
COLD-AIR DAMMING 

Note: Previous chapters of the lab manual coincided with the chapter numbers in the MSM 
text, but beginning with this chapter, they will no longer do so. Chapter 7 in the lab manual 
corresponds to chapter 8 in the MSM text. 

In chapter 2, we saw that quasigeostrophic (QG) vertical motion could be conceptualized 
as the vertical branch of an ageostrophic response to repair a disruption of thermal-wind 
balance, with QG omega as the ascending branch of that circulation. Here we ask related 
questions: What happens when synoptic-scale flows impinge on topography in a manner 
that would initially disrupt geostrophic balance? How is the geostrophic adjustment process 
manifested in the lower troposphere, and what are the impacts of this adjustment on weather 
and climate near topography? 

An important example of such an adjustment process is cold-air damming (CAD), which 
we will examine in detail in this chapter. Although we can identify CAD at many different 
middle- and high-latitude locations around the world, very well-documented examples 
commonly take place to the east of the Appalachian Mountains in the eastern United 
States, the focus of the exercises in this chapter. · 

We will first examine how a winter storm accompanied by CAD differs between a control 
simulation and a numerical model experiment with the Appalachian Mountains removed. 
The second exercise will allow us to evaluate some quantitative theoretical parameters that 
relate to topographic influence on the atmosphere. Together, these exercises allow us to 

test some of the concepts presented in chapter 8 of the MSM text. 
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This chapter contains the following: 

7.1. The Appalachians' Role During a Mid-Atlantic Winter Storm 

7.2. Analysis and Interpretation of Theoretical CAD Parameters 

Each exercise in this manual uses these typefaces for clarity: 

Normal typeface is used for background information, technical instructions, motivating 

questions, and learning objectives. Bold indicates assigned actions and questions that 

students are expected to respond to in their report. A constant width typeface 

is used to indicate text that can be found exactly on the IDV software ( usually on the 
Dashboard or Legend areas). 

The word Optional: is used to set off suggestions for further explorations. 

7.1. The Appalachians' Role during a Mid-Atlantic Winter Storm 

Mid-February of 2003 featured a high-impact winter storm event in the U.S. Mid-Atlantic 

states. This storm is known in some circles as the "Presidents' Day II" storm, not to be 

confused with the original Presidents' Day storm of February 1979 ( which we examined in 

exercise 4.2). In Chapter 8 of the MSM text, Figures 8.9-8.13 compare model simulations 

of the Presidents' Day II event to experimental simulations in which the model terrain was 

removed, allowing isolation of terrain effects. The objectives of this exercise are to explore 

these simulations more fully. 

Specifically, our objectives are to 1) isolate, identify, and explain the influence of 

topography on the synoptic-scale and mesoscale pressure, temperature, and wind 

fields; 2) evaluate topographic influences on the structure, intensity, and orientation of 

frontal systems during a winter storm event; 3) explain the subsequent influence of the 

topographically disturbed flow on the path and intensity of a cyclone; and 4) identify the 

ultimate effect of topography on near-surface sensible weather conditions. 

a) Analysis of control simulation 

Open the IDV, and load the LMT_7.1 bundle. 

This bundle contains output from two simulations run with the Weather Research 

and Forecasting (WRF) Model: one (the Control Run) with and one without 

topography (No-Topography Run). The simulations here were initialized at 
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0000 UTC 15 February 2003. You will see sea level pressure, 10-m winds, and 2-m 
temperature for the Control Run, as well as model topography (white contours). 

i. Step through the 3-day model Control Run simulation sequence and briefly 

describe the synoptic evolution (the track and evolution of the main cyclone and 

any secondary features, and the southward excursions of cold air). 

ii. Now, step forward to 0000 UTC 17 February. Describe the weather pattern 

over the southeastern United States in the vicinity of the Appalachian Mountains 

at this time. In light of the chapter 6 material on frontal types, how would you 
classify the front extending from east of North Carolina westward to Georgia, 
several hundred kilometers southeast of the Appalachians? Justify your answer. 
Capture an image for this time from the control simulation, and annotate it to 

highlight or identify any specific features you refer to. What frontogenetical 

mechanisms are likely responsible for the location and strength this front? List 

the mechanisms, briefly explaining how they influence the location and strength 

of this front. 

iii. Summarize how you think CAD affects the fronts and the sea level pressure pattern 
you described in i. and ii. If the Appalachian Mountains were not present, what do 

you think would be different in the situation you described above? 

b) Comparison with a no-terrain simulation 

Now, uncheck the Control Run box in the Legend to deactivate all the dis
plays from the control simulation from a) above. Check the No-Topography Run 

box to activate similar displays for this experimental simulation. As before, examine 
the sequence. You may wish to toggle the individual Control Run displays on and 

off for comparison, to assist in the following exercises. 

i. Step through the 3-day model simulation sequence, and again describe the 

synoptic evolution (the track and evolution of the main low and any secondary 

features, and the southward excursions of cold air). Is the situation simpler than 

in the Control Run? Might it therefore be more conceptually appealing to think of 
this no-terrain run as the reference case, and think of the more realistic run with 
topographic complications as an "experiment"? This is the sense of the "effect 

of topography" difference fields you will examine below. 

ii. Examine the evolution of the surface cyclone in this no-topography model run. 
Develop an explanation, using a vorticity perspective, of the differences in 
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evolution between this simulation and the control run. Specifically, consider 

vortex stretching in an air column flowing over a barrier (ignoring frictional 

effects for the moment). Also bear in mind that a cold, stable CAD air mass is 

locked in place east of the actual terrain. Would air flowing over the mountain 

barrier be able to freely descend in the lee of the mountains with the CAD air 

mass in place? How would the presence of terrain, and a very cold, stable air mass 

located immediately to the east of the terrain, affect a cyclone propagating through 

that region? 

iii. Uncheck the TMPK_HGHT displays and activate the t2m difference 

display in the Difference (effect of topography) legend 

area. Where and when are the largest temperature differences caused by 

topography? How great is the magnitude? When and how does the largest 

difference feature develop? Specifically for the state of South Carolina, how do 

sensible weather conditions differ between the control simulation and the no

terrain experiment? 

iv. Optional: Make a new SLP difference display, and a wind vector difference display, 

using Formulas > Miscellaneous > Simple difference fields, 

from the Field Selector tab of the Dashboard window. As above, 

make the difference Control Run (ctl) minus No-Terrain (noter), isolating 

the effect of topography. For scalar fields, adjust the color shading 

so that the difference display is symmetric around 0, by choosing from Color 

Table > Mapes > Di verging and adjusting Change Range ... to 

equal and opposite values like -10 and 10 hPa. At the initial time when there is 

little difference, the display should be blank ( white or transparent, with possible 

exceptions in areas of high terrain, where the sea level pressure computation would 

differ between the simulations). Describe any additional insights you gain from 

seeing these "anomalous" or difference pressure and wind displays. For more 

advanced analysis, under Data Choosers, Catalogs, you can connect to 

the 3D cad ctl and cad noter model data sets in the LMT chapter 7 area 

within the Mapes IDV collection, and display many additional fields from these 

simulations. 

v. Imagine that the Appalachian Mountains are roughly double their observed 

height. How do you expect that sensible weather would differ in the vicinity 

of the mountains if that were the case? Explain and discuss, both for this 

particular weather event, and generally. How might we go about testing this 

speculation? 
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7.2. Analysis and Interpretation of Theoretical CAD Parameters 

a) Surface analysis interpretation 

We will now examine a CAD event from February 2001, with the objective of evaluat
ing two theoretical parameters using real case data. Specifically, this exercise requires 

computation of the Froude number and the Rossby radius of deformation, with the 

goal of enhancing our understanding of the physical processes involved. 

First, we will examine the synoptic evolution of this event using a sequence of surface 

analyses. Open the LMT _7.2.zidv bundle. This bundle includes surface and upper-air 

observations, along with analyses from the NAM model. 

i. The first display time shows surface observations and the NAM model analysis 

valid at 0000 UTC 11 February 2001. At this time, a large Arctic high pressure 

system is moving across central and eastern North America. The leading edge of 

the arctic air mass can be identified as a cold front over the western North Atlantic. 
Activate the 1000-hPa equivalent potential temperature contours (thetae) to 

reveal the gradient on the cold side of this front. Now, step ahead to 1200 UTC 

11 February. Consider the orientation of the isobars relative to the Appalachian 
Mountains over western Virginia, North and South Carolina, and northern 

Georgia. Do you see any evidence of ridging in the 11cold-air damming region" 

east of the Appalachian Mountains at this time? What wind direction is evident 

in surface observations located to the west of the Appalachians, over Tennessee? 

How about to the east of the Appalachians over North Carolina? Does the wind 

appear to be in geostrophic balance? (You may wish to zoom in to reveal more 

surface observations.) Explain your answer. 

ii. Now step ahead to 0000 UTC 12 February. At this time, what evidence do you see 

for 11adjustment" of the pressure field in the vicinity of the Appalachians? Capture 

an image, after first identifying any relevant trough or ridge axes using a dashed 

line (labeled "trough" or"ridge") using the IDV's Drawing Tool under the 

pencil icon or some other annotation technique. 

iii. Step ahead to the analysis for 1200 UTC 12 February. Examine the surface observa

tions over South and North Carolina. How many different precipitation types can 

you identify? Note that Columbia, South Carolina, is reporting rain with a tempera

ture of 34 °F, a temperature that is often cold enough to support snow. Speculate as 

to why rain is falling in spite of this cold temperature. Explain how this also relates 

to the observed precipitation over south-central regions of North Carolina. 
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iv. By 0000 UTC 13 February, the CAD event is in the decaying stages, as the parent 

high has moved offshore and cold advection from the north has weakened in the 

Carolinas. Note the weak cyclone that has formed east of South Carolina. Why do 

you suppose that a cyclone formed there? It didn't seem to move in from any

where else, but it just formed in place in that region. Activate the 500-hPa height 
display (HGHT_PRES). Is there an upper disturbance to the west of the forming 

surface low? Why might this region be favorable for cyclogenesis despite the 

upper air pattern? Explain. 

b) Analysis of the Froude Number, Fr 

A profile of potential temperature, computed from the upper-air sounding at Greens
boro, North Carolina (KGSO), from 0000 UTC 12 February is shown below in Fig. 7.1. 

This plot shows potential temperature as a function of height, along with the observed 

winds. We will use this sounding to estimate first the Froude number, and then the 

Rossby radius of deformation for this cold-air damming episode. 
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Figure 7.1. Profile of potential temperature and wind as a function of height, taken from station KGSO at 

0000 UTC 12 February 2001. For reference, the potential temperature at an altitude of 1241 m is 279.8 K, 

and at 1341 m it is 285.0 K. 
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i. First, consider the potential temperature profile provided in Fig. 7 .1. Which portion 

of the sounding corresponds to the "mixed layer"? Explain. 

ii. An important concept regarding cold air damming is that large static stability is 
required, so that the flow will be blocked by the mountains rather than simply rising 
up and over them. Mixed layers, such as the one discussed above, are actually layers 

of very small stability (less stable than usual). If the height of the Appalachian range 
is roughly 1500 m (a generous estimate), briefly discuss why we might see CAD in 

this case, even with a mixed layer near the surface. 

iii. Static stability can be measured by N, the Brunt-Vii.isii.lii. frequency. Compute N2 and 

N including the units the information provided in Fig. 7.1. Show your work. To do 
this, use the finite difference form N2::::: (g/00)fl.0/ fl.z, where fl.0 is the change in 0 
across a stably stratified layer, fl.z is the depth over which fl.0 is evaluated, and 00 is 

the potential temperature of the air being lifted ( we can use the value in the mixed 

layer in this case). Take fl.0 to be the change in potential temperature between the 

surface and the top of the inversion layer, and estimate the corresponding fl.z. 

iv. Now, compute the Froude number Fr, assuming a barrier height Hof 1500 m. 

What are the "units" of Fr? Recall that the Froude number measures the ratio of 

the kinetic energy of the wind to the potential energy required to lift air to the top 

of a barrier. It can be written Fr = UI NH, where U is the magnitude of the wind 

component normal to the mountain barrier and N is your value from iii. above. 

The value of U can be estimated by averaging the lowest three winds plotted in the 

KGSO sounding of Fig. 7 .1. Wind direction changes little with height within the 

mixed layer, but then veers rapidly within the inversion layer. Since the mixed-layer 

wind is blowing at roughly a 70° angle to the Appalachian axis, multiplying the sine 
of this angle with the averaged mixed-layer wind speed of 5.8 m s-1 gives a cross

barrier flow component of roughly 5 m s-1
• So we can use U = 5 m s-1• Clearly there 

is considerable uncertainty or slop in these values! 

v. Laboratory experiments with fluids in tanks show that flow is effectively blocked if 

Fr < 0.5. Given this, and the value computed above, would you expect flow block

ing in this event? Does this seem to be consistent with observations? Discuss. 

c) Analysis of Rossby radius of deformation 

The Rossby radius of deformation Lr is thee-folding (or exponential decay) distance 

scale for geostrophic flow along the edge of a cold air mass. For instance, if a dam 

that had held back a layer of cold air were suddenly removed, gravity would cause the 
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wall of cold air to initially surge forward with a speed c, related to how cold and deep 

the layer is. But then after Earth rotated significantly (on a time scale of aboutJ-1
), 

the surging flow would be turned into the along-front direction by the Coriolis force. 

Geostrophic balance would then be established, with the Coriolis force on the along

edge wind balancing the gravity force that makes the cold air want to slump further. 

The approximate distance covered by the rushing cold air before the Coriolis force 

stops it would be (speed x time), Lr= elf 

We will use Lr to compute an approximate theoretical width of the cold dome trapped 

by the mountains. Specifically, Lr is given by Lr::::: ✓g'H/f, where g'::::: g/10/00 and other 

symbols have their usual meanings. You can see that the numerator is the speed c of a 

gravity current ( the wall of cold air described above) of depth H. 

i. Compute L,, showing your work, including the units, at a precision appropriate to 

our crude estimates of Hand 48. Recall that f = 20sin( <p ), where n = 2n radians/ 

(1 day) is the Earth's rotation rate. KGSO is located at latitude 36°N. 

ii. Does this value seem consistent with the structure you observe on the surface 

analyses? For scale, North Carolina's northern border is roughly 500 km wide. 

iii. If the maximum cold-dome depth is 1500 m, what would you expect the depth to 

be at a distance L,away from the barrier? How could we observe if this was the 

case? Discuss the implications of the exponentially decaying cold-dome depth for 

forecasting the precipitation type (rain vs. snow) during winter events. 
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