, 0)) Ve

+ (max(w;), + w;y,0) — max(w;y, O))vﬁ (17.9)

)

but this is also not transposable. However, this formulation was used temporarily as a

checking and assessment tool.

For adjoint simulations in general, a control simulation must first be made and archived.

Those data are read back in reverse order during the adjoint integration. The adjoint in-
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tegration commences with the definition of a forecast aspect J that represents something
about the control run that one wishes to investigate further. For every prognostic field
and parameter in the forward model there is a corresponding adjoint variable assessing its

influence upon J. Thus, the adjoint variable w represents g—i|c, etc..

For adjoint validation runs, TLM forecasts are made and archived as well. These data are
used to calculate AJ, the sum of the products of the TLM perturbation and adjoint variables
accumulated for all fields and perturbed parameters over all grid points, at each time step
during the reverse integration. When a two time level scheme is employed, the AJ values so
calculated should be independent of time (e.g., Talagrand and Courtier 1987). In our tests
with periodic lateral boundaries, the Euler backward version of the model can preserve AJ

to seventeen digits when double precision is used for all reals.

It was already noted that the leapfrog version generates simulations that are almost indistin-
guishable from those issuing from the Euler backward model, for both forward and reverse
modes. For the leapfrog adjoint, however, inspection of intermediate results, for times falling
between the initial and final times, requires that adjacent time values be combined to yield

“whole” fields. This is a consequence of the leapfrog’s three time-level structure.

17.4 Control model simulation

We now examine a simulation made using the FT00 low CAPE sounding graphically depicted
on Fig. 1. The sounding, which was drawn from an earlier study by Garner and Thorpe (1992,
QJRMYS), is divided into three layers distinguished by stability. The figure also illustrates
the path taken by a parcel rising undiluted from the low-level mixed layer. This parcel’s
level of free convection is at height z,, taken to be 1 km. The maximum buoyancy of this
parcel (A,,= 3K) is realized at height level z,,, set at 7 km. Above this point, we presume
the parcel has run out of vapor to condense. Its equilibrium level would reside at z; = 9 km.
The CAPE for this hypothetical parcel is 400 J kg~!.

The initial horizontal wind profile (not shown) consisted of 9.75 m s~ of wind speed change
over the lowest 3 km, with zero shear farther aloft. In the shear layer, the vertical shear vector
points eastward, so we will refer to the west and east sides of the storm as the “upshear”

and “downshear” directions, respectively.

The cooling zone was 1.5 km deep and 45 km wide, with #,=-4.5K and 7. = 600 s. As

already noted, the model domain is translated in an attempt to keep the cooling zone and
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the cold pool it generates as stationary relative to the domain as possible. For this particular
simulation, the domain speed was 11.5 m s™! in the eastward (downshear) direction. As this
translation rendered the model storm effectively stationary, this value also represents the

storm speed.

The model was run for 9000 s, more than enough time for the storm to develop and attain
a statistically steady structure, at least in the vicinity of the convection. Figures 3 and 4
present control model fields spanning most of this integration period. The former depicts
vertical velocity w along with perturbation potential temperature §’. Figure 4 depicts storm-
relative horizontal velocity u and perturbation pressure p’. (Though these fields are from

the control run, note we’ve dropped the tildes from these symbols.)

It is seen that the cold pool is already well formed by 2000 s (Fig. 3a). Lifting of air at the
pool’s downshear edge (z &~ 270 km) has provoked a small amount of parameterized heat
release by this time. By 6000 s, the storm circulation evinces a mature organization which
has become statistically steady in the vicinity of the principal storm updraft. That feature
leans upshear with height, but is compact and relatively strong (Fig. 4b). Lower tropospheric
flow is accelerated upward and rearward (upshear) over the cold pool, whereupon the flow
splits into two principal branches, the front-to-rear (FTR) flow which continues rearward,
and the forward anvil outflow which overturns and spreads upstream of the storm. Beneath
the FTR flow, the rear inflow current is established, residing largely in the lower troposphere

above the spreading cold pool.

The environment responds to the initiation of convective heating by generating compen-
sating subsidence waves which propagate as gravity waves away from the main convecting
region in both directions. We will henceforth focus on the eastward-propagating wave which
moves through the storm’s upstream environment. The leading edge of this wave is marked
by low surface pressure (Fig. 4). Between this leading edge and the storm updraft, the hori-
zontal airflow has been accelerated towards (away) from the convection in the lower (upper)
troposphere. Uninterrupted positive buoyancy spans this region, concentrated in the middle
troposphere. This is a combination of in situ subsidence-induced warming and convectively

generated warming advected by the forward anvil outflow.

I relative to the do-

The downshear-progressing wave’s propagation speed is about 10 m s~
main, making for a 21.5 m s™! ground-relative motion. Following Nicholls et al. (1991), we
see this phase speed’s dependence upon H, the vertical dimension of the diabatic source it

is responding to, in the expression

NH
c:ﬁ—|—77 (17.10)
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potential temperature perturbation (shaded) and vertical velocity (contoured)

(a) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ .. 1=2000 sec )
t = 4000 sec
t = 6000 sec
| | | | 1= 8000 sec
-—_
250 ‘ ‘ ‘ 300
<<<  -4.500 -4.000 -3.500 -3.000 -2.500 -2.000 -1.500 -1.000 - .ioo (‘) .SLO 1.0‘00 1.5‘00 2.000 2500 3.000 >>>

Figure 17.3: Potential temperature perturbation (shaded) and vertical velocity (contoured; interval

2 m s 1) for the control run. Only a portion of the domain is shown.
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pressure perturbation (shaded) and horizontal velocity (contoured)
(a) ) ) ) ) ) ) ) ) ) ) ) ) __t=2000sec

<< -2.400 -2.000 -1.600 -1.200 -.800 -.400 0 .400 .800 1.200 >>>

Figure 17.4: As in Fig. 3, but for perturbation pressure (shaded) and storm-relative horizontal
velocity (contoured; interval 3 m s™1).
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where @ is the mean wind (9.75 m s~ above the shear layer) and N is the Brunt-Vaisala

I results

frequency (.004 in the intermediate stability layer). The expected ¢ = 21.5 m s~
when H is taken to be 9 km. This H is the depth of the layer in which diabatically generated

warming and cooling resides, in and beneath the main storm updraft (see Fig. 3).

17.5 Examination of forward anvil outflow strength with
the adjoint model

The adjoint model has been used to examine the dynamical precursors of the enhanced upper
tropospheric forward anvil outflow on the storm’s downshear side. The question asked here
is which fields and locations at earlier times had the most influence on bringing about and/or
determining the strength of the westerly forward anvil outflow at 6000 sec? This question is
addressed by a backward integration of the adjoint model, with a forecast aspect J defined
as being the wu field concentrated in the subsidence wave’s leading edge. Figure 5, which
provides a close-up view of the control run at 6000 sec, shows the aspect region is embedded

within the westerly forward anvil outflow, centered at a local westerly wind maximum.

As J is a function of u alone, the adjoint started off with non-zero sensitivity only in 4,
the horizontal velocity variable’s adjoint. The initial @ field in the aspect region was given
a maximum value of 1 and was smoothly tapered to zero over a region having horizontal
and vertical radii of 3000 amd 800 m, respectively, as depicted in Fig. 5. Using a smoothed

initial condition helps reduce noise in the ensuing backward simulation.

In this case, a positive AJ value would represent a further enhancement of the westerly
forward anvil outflow already present in the aspect region. Recall that AJ represents the
product of adjoint sensitivities and control run perturbations, summed over all model fields,
parameters and grid points. If at a given time the adjoint predicts positive sensitivity for
some field at some location, this suggests that placing a positive perturbation with respect
to the control run field there and then should result in subsequent enhancement of the
forecast aspect metric. A positive enhancement can also be obtained by applying a negative
perturbation to a field and location evincing negative sensitivity. In contrast, sensitivities
and control run perturbations with opposite signs would tend to decrease the westerly flow

the forecast aspect represents.

As an example, say the adjoint predicts positive sensitivity to the temperature perturbation

0" at grid point 4, k. Let’s further assume the control run had warming (6;, > 0 there. The
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adjoint is predicting that if one augmented the warming already present (i.e., specified a
positive 07, ), this would lead to a larger value of J later. If the control run had cooling at
that location instead, then decreasing the negative anomaly at that time would lead to an

subsequent increase in J.

17.5.1 Adiabatic adjoint run

Two backwards runs were made with the forward anvil J, excluding and including the
adjoint’s diabatic terms. Both were integrated for 3500 sec. Excluding the moisture pa-
rameterization terms renders the adjoint model strictly adiabatic. This simulation will be

examined first.

Figures 6 and 7 depict adjoint sensitivity fields (contoured) superimposed upon control run
fields (shaded) at 4000 sec, 2000 sec into this backward integrationf} It could be anticipated
that since the forward anvil outflow and subsidence wave were thermally driven that by
and large the sensitivity should become concentrated in the temperature field and backtrack
towards the actively convecting region as time rewinds. Although the sensitivity was ini-
tialized in the @ field, it was indeed very rapidly transferred into the temperature adjoint
field. Please note that the contour intervals employed for 4, p and w in Figs. 6 and 7 are

respectively 7, 25 and 50 times smaller than the interval employed for 0.

As expected, the bulk of the physically relevant sensitivity has stayed with the retrograding
subsidence wave. The temperature adjoint field (Fig. 6a) concentrates positive sensitivity in
the warmed air just behind its leading edge along with negative values located immediately
above. The former says that one way to make the aspect region’s westerly anvil outflow
stronger at 6000 sec is to intensify the warm anomaly located above x ~ 280 km at 4000
sec. The latter indicates that the subsequent outflow could also be enhanced by cooling the

neutrally buoyant air located above the warm anomaly.

These operations are sensible, both separately and jointly. Intensifying the already warm air
at the subsidence wave’s leading edge would make the horizontal buoyancy gradient across
that boundary larger, increasing the local generation of positive horizontal vorticity. As
depicted qualitatively on the figure, the circulatory tendency associated with this vorticity
generation would tend to encourage ascent in the warm anomaly itself as well as westerly

flow above and to the east of it. Cooling the air above the warm anomaly would have the

3Recall that an adjoint variable ¢? represents %' As J is dimensioned m s~!, then temperature adjoint

6 has units m s~ K1, for example.
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(a) 0' (shaded) and w (cantoured)

__initial U

<<< -4.500 -4.000 -3.500 -3.000 -2.500 -2.000 -1.500 -1.000 -.500 0 .500 1.000 1.500 2.000 2.500 3.000 >>>

(b) p' (shaded) and u (contoured) t = 6000 sec

-

T T LI
~

<<< -2.250 -2.000 -1.750 -1.500 -1.250 -1.000 -.750 -.500 -.250 0 .250 .500 .750 1.000 >>>

Figure 17.5: Close-up view of the control run at 6000 sec, showing location of initial adjoint @
sensitivity.
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(a) potential temperature perturbation and adjoint t = 4000 sec

250 ' 300
\ \ \ \ \ \ \ \
<<< -4.000 -3.500 -3.000 -2.500 -2.000 -1.500 -1.000 -.500 o] .500 1.000 1.500 2.000 2.500 >>>
(b) horizontal velocity and adjoint t = 4000 sec

250

<<< -21.00 -18.00 -15.00 -12.00 -9.00 -6.00 -3.00 0 3.00 6.00 9.00 12.00 >>>

Figure 17.6: Control (shaded) and adjoint sensitivity (contoured) fields at 4000 sec for the sub-
domain depicted in Fig. 5. (a) potential temperature field (contour interval .05 m st K~1); (b)
horizontal velocity field (contour interval .0075, nondimensional). Shown in panel (a) is the circu-

latory tendency implied by the adjoint sensitivity field.
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complementary effect of encouraging subsidence within the anomaly and westerly flow below
and to the east of its center. Both of these westerly enhancements at the present time
and place would reasonably lead to subsequent enhanced westerly flow in the aspect region

farther downstream.

Furthermore, note that the largest positive sensitivity resides about 1 km above the location
of the warmest air in the control run at at 4000 sec. The adjoint model is indicating that
shifting the present warm and cold anomalies closer together vertically — displacing the
cooled (warmed) locale downward (upward) — would also serve to enhance the subsequent
westerly outflow. This should indeed result because the buoyancy-induced outflows in this

case would be concentrated into a still narrower layer, and would thus be intensified.

In the horizontal velocity field (Fig. 6b), principal center of positive sensitivity is seen to be
located in the forward anvil outflow at the 8 km level above x ~ 280 km, where u values in
the control run are positive (westerly). The adjoint model is saying that if we increase the
westerly winds at the anvil’s leading edge at 4000 sec, this will result in stronger westerlies

at the forecast aspect region farther downstream 2000 sec later. This seems obvious.

For vertical velocity (Fig. 7a), the adjoint model is again indicating that increasing the
strength of the subsidence wave at the present time would lead to stronger westerly outflow in
the aspect region later. In the range 270 < x < 290 km, there is positive (negative) sensitivity
attached to areas presently experiencing upward (downward) motions. Comparison with Fig.
6a shows these adjoint sensitivities are in quadrature with the 6 field, and consistent with
eastward gravity wave phase propagation. Note some sensitivity has already reached into
the main convecting region. There are other features in the sensitivity field as well, but keep

in mind the overall magnitudes of w are extremely small.

The principal signature in the p field (Fig. 7b) is negative sensitivity in the middle tropo-
sphere, above the present surface low center. Perhaps lowering the pressure in the indicated
region would increase the horizontal pressure gradient force exerted on parcels located west
of it. This would accelerate the westerly flow in the forward outflow behind the subsidence
wave’s leading edge at the time depicted. Another interpretation has the adjoint model sug-
gesting that a deepening of the already present low pressure anomaly now would intensify
the anvil outflow later. As the storm’s total depth is constrained by the stable stratosphere,
this might encourage the westerly flow to be squeezed into a shallower layer and thereby

cause its intensification.

Figures 8 and 9 present the control run and adjoint sensitivity fields at 3000 sec. Again, the

260



(a) vertical velocity and adjoint
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Figure 17.7: As in Fig. 6, but for: (a) vertical velocity field (contour interval .001, nondimensional
); (b) perturbation pressure field (contour interval .002 m s~ mb~1).
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(a) potential temperature perturbation and adjoint
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(b) horizontal velocity and adjoint t = 3000 sec
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Figure 17.8: As in Fig. 6, but at 3000 sec. Temperature adjoint contour interval is .025 m s~1
K~1; for the horizontal velocity adjoint it is .005 (nondimensional).
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(a) vertical velocity and adjoint t = 3000 sec
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Figure 17.9: As in Fig. 7, but at 3000 sec. Vertical velocity adjoint contour interval
(nondimensional); for the perturbation pressure adjoint it is .001 m s~! mb~1)
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largest sensitivities of all are in the temperature field (Fig. 8a), and are especially concen-
trated in the warming near the subsidence wave’s present location. Also notable is the sig-
nificant negative temperature sensitivity located farther aloft. The cooling that was present
there in the control run resulted from parcels in the storm’s main updraft (compare with
Fig. 9a) overshooting their level of neutral buoyancy. Note that the forward anvil outflow
issues from, and is strongest within, the area between these sensitivity centers (Fig. 8b).
The adjoint model is again saying that anything that would serve to make these marked
temperature anomalies stronger and closer together now would result in enhanced westerly

flow in the aspect region later.

In addition to the expected positive @ sensitivity in the forward anvil, an area of substantial
negative sensitivity has appeared in the lower troposphere (Fig. 8b), straddling the gust front
located at x ~ 265 km. Across this zone, the storm-relative control run flow switches from
weak westerly behind the gust front to easterly ahead of it. The adjoint model is predicting
that the subsequent forward anvil outflow would be intensified if that easterly flow were
further enhanced (i.e., u” < 0). Weakening the westerlies behind the front are expected to

help, for reasons that are less immediately clear.

The w sensitivity in the main storm updraft (Fig. 9a) seems to be trying to shorten but also
expand that feature laterally eastward. KEither might help shift the cooling resulting from
overshooting towards the east. The negative sensitivity above x = 270 km may be attempt-
ing to stretch the subsidence wave’s downdraft westward. Taken together, these alterations
would sharpen the horizontal w gradients across the main storm updraft. The larger hori-
zontal vorticity this would represent would also be consistent with stronger westerly flow in

the anvil region.

The pressure adjoint field (Fig. 9b) suggests a similar interpretation now as at 4000 sec. One
cautionary note needs to be sounded, however. Significant sensitivity has now reached the
convecting region, rendering the adiabatic restriction questionable. The diabatic adjoint run

is examined next.

17.5.2 Diabatic adjoint run

Figures 10 and 11 present the sensitivity fields obtained at 3000 sec when the adjoint’s
diabatic terms were enabled. Inclusion of the cooling zone term in the backwards model had
but a very small effect on the results. The parameterized warming term, active within the

region indicated on Fig. 10a, exerted a much larger impact.
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Outside of the unstable region, the results for potential temperature adjoint (Fig. 10a) qual-
itatively resemble those from the adiabatic simulation. Enhancing the already present warm
and cold anomalies located above the unstable region would again subsequently drive stronger
westerly anvil outflow. The diabatic model, however, puts the largest sensitivity on the east
side of the main storm updraft, just inside the unstable region. This warming is colocated
with positive w sensitivity (Fig. 11a), suggesting that enhancing the updraft here (resulting
in diabatic heating) in the forward model would help increase J. This appears tantamount

to increasing the width of the main storm updraft.

Taken together, the u and w adjoints suggest inducing a clockwise circulation anchored
around z = 6 km above x = 271 km. This circulation would indeed encourage westerly
flow into the forward anvil. As noted above, the adjoint’s diabatic heating term drives the
ascending branch of the circulation. Beyond the unstable region’s east edge, the w and 0
sensitivities are in quadrature, likely suggesting eastward gravity wave propagation. The

point of largest negative pressure sensitivity resides near the center of this circulation.

Overall, the importance of the diabatic terms in the adjoint becomes clear. Since the west-
erly outflow is associated with the subsidence wave, anything that acts to strengthen the
latter encourages the former. As the wave itself was triggered by the convection, wave in-
tensification proceeds from convective enhancement. This means more storm updraft and
more diabatic heating within it. The adjoint model’s suggestion of a wider storm updraft
perhaps stands in part for an increase in the vertical mass flux. As more mass is transported
upward, more may be directed into the forward anvil, leading to a strengthening of the upper
tropospheric westerlies so long as the thickness of the outflow layer is not increased. Recall
the sensitivities above and beyond the unstable region appear to be encouraging a narrowing

of that layer.

17.6 Examination of the lower tropospheric storm in-
flow with the adjoint model

17.6.1 Background

FTO00’s study was primarily concerned with assessing the realism of the PM model, as re-
vealed through comparisons with traditional, or full physics, cloud model simulations. They
judged the PM model storms’ tendency to substantially and permanently enhance the up-

stream lower tropospheric inflow as unrealistic. This alteration, which commenced during
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(a) potential temperature perturbation and adjoint
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Figure 17.10: As in Fig. 8, but for the diabatic adjoint run. Temperature adjoint contour interval
is .03 m s~! K~1; for the horizontal velocity adjoint it is .005 (nondimensional).
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(a) vertical velocity and adjoint t = 3000 sec
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Figure 17.11: As in Fig. 9, but for the diabatic adjoint run. Vertical velocity adjoint contour
interval is .003 (nondimensional); for the perturbation pressure adjoint it is .0015 m s~! mb~1!)
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the storms’ organizational period and appeared in PM simulations made with both low and
moderate CAPE soundings, seemed excessive when comparison was made to model storms

created using full physics cloud models.

Figure 12, adapted from FTO00, shows mature phase profiles of ground-relative horizontal
wind taken 20 km ahead of the surface gust front position for three simulations which shared
the same initial wind profile (shown in solid black). The benchmark run (grey dashed
line) was created with the ARPYY full physics cloud model and Fovell and Ogura’s (1988,
JAS; hereafter “FO”) moderate CAPE sounding. The other two simulations employed PM
models initialized with a modified sounding (“FO-MOD”) based on the FO environment.
The potential buoyancy a lower tropospheric parcel would experience upon undiluted ascent
was discounted in this sounding to reflect the PM model’s formal lack of water loading and
dry air entrainment. The PM simulations gauge the effect of a model add-on FTO00 termed
a “convective sponge”, described below. The “basic model” run did not include this extra

term.

In all three simulations, the model storms have generated forward anvil outflows in the upper
troposphere. Mass continuity dictates some compensating inflow must exist at another level;
in the full physics simulation, it is confined to a relatively shallow midtropospheric layer,
centered at about 5 km. Left largely untouched relative to the initial state was the storm’s

primary inflow source, which is drawn from the lowest 3 km.

In the basic PM model simulation, however, storm-relative inflow was enhanced at all levels
beneath the forward anvil, with the maximum increase located very close to the ground.
This is a significant difference. The full physics model storm’s augmented inflow comes in
the form of dry, middle tropospheric air which might be expected to weaken the convective
intensity. In the PM model storm, in contrast, the maximum mass flux enhancement occurs

where the air’s potential buoyancy is largest.

Further, the magnitude of the enhanced inflow appeared large, and (again owing to mass
continuity) this was likely due to the very intense forward anvil outflow the PM model
storm supported. FTO00 suspected that the apparently excessive forcing driving the PM
storm’s anvil outflow reflected a fundamental deficiency in the parameterization. The trailing
region of a storm is typically warm in the middle to upper troposphere, resulting in the
establishment of general high pressure poised above the warmed layer. FTO00 judged this
warming was excessively large in the typical PM model simulation, making for a rather

pronounced cross-storm horizontal pressure gradient. This drove the intense westerly winds

4The University of Oklahoma’s Advanced Regional Prediction System.

268



Upstream ground-relative winds

(vertical sections taken 20 km ahead of line)

Initial profile
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Figure 17.12: Instantaneous mature phase vertical profiles of ground-relative horizontal wind,
taken at a location 20 km upstream of the surface gust front position. Also shown is the initial,
undisturbed wind profile. Profiles were taken from simulations from the full physics ARPS model
and also from PM model runs made without and with a “convective sponge” term. The FO-MOD
sounding was derived from Fovell and Ogura’s (1988; “FO”) initial environment, used in the ARPS
run. After Fovell and Tan (2000).

which comprised the storm’s forward anvil outflow. . . and indirectly brought about the rather

dramatically enhanced relative inflow below.

They then reasoned that the trailing region could become too warm because PM model
storm’s constituent convective cells never became starved of moisture as they propagated
through this portion of the storm. In full physics models, the cell updrafts soon cease
generating significant latent heating as they translate rearward. In the PM framework,
however, such heating continues as long as the updraft persists, and of course this heating
serves to maintain the updraft. In this manner, the warming can become uncharacteristically

large.

To address this, FT00 fashioned a “convective sponge”, an addition to the model 8’ equation
which relaxed positive temperature perturbations in the unstable region back to zero over
a relatively long time scale. This kludge was an attempt to suppress the trailing region
warming without unduly impacting the parameterized heat release in the main storm updraft.
As suggested by Fig. 12, the sponge did work to reduce the strength of the forward anvil
outflow, and so the compensating lower tropospheric inflow was correspondingly weaker in

the convectively sponged simulation.
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17.6.2 Further analysis

Subsequent intercomparison between PM and full physics model outputs suggested that the
discrepancies resided in the vertical structure, rather than simply in the magnitude, of the
compensating inflow. The salient difference is the location at which the enhanced inflow
occurs. Again, in the PM model, the maximum easterly induced flow resides near the model
surface and thus served to promote the inflow of parcels with large potential buoyancy. The
traditional cloud model (apparently invariably) places the inflow enhancement in the dry
middle troposphere. The convective sponge kludge didn’t really work because it still didn’t

concentrate the easterly flow into the “correct” layer.

Our understanding of the model inconsistencies was aided by inspection of ground-relative

perturbation horizontal velocity (u’grel) fields in place of the storm-relative plots typically

/

gret Held is obtained by removing both the initial sheared wind profile and

presented. The u
the domain translation speed from the full horizontal velocity field the model prognoses.
The storm-relative flow fields, in retaining the background shear, tends to obscure where

and why the inflow enhancement is occurring.

On Figure 13, the u’grel is superimposed upon the potential temperature perturbation field
for times in the control run ranging out to 9000 sec. Focusing on the storm’s upstream
side, it is seen that as the subsidence wave spreads away from the convection, its wake is
marked by westerly outflow (easterly inflow) in the upper (lower) troposphere. For most of
the extent between this wave and the convection, the maximum easterly inflow perturbation

is located close to the ground.

Now we examine Fig. 14, which presents rather typical results from a full physics multi-
cellular model storm. Enhanced inflow is indeed present throughout the lower and middle
troposphere on the full physics storm’s upstream side. Far from the storm, the maximum
inflow even resides near the surface as in the PM model simulation. Closer to the storm’s
leading edge, however, the enhancement has shifted to the middle troposphere, leaving the
ground-relative perturbations near the ground to be very small. A vertical profile taken
through this zone would look qualitatively similar to the full physics result presented in Fig.
12.

What does it take to shift the enhanced inflow layer into the middle troposphere, at least in
the vicinity of the convection? To address this question, two diabatic adjoint model simula-
tions were started at 9000 sec, both employing forecast aspects consisting of the horizontal

velocity field within a spatially confined zone residing in the enhanced upstream inflow. In
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potential temperature perturbation (shaded) and
ground-relative horizontal velocity perturbation (contoured)
(@ t = 3000 sec
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Figure 17.13: Potential temperature perturbation (shaded) and ground-relative horizontal velocity
perturbation (contoured; interval 3 m s=!) for the control run. For the latter, both the initial
sheared wind profile and the domain translation speed have been removed from the full u field.
The locations of the forecast aspects employed are also indicated (see text).
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potential temperature perturbation (shaded) and
ground-relative horlzontal velocity perturbatlon (contoured) t = 7560 sec

Figure 17.14: Potential temperature perturbation (shaded) and ground-relative horizontal velocity
perturbation (contoured; interval 1 m s~ between -7 and 2 m s™!) for a typical multicellular case
simulated by a full physics model (the ARPS model).

the first simulation, the aspect is placed in the lower troposphere; the second shifts the as-
pect to the middle troposphere. The initial aspect locations are shown in Fig. 13c. These

starting positions were suggested by Fig. 14.

For the lower tropospheric aspect, the question being asked here is what would it take
to decrease the strength of the easterly winds present at this level at this time? This is
tantamount to inquiring after the mechanism that would permit the layer of easterly winds
— which are needed owing to mass continuity anyway — to shift upward away from the
lower troposphere. Decreasing the easterly flow there corresponds to the encouragement
of a westerly perturbation. Recall that a positive AJ would indicate an enhancement of
the westerly wind, so we are looking for combinations of TLM perturbations and adjoint

sensitivities that would result in positive products.

It was again found that the sensitivity very quickly shifted into the temperature field which
subsequently dominated the sensitivity results for both simulations. Figure 15a shows the
temperature adjoint field at 5500 sec resulting from the lower tropospheric aspect. Negative
temperature sensitivity is seen concentrated in the middle troposphere, just upstream of the
storm’s leading edge. Thus, the adjoint model is saying that actively cooling the control
run storm at this location and time would subsequently result in weaker enhanced inflow

in the upstream lower troposphere, since the combination of a negative thermal alteration
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potential temperature perturbation and adjoint t = 5500 sec
lower tropospheric aspect started at 9000 sec

300
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Figure 17.15: Potential temperature perturbation field from the control run (shaded) at 5500
sec and the adjoint sensitivity (contoured) fields resulting from the (a) lower tropospheric and (b)
middle tropospheric forecast aspects identified in Fig. 13c. In (a), the contour interval is .2 m s~!
K=% in (b), it is .15 m s~ KL
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(cooling) with negative sensitivity yields a positive AJ. The shaded field reveals there is some
warming present within the sensitive region. Weakening this warming, or even instituting

local cooling here, would bring about the desired effect.

For the middle tropospheric aspect, we are interested in increasing the easterly flow since
that is consistent with elevating the enhanced inflow layer. Thus, we now look for TLM
perturbations and adjoint sensitivities that result in negative contributions to AJ. The
temperature sensitivity field at 5500 sec for this aspect is depicted in Fig. 15b. This aspect
puts positive sensitivity in the same place where negative sensitivity resided for the lower
tropospheric aspect. The two simulations are actually telling the same story: instituting
cooling in this area at this time would encourage easterly midtropospheric flow even as it
discourages such flow in the lower troposphere. In other words, the enhanced inflow layer
would be elevated from near the surface, where it resides in the control run, to the middle

troposphere, where the full physics model says it belongs.

Reinspection of Fig. 14 reveals there is indeed local cooling present at the leading edge
of the full physics model storm, something that is absent from its PM counterpart (Fig.
13). Analysis revealed that this cooling resulted from the lifting of stable air in the vicinity
of the main storm updraft. This air of middle tropospheric origin was compelled to rise
upon encountering the storm updraft. Although the two-dimensionality of these simulations
undoubtedly exaggerates this effect somewhat, the same phenomenon has been found to be
quite pronounced in three-dimensional model storms as well (not shown). Further analysis
indicated that the upstream modification could be interpreted, at least in part, as a gravity
wave response to heating — and cooling — occurring in and around the main storm updraft
(see, for example, Nicholls et al. 1991, in JAS).

The PM model is quite capable of handling the gravity wave response; what is missing is the
cooling. Thus, the flaw in the PM framework is that all ascending air in the unstable region
is presumed to be saturated thereby always yielding condensational warming. In actuality,
the gently rising air at the periphery of convective updrafts may represent stable air that is
and remains subsaturated on ascent, as demonstrated in Fig. 16. The left panel shows the
updraft emanating from the gust front located at x = 289 km is capped by chilled air. The
right panel contrasts this 6’ field with the equivalent potential temperature (6,) distribution.
0. is a nearly conserved quantity (apart from mixing), and thus provides an indicator of
the air’s level of origin. Most of the chilled air possesses small values of 6., indicating a

midtropospheric source.

Although the cooling resulting from this stable midtropospheric air’s displacement is small
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potential temperature perturbation equivalent potential temperature
(shaded/contoured) and vertical (shaded) and potential temperature
velocity (contoured) perturbation (contoured)
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Figure 17.16: Close up view of storm’s leading edge in a full physics ARPS model simulation. (a)
potential temperature perturbation (shaded/contoured) and vertical velocity (contoured, interval
2 m s~ !). (b) equivalent potential temperature (shaded) and potential temperature perturbation
(contoured, interval 1 K).

in magnitude and localized, it turns out to have a rather dramatic effect on the storm inflow
structure. A simple, if crude, “fix” to capture this cooling might be to presume that only
updrafts stronger than some small value wg > 0 should result in warming. That is, we

replace ((17.2)) with
Q" =" max(w, wy). (17.11)

In this way, the weak ascent (0 < w < wyp) on the updraft periphery will be strictly dry
adiabatic. Figure 17 demonstrates the impact of this alteration on simulations made using
FTO00’s anelastic PM model and the moderate CAPE FO-MOD sounding. The upper panel

!/

gret for an “unfixed” control run; the fields bear substantial resemblance to

shows 0" and u
those of the low CAPE control run we have been analyzing. For the lower panel, the wq
threshold was 1.5 m s™!. Note the elevated zone of weak cooling which has appeared just
upstream of the gust front and the impact this has had on the location of the enhanced
inflow. The result, while still imperfect, is very much improved. It is noted that low CAPE
environment was not amenable to this fix; even very small positive values of w, caused those

storms to perish.

It is telling that neither adjoint simulation placed sensitivity in the model storm’s trailing
region, at least by the time depicted in Fig. 15. To see whether any sensitivity would appear

there for an earlier time, the adjoint integrations were extended back to 3500 sec. Owing
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potential temperature perturbation (shaded/contoured) and
ground-relative horizontal velocity perturbation (contoured)
(a) original PM model
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Figure 17.17: Potential temperature and ground-relative horizontal velocity perturbation fields
from two PM model simulations, without and with local cooling in the vicinity of the storm leading
edge. For u'grel, the contour interval is 1 m s~! but only contours between -7 and 2 m s~! are

drawn. These simulations were made using FT00’s anelastic PM with the FO-MOD sounding.
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to their inherent approximations and limitations, adjoint simulations probably should not
be carried on too long. Thus, we started these sensitivity runs at 6000 sec, using the initial

forecast aspects depicted on Fig. 13b. We are essentially posing the same questions as before.

The temperature sensitivities resulting from these two aspects for 3500 sec are shown in
Fig. 18. In the vicinity of the storm’s leading edge, the fields are rather comparable to
those shown in Fig. 15. There is little sensitivity westward of the leading edge, and nothing
of the type or at the location we were initially expecting to uncovelﬂ In this application,
the adjoint model proved to be a useful tool in disproving one hypothesis, suggesting and
proving another, and leading to an improvement of both the PPM model framework and our

understanding of convective storms.

5The sensitivity farther upstream is from transients associated with the abrupt model startup and appear
to be dynamically unimportant.

277



potential temperature perturbation and adjoint t = 3500 sec
lower tropospheric aspect started at 6000 sec
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Figure 17.18: As in Fig. 15, but for 3500 sec. These adjoint runs were started at 6000 sec, using
the (a) lower and (b) middle tropospheric forecast aspects depicted on Fig. 13b. In (a), the contour
interval is .15 m st K=1; in (b), it is .1 m s7! K1
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Appendix A

Justification of (5.8) and (j5.9)

For the leapfrog scheme, the change function had two roots:

AL = V1—a?—ia
A = —V1—a?—1ia.

For the negative (—) root, the polar form is
A= —|\|e-,

with 6_ defined as in (5.7) using the — root components of A:

a
V1 —a?

For the leapfrog scheme, |A| = 1. Thus, we obtain:

0_ = arctan = arcsin(a).

A — _ei9,
= —cosfO_ —isinf_

= — coslarcsin(a)] — isin(arcsin(a))

= —V1—a?—ia,
yielding the required expression. The latter expression was obtained because
coslarcsin(z)] = V1 — 22
holds. Since e™ = —1, we can also write:

P 6i(9_+7r) )
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For the positive root, the polar form must be

Ay = |A|e+
with
0, = arctan —
= arcsin(—a)
= —arcsin(a).
Note that §_ = —6,, and again |A| = 1. Therefore,
)\+ = 6i9+

= cosf; +isinf,
= cos|— arcsin(a)| — isin(arcsin(a))

= V1—a?—1a,
which is what we wanted. The latter expression employed

cos|— arcsin(z)| = cos|arcsin(z)] = V1 — 22

Since §_ = —60,, we can write both expressions in terms of §_, and drop the subscript on 6.
This is how the equations were presented in ({5.8]) and ([5.9)).
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Appendix B

Formulation of the TLM with
Gateaux differentiation

B.1 Explanation

The more mathematically involved approach utilizes Gateaux (G-) differentiation, a general
method of which Taylor series expansion is a special case. In this approach, we first rewrite
the model equation (|16.1]) as

N(u,a) = — — Fy(u,a) = 0. (B.1)

ot

At this point, all we’ve done is to define a function N which is zero because of the property
of the model equation. For the control run, the function is N(uc(z, 2,t), ac), while for the
TLM version of the alternative simulation it is N(uc(z, z,t) + u”(x, 2,t),0c + o). The

Gateaux expansion of the latter about the former yields
N(uc +u",ac+a") — N(ug,ac) = VN + h.o.t., (B.2)

where again the higher order terms will be neglected. The expression VN on the RHS is
specified by:

d
VN = d—N(uC + eu”, ac + ed”)|e=o = 0, (B.3)
€

where € is a small number. In this particular application, V N=0 because both N(u¢,ac)

and N(uc + v, ac + o) are zero separately by definition in (B.1)).

The above came from the problem of finding the extremum of a functional, which in this

case is N(uc+eu”, ac+ea), via the Euler-Lagrange approachﬂ To proceed, we first replace

!Chan Man Fong et al., Advanced Mathematics for Applied and Pure Sciences, 1997, p. 748.
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N(uc + eu”, ac + ea”) with the model equation on the RHS of (B.1)), yielding

"
VN:i O(uc + eu”)

I 5 — Fy(uc + eu”, ac + eo/’)} le—o = 0.

Now the bracketed term is differentiated with respect to €. In the F, term, the simplfying

substitutions u; = u¢ + eu” and a; = a¢ + e’ are used in the sequence below:

r "
VN = %—MC; ') —%Fuwl,al)} oo
_[ou" O0F,0u;  OF,0m
Ot Oup O Doy Oe ] le=o
[ou”  , 0F, L, OF,
— o —u 8_1“_&8041%5:0'

Finally, the expression is evaluated at e = 0, at which point u; becomes uc and a7 becomes

¢, yielding: .,
ou ,OF,

OF,
ot " ou

VN =
oo

|C—CE |C:0-

Recognizing that VN = 0 in this case, we can rearrange the expression and see it is the
same TLM that was (naively?) constructed via truncated Taylor expansions:

ou”" ,OF, ot o OF, |
= U (8]
ot ou ¢ da ¢

(B.4)

B.2 A simple example

As an demonstration, the foregoing is applied to the differential equation embodied in ([16.9)).
This starts off with:

N(u,«) :%—l—auzo,

where here F,(u,a) = —au. Note that 88% = —a and %% = —u. For the control run,

u = uc and a = a¢, so the partial derivatives evaluated for the control run are

8Fu| OF, |
= —ao, —|oc = —uc.
Now we define
O(uc + eu”)

N(uc +eu”, ac + ea”) = + (ac + €d”)(uc + eu”) = 0.

ot
The G-differential V' N in this case is

d
VN = 2 [N(uc + eu”, ac + €a”)] |e=o = 0.
€
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Substitution of our example model equation into the above and differentiation with respect

to € yields: .
VN = % {W + (ac + ed”)(ue + eu”)} le=0 = 0,
then P
VN = [ 8ut + o [acuc + eacu” + ed"uc + GQuHO‘”}} =0 = 0,

and finally, after dropping perturbation products (the approximation sign is implied), we

end up with

"

ot

The last term in the bracketed expression disappears when the expression is evaluated at

VN = [ + act” + o"ue + 261/’0/’] le—o = 0.

e = 0. After this is done, we see we have

au//
pr + act” + a"uc = 0.
Note that from the foregoing, acu” = —u”%k and o"uc = —a”%% ¢, so what we actually
have is (after rearrangement):
ou"  ,0F, 2 OF,

o =~ au et g les
the same TLM that Taylor series would have produced.
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