424

MONTHLY WEATHER REVIEW

PAuL SPAETE
Space Science and Engineering Center, University of Wisconsin—Madison, Madison, Wisconsin

DonNALD R. JoHNSON

Space Science and Engineering Center and Department of Atmospheric and Oceanic Sciences,
University of Wisconsin—Madison, Madison, Wisconsin

Topp K. SCHAACK
Space Science and Engineering Center, University of Wisconsin—Madison, Madison, Wisconsin

(Manuscript received 23 February 1993, in final form 10 September 1993)

ABSTRACT

Using data generated from a model simulation, the exchange of mass between the stratosphere and the tro-
posphere is estimated for the Presidents’ Day storm during a 24-h period beginning at 1500 UTC 18 February
1979. This 24-h interval coincided with a strongly developed tropopause depression and the onset of explosive
surface cyclogenesis. The initial part of the study consists of identifying a surface of isentropic potential vorticity
(IPV) to represent the tropapause. The 3.0-IPV-unit surface is chosen since the pressure distribution on this
surface closely matches the tropopause pressures reported by radiosonde stations. The IPV surface portrays the
depression of the tropopause associated with the polar-front jet and trough system accompanying the baroclinic
amplification of the Presidents’ Day storm. )

Using a quasi-Lagrangian transport model, stratospheric—tropospheric mass exchange is estimated for
the region including and immediately adjacent to the tropopause depression. The estimated mass transport
from the stratosphere to the troposphere for the 24-h period is 5 X 10'* kg. The transport from the tropo-
sphere to the stratosphere is 2 X 10'¢ kg yielding a net transport across the tropopause of 3 X 10 kg from
the stratosphere to the troposphere. These results are confirmed by a second, independent model
simulation.

The mass transport from stratosphere to troposphere across the 3.0-IPV surface coincides with descend-
ing air, often referred to as the ‘‘dry airstream,’’ arcing counterclockwise around the polar-front jet and
trough system from northwest to east. Reverse transport from the troposphere to the stratosphere occurs
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northeast of the depression and agrees with trajectories of air parcels within the end region of rising

‘‘conveyer belts.”’

1. Introduction

The intense cyclone development along the mid-
Atlantic coast on 18—19 February 1979, known as
the Presidents’ Day storm, was accompanied by a
pronounced depression of the tropopause (Uccellini
et al. 1985). The depression occurred in conjunction
with an eastward-propagating polar-front jet stream
and trough. These systems and the accompanying
tropopause depressions have been identified as im-
portant centers of exchange between the stratosphere
and troposphere (Staley 1962; Reiter 1975). Despite
the recognized importance of these systems, only a
few quantitative exchange estimates exist in the lit-

Corresponding author address: Dr. Paul Spaete, Space Science
and Engineering Center, University of Wisconsin—Madison, Mad-
ison, WI 53706.

© 1994 American Meteorological Society

erature (e.g., Reiter and Mahiman 1965; Reiter et al.
1969).

The synoptic and dynamical aspects of the Presi-
dents’ Day storm have been extensively studied by nu-
merous investigators (e.g., Bosart 1981; Bosart and Lin
1984; Uccellini et al. 1984, 1985). Additionally, nu-
merical simulations of the storm have been conducted
in order to more precisely identify processes occurring
during development (e.g., Atlas 1987; Uccellini et al.
1987; Whitaker et al. 1988).

Using simulated data from the Mesoscale Analysis
and Simulation System (MASS) numerical model dis-
cussed in Whitaker et al. (1988), the present study first
identifies the tropopause using an isentropic potential
vorticity (IPV) criterion and then estimates the mass
exchange between the stratosphere and the troposphere
across this surface. Transport is investigated using the
diagnostic model of Wei (1987) applied within a quasi-
Lagrangian reference system. Wei’s diagnostic model



MaRrcH 1994

has been used previously by Hoerling et al. (1993) to
estimate global transport. The present study represents
an initial attempt to apply the diagnostic model to a
moving system of limited scale. Emphasis will be
placed on the determination of an appropriate value of
IPV for defining the tropopause and on the estimation
of the stratospheric—tropospheric mass exchange as-
sociated with the storm.

A description of the methodology is presented in sec-
tion 2. Section 3 contains a description of the numeri-
cally simulated storm. The procedure for determining
the tropopause surface is discussed in section 4. Atten-
tion is given to specifying an IPV surface on which the
correlation between the IPV-determined tropopause
pressures and the radiosonde-reported tropopause pres-
sures is maximized within the model domain. Section
5 will discuss the mass exchange between the strato-
sphere and troposphere using Wei’s diagnostic model
applied within a quasi-Lagrangian reference system
moving with the tropopause depression accompanying
the rapidly propagating polar jet (PJ)-—trough system.
The results of the study are summarized in section 6.

2. Methodology

Uccellini et al. (1987) and Whitaker et al. (1988)
employed the MASS numerical model for studies of
the Presidents’ Day storm. The model grid consisted of
32 equally spaced sigma levels bounded vertically by
the earth’s surface and 100 mb within a 128 X 96 hor-
izontal gridpoint array having a constant separation of
58.5 km. The present study is based on the Whitaker
et al. (1988) simulation, which was able to successfully
depict the evolution of the tropopause depression and
surface system.

For this study, the model-simulated data had been
interpolated vertically to 38 isentropic levels with 4-K
vertical resolution from 248 to 396 K. Horizontally, the
model results had been interpolated to a 0.5° latitude—
longitude grid with 43 rows and 85 columns, bounded
on the north and west by 50.0°N and 107°W: Additional
processing of the data was completed at the University
of Wisconsin to produce a consistent isentropic dataset
extending down to 220 K.

Wei (1987) developed a diagnostic mode! in which
transport across the tropopause is regarded conceptu-
ally as transport across a parametric boundary (Johnson
1977). Wei’s transport model is designed to work with
any continuous surface representing the boundary be-
tween the stratosphere and troposphere. In this study,
isentropic potential vorticity will be used to define the
tropopause surface, and field quantities will be inter-
polated to this surface from isentropic coordinates. The
estimate of mass transport across the tropopause in this
study uses a modification of Wei’s diagnostic model
appropriate for a quasi-Lagrangian reference system
moving horizontally with the tropopause depression
(Johnson and Downey 1975). In this quasi-Lagrangian
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system, the mass transport through the tropopause is
expressed as

dg 60

F(p) = pfe[jdj Tt (U - W)'Vaoa] > (1)

where (Q, represents the tropopause surface, pJ;
= —g~'8p/68 is the hydrostatic isentropic mass den-
sity, W is the horizontal velocity of the point of highest
pressure on the IPV surface defining the tropopause
depression, and 68/61p, is the quasi-Lagrangian ten-
dency of potential temperature on the tropopause sur-
face.

As discussed in Wei (1987) and Hoerling et al.
(1993), the mass transport through the tropopause is
determined as the sum of three processes on the right-
hand side of (1). From left to right, these processes
involve 1) diabatic heating, 2) the quasi-Lagrangian
tendency of tropopause potential temperature, and 3)
the quasi-Lagrangian advection of potential tempera-
ture along the tropopause. The evaluation of (1) re-
quires specification of zonal wind u, meridional wind
v, potential temperature §, mass pJ,, and diabatic mass
flux pJé, on the tropopause surface. The diabatic mass
flux is first computed on isentropic levels through ver-
tical integration of the isentropic mass continuity equa-
tion as discussed in Schaack et al. (1990). The diabatic
mass flux and other parameters are interpolated from
isentropic surfaces to the IPV-defined tropopause as-
suming a linear variation with p* (x = R/C,).

Processes corresponding to those on the right-hand
side of (1) would also be present in an Eulerian system.
Formulating the transport computations within a quasi-
Lagrangian system may seem to add an unnecessary
degree of complexity. However, the purpose of this
study is to isolate the relative transport associated with
the moving PJ—trough system. The most practical way
to accomplish this is to use a computational domain
moving with the tropopause depression. Additionally,
quasi-Lagrangian calculations are more consistent with
the many studies of airstreams associated with extra-
tropical cyclones (e.g., Carlson 1980; Kuo et al. 1992).

The transport estimates derived from (1) are based
on the implicit assumption that stratospheric and tro-
pospheric air parcels crossing the tropopause are in-
corporated into the tropospheric and stratospheric por-
tions of the atmosphere, respectively. With this as-
sumption, estimates derived from (1), which are based
on time scales of a day and evaluated over limited ar-
eas, represent upper bounds for actual exchange.

The IPV is computed according to

IPV = —g(f+ cg)(g%)_l , (2)

where (g is the relative vorticity on an isentropic sur-
face and fis the Coriolis parameter. Wei’s transport
model requires that the surface used to represent the
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tropopause must be a single-valued function of (x, y).
To satisty this condition, a vertical distribution of IPV
surfaces is constructed as follows. When a given value
of IPV occurs at multiple locations within a vertical
column, the IPV surface is assigned to the location hav-
ing the lowest pressure (highest elevation). With this
procedure, a folded IPV surface is replaced by a steeply
sloping surface on a discrete data grid according to the
schematic in Fig. 1. The resulting IPV distribution
within the upper troposphere and lower stratosphere
becomes a monotonically increasing function of height;
a redefinition that is analogous to the treatment of is-
entropic surfaces in the presence of superadiabatic lay-
ers. The tropopause is then represented by the IPV sur-
face determined to best depict a boundary between the
troposphere and stratosphere.

Another condition imposed in identifying the tro-
popause pressure is that the tropopause must occur at
least 150 mb above the earth’s surface. This precludes
definition of a tropopause surface from high values of
IPV associated with boundary-layer temperature inver-
sions or from the strong cyclonic vorticity within the
extratropical cyclone’s low-level circulation.

Transport through an IPV surface implies sources
and sinks of potential vorticity. Following Hoerling et
al. (1993), with modifications for a quasi-Lagrangian
system, the relationship between F(p) and IPV sources
and sinks is now discussed. The derivative of potential
temperature in a quasi-Lagrangian system with coor-
dinates (x, y, Q, t), where Q denotes a constant IPV
surface, is given by

dg 66

E;‘—‘%-F(U—W)‘VQO“FQ

a0
80"
Multiplication of (3) by pJ, and substitution into equa-
tion (1) yields

(3)

F(p) = pJoQ, (4)

where Q represents “‘vertical motion’” with respect to
the IPV coordinate surface and pJ, = — g '9p/dQ is
the hydrostatic mass density per incremental volume
element (AxAyAQ) within the IPV coordinate frame-
work discussed above. The preceding steps verify that
the cross-tropopause transport F(p) determined from
(1) is equivalent to the mass transport due to IPV
sources and sinks.

3. Model simulation of storm

The Presidents’ Day storm is briefly discussed using
analyses of Montgomery streamfunction and isotachs
on the 312-K surface (Fig. 2) and cross-sectional anal-
yses of potential temperature and IPV for selected times
(Fig. 3). The bold dark lines on the 312-K analyses in
Fig. 2 identify the locations of the cross sections. The
feature of greatest importance in this discussion is the
eastward propagation of the PJ—trough system and the
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Fi6. 1. Schematic illustrating the procedure used to redefine a
folded IPV surface (dashed line) on a discrete grid. Solid line indi-
cates the redefined surface, while vertical and horizontal grid points
are denoted by crosses.

accompanying high IPV values. A more detailed dis-
cussion of the mesoscale simulation, including surface
analyses, is presented by Whitaker et al. (1988).

At 1200 UTC 18 February 1979, the initial time of
the model simulation, a trough axis is located just west
of the Mississippi River (Fig. 2a). An associated polar-
front jet is centered over South Dakota and Nebraska
with maximum wind speeds exceeding 40 m s ™! on the
312-K surface. The vertical cross section along the axis
of the PJ—trough system at this time shows a potential
vorticity maximum extending downward in the vicinity
of an upper-tropospheric frontal zone (Fig. 3a). At the
surface, an inverted trough is orientated along the Mis-
sissippi and Ohio River valleys (not shown).

By 0000 UTC 19 February (Fig. 2b), the polar-front
jet is located near the base of the trough over western
Kentucky. Maximum winds now exceed 50 m s ™' as
the upper-tropospheric frontal zone strengthens, while
the region of high IPV continues to display a downward
extension in the vicinity of the frontal zone. A closed
surface cyclonic circulation develops east of South Car-
olina in association with a coastal trough (not shown).

During the next 12 h, the PJ~trough system and as-
sociated values of high IPV propagate into the region
of the East Coast extratropical cyclone. This coincides
with the initiation of explosive surface development.
During the remaining 12 h of the model simulation,
between 1200 UTC 19 February and 0000 UTC 20
February, the trough on the 312-K surface propagates
off the East Coast as explosive surface development
continues.

In addition to the polar-front jet, a particularly in-
tense subtropical jet occurs within the model domain
during the first portion of the simulation (Fig. 2). Ini-
tially, the axis extends along the central Mississippi
Valley, through the Ohio Valley, and over the Atlantic
Ocean east of New York. Strong anticyclonic shear is
present south of the axis. As the simulation progresses,
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FiG. 2. Analyses of Montgomery streamfunction (10° m?

s72) and isotachs (m s ') on the 312-K isentropic surface

at (a) 1200 UTC 18 February, (b) 0000 UTC 19 February, (¢) 1200 UTC 19 February, and (d) 0000 UTC 20 February
1979. Isotachs less than 40 m s ' are not shown. Bold straight lines indicate the location of cross sections in Fig. 3.

the jet axis moves off the East Coast and the anticy-
clonic shear decreases over the model domain.

4. Determination of the tropopause surface

A uniquely defined boundary separating the strato-
sphere and troposphere is required to calculate
exchange between the two regions. A traditional
method for determining this boundary, still used in ra-
diosonde station reports, is based on defining the tro-
popause through a specified lapse-rate discontinuity.
However, such a criterion has been shown to produce
ambiguities in the vicinity of jets and upper-level fronts
(Reiter 1975).

Investigations have suggested that better spatial and
temporal continuity is possible using a surface of con-
stant IPV to define the tropopause (e.g., Reed 1955;
Danielson and Hipskind 1980). However, the appro-
priate value of IPV is uncertain. This concern may be
particularly important when using model results due in
part to the effects of model resolution. The report on
the Global Ozone Research and Monitoring Project
(World Meteorological Organization 1986) suggested
a value of 1.6 X 107® K m*> kg ™' s~ (subsequently
referred to as 1.6 IPV units), which was inferred from
time and zonally averaged cross sections of IPV and
potential temperature. However, Hoerling et al. (1991)
found that values between 3.0 and 4.0 IPV units yielded

the most realistic tropopause pressure analysis for Jan-
uary 1979 using the European Centre for Medium-
Range Weather Forecasts (ECMWF) global analyses.
Considerable effort is now given to determining the
value of IPV most appropriate for representing the tro-
popause.

As afirst step, an assumption is made that tropopause
pressures reported by radiosonde stations lying within
the model domain provide the standard against which
the pressures on IPV surfaces determined from the
model data can be judged. The pressures on IPV sur-
faces at model grid points nearest the station locations
are compared to the reported tropopause pressures at
1200 UTC 18 February, and 0000 and 1200 UTC 19
February for surfaces within the range of 1.5-4.0 IPV
units. This interval encompasses the 1.6 IPV units sug-
gested by the Global Ozone Research and Monitoring
Project (World Meteorological Organization 1986)
and the range of 3.0—4.0 IPV units, which Hoerling et
al. (1991) found to be most realistic for January 1979
from ECMWEF data.

Stations are excluded from this comparison if they
are within the region of the PJ—trough system where a
unique specification of the tropopause from radiosonde
reports is often difficult. This exclusion ensures that
erroneously reported station tropopause pressures do
not affect the choice of an IPV surface to represent the
tropopause. Due to the quasi conservation of IPV for
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FiG. 3. Cross sections through PJ—trough system at (a) 1200 UTC
18 February, (b) 0000 UTC 19 February, and (c) 1200 UTC 19
February 1979 depicting isentropes (K, dashed), potential vorticity
(107 K mb~' s, thin solid), and isotachs [(a) and (b) only;
m s~!, heavy solid] (reproduced from Whitaker et al. 1988). Loca-
tions are indicated by bold straight lines in Fig. 2. Note that due to
differences in the definition of IPV, values in these cross sections are
approximately a factor of 10 larger than the IPV used in this study
as defined by Eq. (2). ‘
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stratospheric air passing from undisturbed regions into
the PJ—trough system, the value of IPV found to define
the tropopause in the undisturbed regions is then used
to represent the tropopause within the PY—trough sys-
tem. For example, the soundings for Omaha and Huron
at 1200 UTC 18 February, and Peoria and Salem at
0000 UTC 19 February (Fig. 4), lie within the region
of the PJ—trough system (see Fig. 2). The reported
tropopauses at all stations except Peoria are well above
inversion or isothermal layers found between 300 and
400 mb. These layers are associated with the upper-
level front depicted in the cross sections (Fig. 3) and
therefore likely represent stratospheric air (Danielson
1968). '

Additional stations lying within the model domain
are excluded from the comparison if, within the vertical
profile at the model grid point corresponding to the
station location, no tropopause could be found below
the 100-mb upper boundary of the MASS model data
using a 4.0-IPV-unit criterion. These points are located
on the anticyclonic shear side of the subtropical jet (see
Fig. 9). Stations excluded from the comparison at 0000
UTC 19 February are marked by the letter “‘X’’ in
Fig. 6. '

The analysis to match reported tropopause and IPV
surface pressures is performed using 1) the average dif-
ference of station pressures and gridpoint pressures
(bold solid line), 2) the average of the absolute value
of these differences (dashed line), and 3) the root-
mean-square of these differences (thin solid line).
These comparisons (Fig. 5) show that the best agree-
ment for the three times always occurs within a range
of IPV values between 2.7 and 3.5 IPV units. Based on
this analysis, 3.0 IPV units will be used to depict the
tropopause.

The station tropopause pressures minus the pressures
on the MASS model’s 3.0-IPV surface at 0000 UTC
19 February are plotted at the station locations (Fig.
6a). The magnitude and sign of the differences seem
to be randomly distributed throughout the model do-
main with no strong dependence on geographical lo-
cation. In contrast, the differences on the 1.5-IPV sur-
face (Fig. 6b) are consistently negative with large mag-
nitudes in the southern and eastern portions of the
model domain.

At 1200 UTC 18 February, the correspondence be-
tween the 3.0-IPV-unit surface determined from the
model’s initial data field and the upper-level front
found in the station soundings (Figs. 4a,b) confirms
that this IPV surface is able to identify the upper-level
front within the PJ—trough system. The continuing
agreement 12 h later between the model-determined
3.0-IPV-unit surface and the location of the upper-level
front on the station soundings (Figs. 4c,d) confirms that
the upper-level front is being depicted by the model
simulation.

The evolution of the pressure distributions on the
tropopause surface defined by 3.0 IPV units is shown
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near the trough axis on the cyclonic side of the
strongest winds.

The center of the depressed tropopause moves from
southeastern South Dakota southeastward to southern
Indiana and then eastward to a position off the Del-
marva peninsula. Maximum pressures are generally be-
tween 380 and 420 mb. The strongest gradients of pres-
sure on the depressed tropopause rotate from the south-
west side to the southeast side in association with the
propagation of the baroclinic support for the jet through
the trough.

Qualitative evidence of the appropriateness of the
IPV surface to define the tropopause can be seen by
comparing the pressure distribution on the IPV surface
to the total ozone in a vertical column of the atmo-
sphere obtained from the total ozone mapping spec-
trometer (TOMS). Schubert and Munteanu (1988)
have documented a positive correlation between total
ozone and tropopause pressure. TOMS observations,
which were' available at 1802 UTC 18 February and
1637 UTC 19 February, are compared to the pressure
distributions on the 3.0-IPV-unit surface for corre-
sponding times (Fig. 8). This comparison demon-
strates a close correspondence between maximum
ozone concentration and high pressures on an IPV-de-
termined tropopause. These results together with the
previously established correlation between the 3.0-
IPV-unit surface and observed tropopause pressures
suggest that a reasonable definition of the tropopause
has now been established to calculate stratospheric—
tropospheric exchange.

5. Stratospheric—tropospheric mass exchange

Stratospheric—tropospheric exchange is estimated
over a quasi-Lagrangian rectangular domain of approx-
imately 10> m? centered on and moving with the max-
imum pressure on the depressed tropopause. Transport
from the stratosphere to the troposphere is estimated by
areally integrating over the region of transport across
the 3.0-IPV-unit surface from higher to lower values of
IPV. Similarly, transport from the troposphere to the
stratosphere is estimated by integrating over the region
of transport from lower to higher values. The net trans-
port within the domain is simply the sum of these two
components. _

The calculations, made at 3-h intervals between 1500
UTC 18 February and 1500 UTC 19 February, provide
estimates of transport for the period when the tropo-
pause depression is strongly developed and intense sur-
face cyclogenesis is initiated (see Whitaker et al. 1988
for surface analyses). The computational period begins
3 h following the initiation of the simulation to allow
time for the model to generate a consistent atmospheric
structure. After 1500 UTC 19 February, the approach
of the depressed tropopause to the eastern boundary of
the model domain precludes reasonable estimates of
exchange. '
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Fi16. 5. Graphical representation of differences (mb, y axis) as a
function of IPV (x axis) between tropopause pressures reported by
radiosonde stations and pressures on IPV surfaces at station locations.
The dark solid line is the average difference, the dashed line is the
average of the absolute value of the differences, and the light solid
line is the root-mean-square of the differences. Graphical represen-

tations are for (a) 1200 UTC 18 February, (b) 0000 UTC, and (c)
1200 UTC 19 February 1979.

At 1200 UTC 18 February, local maxima of potential
temperature on the IPV tropopause surface were en-
countered along the northern and western boundaries
of the model domain near International Falls, Minne-
sota, and Denver, Colorado, respectively (see Fig. 9).
Another is apparent on the western boundary 3 h later
(not shown). These regions of anomalous potential
temperature then propagate into the model domain. The
magnitudes of these extremes decrease steadily with
time, although remnants of these initial potential tem-
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3.0 IPV UNITS

FIG. 6. Horizontal distribution of differences between pressures
(mb) reported by radiosonde stations and pressures on the (a) 3.0-
IPV-unit surface and (b) 1.5-IPV-unit surface at 0000 UTC 19 Feb-
ruary 1979. Radiosonde stations located either within the region of
the tropopause depression or at grid points where the 4.0-IPV-unit
surface could not be found are indicated by ““X.”’

perature maxima can still be identified near the center
of the computational domain until 0600 UTC 19 Feb-
ruary. These potential temperature extremes resulted
from the incorporation of radiosonde station data into
the model from stations located near the model bound-
ary (L. Uccellini 1991, personal communication). The
presence of the potential temperature anomalies prop-
agating through the computational domain results in a
degradation of the spatial and temporal transport dis-
tributions when evaluations are done over the 3-h in-
tervals corresponding to archived model data. How-
ever, if the distributions are averaged over 12 or more
hours, clear and consistent patterns emerge due to the
cancellation with time of the effects of the propagating
anomalies. Such cancellation could not be achieved in
an Eulerian system.

The stratospheric—tropospheric exchange within the
region of strong potential temperature gradients asso-
ciated with the subtropical jet (see Fig. 9) is not esti-
mated. In this region, the distribution of potential tem-
perature on the tropopause contains several uncertain-
ties. For example, several of the previously mentioned
regions of anomalous potential temperature originating
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along the model’s lateral boundaries propagate into the
potential temperature gradients associated with the sub-
tropical jet, creating uncertainties in these gradients.
Also, an unexplained region of anticyclonic shear ex-
ists over Texas at 1200 UTC 18 February, the initial
time for the model run (not shown). The region of
anticyclonic shear propagates along the subtropical jet,
apparent as a distortion in the potential temperature dis-
tribution (Fig. 9), reaching the eastern boundary of the
model domain on 0300 UTC 19 February. Its presence
precludes confident identification of the potential tem-
perature gradient associated with the subtropical jet
structure on the 3.0-IPV-unit surface. With the focus
of the study being limited to the stratospheric—tropo-
spheric exchange accompanying the PJ—trough system
and to retain confidence in the results, the southern
boundary of the computational region is located along
the poleward edge of the strong potential temperature
gradients associated with the subtropical jet. The south-
ern boundary of the computational domain is indicated
by the end of the contours in Figs. 10c,d.

The computational domain used in the quasi-La-
grangian analysis lies within a rectangle having lateral
boundaries defined by meridians and latitude circles of
constant east—west and north—south separation, re-
spectively. The rectangle itself is always centered on
and moving with the tropopause depression (see path
in Figs. 10a,b). The velocity W used in (1) is the ve-
locity of the point of highest pressure on the tropopause
depression. The curved path taken by the tropopause
depression is reflected in the changing orientation of
the vector W. The quantities displayed in Fig. 10 are
12-h time averages within the moving computational
rectangle superimposed on a base map determined by
the average location of the tropopause depression. Spe-
cifically, the location of the origin of the axes is deter-
mined by the mean latitude and longitude of highest
pressure on the tropopause depression during the 12-h
period. The axes are used to divide the rectangle into
quadrants.

The time-averaged horizontal distributions of strato-
spheric—tropospheric mass exchange are presented in
Figs. 10c,d for each of the 12-h periods (1500 UTC 18
February—0300 UTC 19 February and 0300-1500
UTC 19 February). Two passes of a (2, 3, 2) filter are
applied to the 12-h-averaged distributions to provide
for clear identification of the features of principal in-
terest. Also shown are the 12-h-averaged tropopause
pressures (Figs. 10a,b) and the 12-h-averaged Mont-
gomery streamfunction and isotach analyses (Figs.
10e,f).

During the first 12-h period, transport from the
stratosphere to the troposphere (negative values) oc-
curs in the northwest, southwest, and southeast quad-
rants with largest magnitudes occurring in the north-
west quadrant (Fig. 10c). From there, a band of prom-
inent negative values extends to the south of the
tropopause depression’s time-averaged center. A
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J

FiG. 7. Distribution of pressure (cb) on the 3.0-IPV-unit surface at 6-h intervals
from 1200 UTC 18 February to 1800 UTC 19 February 1979.

smaller area of transport from the troposphere to the
stratosphere (positive values) occurs in the northeast
quadrant near the center of the tropopause depression.

During the second 12-h period, the general pattern
of transport remains the same (Fig. 10d). However, the
axis of maximum transport from the stratosphere to the
troposphere adopts a more east—west orientation, while
largest magnitudes of transport in both directions shift
eastward with respect to the time-averaged center of
the depressed tropopause. These changes parallel the
shift in the strongest pressure gradients on the de-
pressed tropopause. This reflects the shift in the baro-
clinic support for the polar-front jet stream as it rotates
around the trough. This shift is evident in the composite
Montgomery streamfunction and isotach distributions
on the 312-K isentropic surfaces (Figs. 10e, £ ).

The horizontal distribution of transport from the
stratosphere to the troposphere in each of the two 12-h
periods coincides with the descending dry air of strato-
spheric origin found by Uccellini et al. (1985). Carlson
(1980) and Whitaker et al. (1988) refer to this feature
as the ““dry airstream.”” The transport from the tropo-
sphere to the stratosphere in the northeast quadrant dur-
ing the second 12-h period agrees with the location of
air parcels that have ascended within the ‘‘warm and
cold conveyer belts’’ (Carlson 1980). Further, the po-
sition is also consistent with the end point of trajecto-
ries that originate in lower levels within the warm sec-
tor or east of the warm front and subsequently ascend
in an anticyclonically curved path (Kuo et al. 1992).
Finally, the transport from the troposphere to the strato-
sphere is consistent with ascending, poleward-moving
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FIG. 8. Comparisons of pressure (cb) on the 3.0-IPV-unit surface to total columnar ozone. Pressures are for (a) 1800
UTC 18 February and (b) 1630 UTC 19 February 1979. Total columnar ozone distributions are for (c¢) 1802 UTC 18
February and (d) 1637 UTC 19 February 1979 (reproduced from Uccellini et al. 1985). The ozone distribution is in
Dobson units (1 DU = 1072 atm cm) with contour intervals as follows: 5-6 (325-339 DU); 67 (340-354 DU);

etc.

air ahead of a baroclinic wave (Palmén and Newton
1969; Johnson 1979).

Studies of trajectories within storms (e.g., Kuo et al.
1992) show that some trajectories within the dry air-
stream ascend after passing to the east of the cyclone
center. These ascending parcels may contribute to the
observed transport from troposphere to stratosphere in
Fig. 10. In this case, the assumption that air passing
from the stratosphere to the troposphere becomes com-
pletely incorporated into the troposphere leads to an
overestimate of stratospheric—tropospheric exchange.
However, the parcels that reenter the stratosphere
would likely have acquired some tropospheric proper-
ties through mixing and contribute to transport of these
properties into the stratosphere (Shapiro 1980).

Distributions of the three components on the right
side of (1) are presented in Fig. 11. The quasi-Lagran-
gian advective component (Figs. 11e, f ) contributes to
transport from the stratosphere to the troposphere on
the west side of the depression, while a reverse contri-
bution occurs on the east side. Within the eastward-
moving quasi-Lagrangian system, the importance of
the east—west component of velocity is reduced relative
to the north—south component. As a result, the quasi-
Lagrangian velocity tends to be directed from lower to
higher values of potential temperature on the west side
of the tropopause depression and from higher to lower

values on the east side, leading to the distributions in
Figs. 11e, f . The quasi-Lagrangian tendency of poten-
tial temperature contributes to transport from the strato-
sphere to the troposphere over a large portion of the
computational domain (Figs. 11c,d). This results from
the decreasing potential temperature with time on the
3.0-IPV surface (see Fig. 3). The contribution to trans-
port from diabatic effects (Figs. 11a,b) is small com-
pared to the contributions from the other two compo-
nents.

A necessary step to obtain transport estimates using
Wei’s diagnostic model when the tropopause is repre-
sented by an IPV surface is the replacement of a folded
IPV surface by a steeply sloping surface on a discrete
grid according to the schematic in Fig. 1. The redefined
surface is represented as a strong gradient of potential
temperature on the discrete grid. There can be uncer-
tainties associated with this computational device.
However, the strongest potential temperature gradients,
located on the south side of the tropopause depression,
are approximately normal to the wind axis. Conse-
quently, the portion of mass transport associated with
the advection of potential temperature [ third right-hand
term of (1)] in the presence of these strong gradients
does not overwhelm the total transport F(p). This is
demonstrated by the time- and area-integrated results
discussed herein and shown in Table 2, in which the
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F1G. 9. Distributions of potential temperature on the 3.0-IPV-unit surface at 6-h intervals from 1200 UTC 18 February
to 1800 UTC 19 February 1979. Contour interval is 10 K-with supplemental contours at 2 K below 340 K. Grid points
at which the IPV surface could not be found below 100 mb are identified by a bold dot.

tendency of potential temperature on the right-hand
side of (1) is more important than the advection of
potential temperature in determining F(p). Further, it
can be inferred from Figs. 10c,d that the areal distri-
bution of stratospheric—tropospheric exchange is max-
imized within the region of the tropopause depression
rather than being confined to the immediate vicinity of
the redefined IPV surface, the latter lying within the
strong potential temperature gradients in Fig. 9.
Estimates of the time- and area-integrated transport
for the two consecutive 12-h periods beginning at 1500
UTC 18 February, and for the entire 24-h period, are
presented in Table 1. The 12-h transport estimates are
obtained by first temporally integrating the four 3-h
transports at each grid point within the computational
rectangle. Grid points are then deleted from the com-

putational domain in the southeast where the effects of
the subtropical jet as simulated by the MASS model
preclude obtaining confident transport estimates. Fi-
nally, an area integration is performed over the re-
maining grid points. The transports are obtained from
the unfiltered form of the horizontal distributions in
Figs. 10c,d. The computational area corresponds to the
contoured portions of Figs. 10c,d.

The mass transports from the stratosphere to the tro-
posphere are 3 X 10 kg in the first 12-h period and 2
X 10" kg in the second, while 1 X 10™ kg pass from
the troposphere to the stratosphere in each of the 12-h
periods. The net 12-h transports are from the stratosphere
to the troposphere with magnitudes of 2 X 10" and 1 X
10™ kg, respectively. Twenty-four-hour transport esti-
mates, based on the sum of the two 12-h estimates, have
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FiG. 10. Distributions averaged over 12 h within the moving coordinate system of pressure (cb) [(a) and
(b)] and mass transport (10 > kg m 2 s™') [(c) and (d)] on the 3.0-IPV-unit surface, and 312-K Montgom-
ery streamfunction (10° m* s~2) and isotachs (m s ') {(e) and (f)]. Panels (a), (¢), and (e) are for 1500
UTC 18 February—0300 UTC 19 February; (b), (d), and (f) are for 0300—~1500 UTC 19 February. Isotachs
less than 35 m s~' are not shown. Horizontal and vertical bold lines intersect average position of highest
pressure on IPV surface during the 12-h period. The 3-h positions of highest pressure are denoted by crosses
in panels (a) and (b). Negative values in (c) and (d) indicate transport from stratosphere to troposphere.

5 X 10™ kg passing from the stratosphere to the tropo-
sphere and 2 X 10" kg passing from the troposphere to
the stratosphere, leaving a net transport of 3 X 10" kg
passing from the stratosphere to the troposphere.

The transport from the stratosphere to the tropo-
sphere during the 24-h period is very close to the es-
timate of 6 X 10'* kg found by Reiter and Mahlman
(1965) for ““a case of cyclogenesis of average intensity
and radioactive fallout over North America from No-

vember 22 to 23, 1962’ (Reiter 1975). The transport
from the stratosphere to the troposphere during the 24-h
period is 2.5 times larger than the transport from the
troposphere to the stratosphere. This agrees with the
2:1 ratio suggested by Reiter et al. (1969), who esti-
mated exchange from motion along isentropic surfaces
intersecting the tropopause.

During the 24-h period, the net transport of approx-
imately 3 X 10'* kg is from the stratosphere to the
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F16. 11. Distributions averaged over 12 h within the moving coordinate system of contributions to mass
transport (10~° kg m~2 s ') across the 3.0-IPV-unit surface from diabatic processes [(a) and (b)] and from
the quasi-Lagrangian tendency [(c) and (d)] and advection [(e) and (f)] of potential temperature. Panels
(a), (c), and (e) are for 1500 UTC 18 February—0300 UTC 19 February; (b), (d), and (f) are for 0300~
1500 UTC 19 February. Horizontal and vertical bold lines intersect the average position of highest pressure
on IPV surface during the 12-h period. Negative values indicate transport from stratosphere to troposphere.

troposphere. Hoerling et al. (1993) estimated a trans-
port of 64 X 10" kg from the stratosphere to the tro-
- posphere between 25° and 50°N during a 29-day period
in January 1979. This is approximately an average daily
transport of 2 X 10" kg. Therefore, during a 24-h pe-
riod, a system such as the Presidents’ Day storm is
capable of providing about one-seventh of the average
daily exchange estimated for a winter month within this
latitude band.

The time- and area-integrated contributions of the
components on the right side of (1) to the total trans-
port are shown in Table 2. Diabatic effects are not sig-
nificant in the time- and area-integrated results. The
quasi-Lagrangian tendency of potential temperature
makes the largest contribution and is associated with
transport from the stratosphere to the troposphere. Fifty
percent of this contribution is offset by the advective
component.
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TABLE 1. Stratospheric—tropospheric mass exchange (10 kg) based on transport across the 3.0-IPV-unit surface. Nega.tive values denote
transport from stratosphere to troposphere. Corresponding results from the University of Wisconsin #—¢ model are in parentheses.

Net Stratosphere to Troposphere to
Time period transport troposphere stratosphere
1500 UTC 18 February—0300 UTC 19 February 1979 -2(-2) ~3(-3) 1(1)
0300-1500 UTC 19 February 1979 -1(-1) ~2(-3) 1(2)
1500 UTC 18 February—~1500 UTC 19 February 1979 -3(-3) ~5(—6) 2(3)

To assess the sensitivity of transport estimates to a
particular model’s ability to simulate the atmosphere,
transport estimates are presented from a second inde-
pendent model simulation of the Presidents’ Day storm.
This simulation was conducted using the regional Uni-
versity of Wisconsin (UW) hybrid 6— o model (Za-
potocny et al. 1993). Above a o domain 150 mb thick,
this model uses potential temperature 6 as the vertical
coordinate, while the MASS model uses o throughout.
Since the tropopause is, by definition (see section 2),
at least 150 mb above the earth’s surface, potential tem-
perature is effectively the model vertical coordinate
from which the tropopause and stratospheric—tropo-
spheric exchange are determined.

The UW 60— o model uses physical parameterizations
of surface sensible heating, evaporational sources of
water vapor at the earth—atmosphere interface; skin
friction; dry convective adjustment; ground wetness;
surface snow, ice and frost cover; vertical diffusion of
heat and moisture; cumulus convection; and moist-ad-
iabatic adjustment. Additionally, large-scale interactive
clouds and the National Center for Atmospheric Re-
search Community Climate Model (CCM1) radiation
algorithm have been incorporated.

The time- and area-integrated transport results based
on the UW 6— ¢ model are included in Table 1 (values
are in parentheses). These results are based on trans-
port through the 3.0-IPV-unit surface for a quasi-La-
grangian computational region having the same shape,
size, and placement with respect to the tropopause de-
pression as used for the MASS model. The transport
estimates are clearly consistent with those obtained us-
ing the MASS model. During the first 12 h, there is no
difference to one significant digit. During the second
12 h, the UW #—o0 model’s transport across the tro-
posphere is one unit larger in both directions with the

result that the net transport is the same as the MASS
model. Additionally, the spatial distributions of trans-
port with respect to the tropopause depression using the
UW 8- o model simulation (not shown) are consistent
with those shown in Figs. 10c,d from the MASS model
simulation. The results from the UW 6— o model sim-
ulation provide both qualitative and quantitative cor-
roboration for the transport estimates obtained using
the MASS model simulation.

6. Summary

The exchange of mass between the stratosphere and
troposphere was studied for a case of intense cyclogen-
esis using results from-the MASS numerical model sim-
ulation of the Presidents’ Day storm of 18—19 February
1979 (Whitaker et al. 1988). The initial part of the
study consisted of determining an appropriate value of
IPV to represent the tropopause. A comparison of tro-
popause pressures reported by radiosonde stations to
the pressures on various IPV surfaces between 1.5 and
4.0 IPV units demonstrated that the 3.0-IPV-unit sur-
face provided a good estimate of the tropopause. This
value, although larger than the 1.6-IPV-unit World Me-
teorological Organization criterion (World Meteoro-
logical Organization 1986), is consistent with the 3.0—
4.0-IPV-unit range of optimum values found by Hoer-
ling et al. (1991).

Mass transport across the 3.0-IPV surface was cal-
culated using the diagnostic transport model of Wei
(1987) applied within a quasi-Lagrangian reference
system. The size of the quasi-Lagrangian region was
approximately 10'? m*. Three-hourly transports in the
moving reference system were calculated and inte-
grated over each of two consecutive 12-h periods span-
ning an interval when the tropopause depression was

TasLE 2. Contribution to stratospheric—tropospheric mass exchange (10" kg) from diabatic processes and the quasi-Lagrangian advection
and tendency of potential temperature. Negative values denote transport from the stratosphere to the troposphere.

Component contributions

Time period (U — W)- Vi pI68/6t, oI
1500 UTC 18 February—0300 UTC 19 February 1979 2 -4 0
0300-1500 UTC 19 February 1979 1 -2 0
1500 UTC 18 February—1500 UTC 19 February 1979 3 -6 0
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strongly developed and explosive surface cyclogenesis
commenced. During the entire 24-h period, 5 X 10™
kg passed from the stratosphere to the troposphere,
while 2 X 10™ kg passed from the troposphere to the
stratosphere. The 5:2 ratio of these two transports is
consistent with the 2:1 ratio suggested by Reiter et al.
(1969). Additionally, the value of transport from the
stratosphere to the troposphere agrees well with the es-
timate of Reiter and Mahlman (1965) during ‘‘a case
of cyclogenesis of average intensity.”’

The net transport over the 24-h period was 3 X 10*
kg from the stratosphere to the troposphere. Based on
the Hoerling et al. (1993) estimate of 64 X 10" kg of
mass transport from the stratosphere to the troposphere
between 25° and 50°N for January 1979, a system such
as the Presidents’ Day storm is capable of providing
approximately one-seventh of the average daily net
cross-tropopause transport within this latitude band for
a winter month.

Transport from the stratosphere to the troposphere
occurred in an arc extending from northwest through
east around the PJ—trough system. This coincides with
the analysis by Uccellini et al. (1985) of descending
stratospheric air, which has been referred to as the dry
airstream (Carlson 1980; Whitaker et al. 1988). The
reverse transport from the troposphere to the strato-
sphere in the northeast quadrant during the second 12-
h period is consistent with ascending trajectories ana-
lyzed by Carlson (1980) and Kuo et al. (1992). The
transport is also consistent with ascending, poleward-
moving air ahead of a baroclinic wave (Palmén and
Newton 1969; Johnson 1979).

The present study demonstrates that estimates of
stratospheric—~tropospheric mass exchange using Wei’s
transport equation in a quasi-Lagrangian reference sys-
tem are reasonable. The results agree with independent
transport estimates (Reiter and Mahiman 1965; Reiter

et al. 1969) and are consistent with models of air-.

streams within extratropical cyclones (Carlson 1980).
Finally, similar results were obtained from both the
MASS model simulation of the Presidents’ Day storm
(Whitaker et al. 1988) and a second, independent sim-
ulation using the regional University of Wisconsin hy-
brid 8- o model (Zapotocny et al. 1993).

The results presented here, however, should be re-
garded only as preliminary. They are subject to uncer-
tainties including the redefinition of IPV surfaces in the
presence of tropopause folds, the assumption that air
crossing the 3.0-IPV-unit surface is entirely incorpo-
rated into the portion of the atmosphere it enters, and
the ability of the models to simulate the real atmo-
sphere. A more definitive statement on stratospheric—
tropospheric exchange requires further research using
Wei’s diagnostic model to study different types of mid-
latitude systems, with a variety of observed and model-
generated datasets. Additionally, evaluating transport
as a function of IPV should be done. By examining the
correlation of transport through the IPV surface defin-
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ing the tropopause with the transports through surfaces
having lower and higher values of IPV, the question of
how thoroughly mass is incorporated into the region of
the atmosphere it enters after passing through the tro-
popause can be addressed. Finally, trajectory analysis
should be performed. Such an analysis would provide
verification of the distribution of exchange.
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