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Announcements 


• Homework on Boundary Layer Module 


• due: Monday Feb 6th


• returned: Monday Feb 13th


• questions on homework: by appointment


• Readings: Stull Chapter 7


• Midterm exam: Monday March 6th


Today’s Lecture

1. Bulk aerodynamic formulas

2. Drag coefficients, surface roughness

3. Energy Balance

4. NYS Mesonet—wind profiles

Lecture 4: Surface Parameterizations

1 February 2023



Today!

Red Hook NYSM Site



Today (and yesterday)!



About that Problem 
Number 4….

Make sure you convert flux units (W m-2) given 
in the time series to kinematic units  (ms-1 K)

Hint: see Stull pages 47 -50!



Conceptual Model of the ABL
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Stability enhances or supresses turbulence 
(and fluxes)

Stable Unstable

Turbulence, R.W. Stewart (1968) 
Photos: J. Freedman
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Stability enhances or supresses turbulence 
(and fluxes)
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Stability Parameters

Gradient Ri Obukhov Length

• predicts turbulent/laminar flow

• applies any height in PBL

• requires turbulence

• applies near-surface layer



Monin-Obukhov Similarity, z/L

•MO Similarity accounts for relative importance of shear (mechanical turbulence) 
and buoyancy in the generation of turbulence and their effects on surface fluxes 
and surface layer profiles 

• z= height above the surface

• ratio z/L is dimensionless

• can be described as a surface layer scaling parameter

•when z/L is small, buoyancy is less important

• as z increases, buoyancy increasingly important



Free Convection at the South Pole!

Courtesy of D. Fitzjarrald

Heat  
Flux
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M-O 
length 

(L)



Law of the Wall
Neutral Diabatic

more shear

less shear

Stull 1988



Bulk Flux Parameterizations

Garratt (1994)

PBL height 
(~1km)

(~100 m)

molecular  
transport

turbulent transport



Bulk Flux Parameterizations

• total flux is constant with 
height in surface layer

• at surface (“wall”), turbulence 
vanishes (no slip condition)

• away from surface (wall), 
molecular diffusion relatively 
small

• bulk methods attempt to 
avoid these complexities

Stull 1988



Bulk Flux Parameterizations

• τ constant with height

• CD, ū vary with height

• select ref height, say 10 m

Z
Ū(z)

U

Bulk Fluid—away from interface
—encompasses all processes

ρū ≡ horizontal momentum
ū∙ρū ≡ horizontal advection of 

horizontal momentum
τ = CD∙[ū∙ρū]

CD ≡ fraction of horizontal momentum 
“lost” to surface

Typically, CD ~ 0.001 - 0.005



Bulk Heat Flux Parameterization

vertical turbulent  
heat flux

mean horizontal advection of 
heat at 10 m height 

{

• fraction of horizontal heat flux transferred to surface 

• efficiency of transport to surface 



Drag coefficient vs stability

Stull 1988-0.07 -0.07

unstable

stable

neutral: -0.07 < z/L < 0.07



Drag Coefficient (CD) versus Stability

neutr stablunstab
Stull 

Stable 

Unstable 

~0.001 (efficiency 0.1%) 



Bulk Flux Parameterizations
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momentum:

heat:

moisture:

depend on z0, z/L, …



Example drag coefficients

Roughly 0.1% to 4% of horizontal momentum advecting over surface 
is transferred down to the surface Stull 1988



Drag and Roughness, z0

Intuitively, the more rough the surface ➠ more drag

Recall, for neutral conditions: Ū(z) =   (↑z0, ↓U)
u*

k
ln

z
z0

Rewrite as 
u*

U(z)
= k[ln

z
z0

]−1

CD =     (↑z0, ↑CD)
u2

*

U(z)2
= k2[ln

z
z0

]−2



Surface Roughness�
Getting it right crucial to accurate wind resource assessment


While working on the Deepwater Offshore Wind Project off of Block Island, RI….

High Resolution Z0  (m)

Aerial Photography

Site Photography

Existing: NLCD/Landsat

Urban, forest, 
farmland 
classifications
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Comparison of Model Roughness Fields—from WRF

~1 m difference in model roughness fields – Variability 
within land cover classes
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Surface 
roughness will 
greatly influence 
surface layer wind 
shear

This can certainly affect power 
production estimates as surface 
roughness has great influence 
over the wind profile (shear) in 

the lowest 100s of meters
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U=Uref(z/zref)α

Wind shear power law
OK in “neutral” conditions and 
between 50 and 100 m

Really want to use this especially  below 
20 m



Results – Wind Speed Profile (KBLI)

11.83 m/s Observed*
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Energy Production Estimates 
Use of new roughness map increased capacity 

factor over 8% in southern sections of Block Island
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Surface Energy Balance

Stull 1988



Surface energy balance
day, land night, land 

oasis day, sea 

Stull 1988



Surface Energy Balance—Radiation Components
Stull 1988

126 NYSM standard sites measure incoming solar  
18 NYSM flux sites measure all 4 components (radiation)



Surface Energy Balance—Fluxes, Bowen Ratio

Stull 1988

irrigated crop field 

Harvard 
Forest, 

central MA



Surface Energy Balance—NYSM Leafout
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remote: lidar, microwave radiometer 

vertical wind profiles to ~3-5 km temperature/moisture profiles to ~10 km

Observing the ABL: vertical structure



Feb 1-2 2020



Diurnal Profile evolution

32 Stull 1998



Boundary Layer Evolution

Freedman and Fitzjarrald 2001

Looking at vertical velocity….again, lots of directional shear 
Example of growth of convective boundary layer (with directional shear!) 
Note positive vertical velocity (larger eddies) beginning at 1200 UTC with 

rapid growth between 1500 and 1700 UTC)—overshooting thermals—
growth by entrainment!

Rapid 
growth 
phase



Wind Speed (m/s)

H
ei

gh
t (

m
)

0 5 10 15

0
50

0
10

00
15

00

NWS ALY High Resolution Sounding and LiDAR Wind Profile
Date = 10 Aug 2015; Time: From 11:03 To 11:07

NWS Sonde
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NWS ALY High Resolution Sounding and LiDAR Wind Profile
Date = 26 Aug 2015; Time: From 11:02 To 11:07

NWS Sonde
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/Users/jfreedman/Dropbox/R/ALY_lidar_compare.R(08262015)

`Early morning channeled LLJ

Southerly—Hudson Valley WNW—Mohawk Valley

10 m s-1 shear in 
first 250 m
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LLJ mixes out 
quickly



LiDAR Wind and CNR Time−height Cross Section at ASRC Roof, 05/28/2017
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CNR: carrier to noise ration (similar to SNR)

A lot going on here….

Cloud base 
(layers) indicated 
by large gradient 

in CNR

Cloud base and cloud 
base winds 

No returns: clean air! (But here able to “see” cloud deck at 2300 m

Light rain shower 
between 0200 and 

0300 UTC

}Precip



Looking at vertical velocity….again, lots of directional shear
Example of growth of convective boundary layer (with 

directional shear!)
Note positive vertical velocity (larger eddies) beginning at 1200 

UTC with rapid growth between 1500 and 1700 UTC)

See this feature 
at times Rapid 

growth 
phase



Leosphere Windcube 100S at Kahuku, Oahu

28 August 2013 0900 - 1500 UTC


Elevation angle = 10o

Courtesy K. Rojowsky, AWS Truepower

Disruption of Trade 
Winds

Persistent ENE winds 
(towards LiDAR—
warmer shading)

Become more N, NW 
flow (away from LiDAR
—cooler colors)



Next Class (Monday 2/6—Lecture 5)

Offshore Wind and the Marine Atmospheric 
Boundary Layer (air-sea interactions)


Homework #1 DUE!!!


Zoom office hours (10 - 11:30 AM Monday)


