
QUASIGEOSTROPHIC THEORY 

This chapter includes the following exercises: 

2.1. Conceptual View of QG Omega: Forcing and Response 

2.2. The Traditional QG Omega Equation: Forcing for Ascent during a Winter Storm 

2.3. Q-vector In-Class Exercise 

2.4. Q-vectors Displayed Using Case-Study Data 

2.5. Real-Time Forecast Discussion: Utilize QG Thinking 

2.6. QG Height Tendency Equation Exercise 

2.7. Potential Vorticity Exercise 

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. 
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Around the time when computers were first becoming viable for numerical weather 
prediction, leaders in atmospheric dynamics such as Jule Charney recognized the need 
to simplify the predictive equations in order to save computational expense, while 
retaining the dynamical essence of important weather systems ( e.g., Charney 1948, 

1950). While the barotropic vorticity equation for a single-layer flow (such as at 500 hPa 
where the horizontal divergence term in the vorticity equation is often small) offered 
some prognostic skill, midlatitude weather systems of interest most often arise in highly 
baroclinic atmospheric states, with vertical structure ( such as wind shear in thermal wind 
balance with temperature gradients as in Chapter 1) that requires a multilayered ( three 
dimensional) viewpoint. 

Although actual synoptic-scale wind patterns are near a state of geostrophic balance, 
we would not want to base a model on equations that specified exactly geostrophic flow. 
Recalling that geostrophic balance throws away the di dt term, and that geostrophic flow 
has (almost) no divergence, there would be no clouds and precipitation, and no changes 
with time to try and forecast, in a truly geostrophic atmosphere! As a compromise, the 
"quasi-geostrophic,, ( QG) equations assume that the ageostrophic component of the wind 
is so weak that it does not importantly advect air properties from place to place. Still, the 

ageostrophic wind is important: for supplying mass horizontally to and from areas of 
vertical motion, and for its contribution to making the (mostly geostrophic) winds change 
with time [Eq. (2.14) in the textbook]. 

The QG system solves for one part of the ageostrophic wind ( and the omega field, related 
by mass continuity), the part that does one job. That job is to maintain thermal wind 
balance through time, in the face of advective, diabatic, and frictional tendencies that 

tend to disrupt that balance. The ageostrophic wind has some other components too: for 
instance, one component is aligned against the geostrophic wind in curved flows that have 
sub-geostrophic speeds (in gradient or cyclostrophic balance, as in Fig. 2.2 in the text
book). Another component is the horizontal branch of the flow in unbalanced internal 
gravity waves. Still, the "maintainer of balance across time,, component of ageostrophic 
flow that QG theory solves for is a major weather-maker of midlatitude storms and fronts, 
both directly ( through the condensation of water in its updraft regions), and indirectly 
( through its role in spinning up the vorticity in cyclones). 

Most importantly, the QG system of equations also offers insight into atmospheric 
dynamics. For weather forecasting, we can form equations for the QG vertical motion 
(the omega equation) or for the QG height tendency (a relationship that is even clearer in 
terms of potential vorticity, revisited in Chapter 4). 
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Chapter 2 in MSM presents quasigeostrophic theory. Here, we provide an accompanying 
set of exercises emphasizing the application of QG material in the interpretation and 
prediction of midlatitude weather systems. 

2.1. Conceptual View of QG Omega: Forcing and Response 

The QG omega equation is shown below. It states that forcing for vertical motion is related 
to the differential vorticity advection and the Laplacian of the temperature advection. For 
both advections, the approximation is made that the geostrophic wind is a good enough 
approximation for the advecting velocity. Recall that the change in geopotential <I> with 
pressure in the second term ( the thickness dZ per unit mass layer dp) is a measure of 
layer-averaged temperature. Recall also that the Laplacian (V2

) of the geopotential in the 
first term is proportional to geostrophic relative vorticity (with some constants). These 
ideas may help you to recognize the terms in the omega equation. 

V +--- m = --- V -V -V <P+f +-V V -V --
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Our objective in this lesson is to understand this diagnostic relationship. In other words, 
why does cyclonic vorticity advection increasing with height, or a horizontal maximum of 

warm advection, represent forcing for ascent? 

This example is inspired by the Durran and Snellman ( 1987) paper. Consider an idealized 

jet streak situation. Suppose the 1000-hPa geopotential height surface Z1000 = 0 everywhere 
(i.e., the 1000-hPa surface is flat, with no geostrophic wind at that level). On the following 

diagram, the 500-hPa height contours are shown as bold solid lines, and the 500-hPa 
isotachs are shown as dashed lines. The cross section B-C is marked for later reference. 
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a) From the QG momentum equation [Eq. (2.9) in MSM], the local tendency of the 

geostrophic wind speed is in part due to geostrophic advection [ evident if one expands 
the total derivative on the left side of Eq. (2.9)]. Similarly, we could expand the total 
derivative on the left side of the QG zonal momentum equation [Eq. (2.14)]. What is 

the sign of the term at point A? 

aug 
-u -

g ax 
How would this term tend to change the strength of the vertical wind shear with time 

(increase or decrease) at point A? 

b) Next, consider the geostrophic advection of temperature in the lower troposphere. Is 

there warm, cold, or neutral advection (+,-,or 0)? Why? 

Explain: What information do we have about temperature on this diagram? What is 

the thermal wind in the 500-1000-hPa layer? If thickness and height contours are 

parallel, what does that imply about temperature (thickness) advection? 

c) Recall that thermal wind balance relates the vertical shear of the geostrophic wind to 
the horizontal gradient of temperature, at every instant in time. Here, 

C 8Tv u -u -----
g U g L - f 8y 

This is Eq. ( 1.44) in MSM. Here, the subscripts "U" and 'T' correspond to "upper" and 
"lower" levels, and "C" is a constant for a given pressure layer. Would thermal wind 

balance be sustained in locations such as point A as the advective tendencies from a) 

and b) act together? Why or why not? 

d) If the answer to c) is "no:' explain the sense of the imbalance that would develop at 
point A. In other words, would the vertical shear of the westerly flow become too weak 
for the north-south temperature gradient, or vice versa? 

e) Based on your answer to d), what would need to happen in order to bring the atmo

sphere back toward thermal wind balance in the vicinity of point A? 

The magnitude of the temperature gradient would need to _____ _ 

AND/OR 

The magnitude of vertical wind shear would need to _____ _ 
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f) What sort of vertical circulation (in this case, in the y-z cross-sectional plane) would 

be required to bring about the needed changes ( that is, to restore or maintain thermal 

wind balance)? Remember, a "circulation" needs to satisfy mass continuity. Consider 

the vertical cross section below corresponding to the B-C cross section above. The 
perspective is from the west (i.e., you are standing with your back to the wind, looking 

eastward). 

----------------
Higher 

Lower 

t 
UP 

B Surface .c 
Sketch the ageostrophic circulation (using vertical and horizontal arrows) that 

would be needed to bring the atmosphere back towards thermal wind balance 

after advection has acted for a moment to disrupt that balance. Hint: One useful 

approach is to think first of how the horizontal wind would need to change with time. 

Recall from Eq. (2.14) in the text that du/dtg = fvag (the Coriolis force acting on the 

ageostrophic wind), so you can deduce what vagis needed. From vag' mass continuity 
then implies a vertical motion to close the circulation. 

g) Does the adiabatic cooling or warming effect of your deduced vertical motion help 

or hinder the action of fva
9 
on the momentum field, in the overall two-part effort [as 

mentioned in e) above] to adjust the situation back to thermal wind balance? 

h) On the jet streak diagram below, sketch a few vorticity contours, and label regions 

of cyclonic (use a C) and anticyclonic (use an A) shear vorticity. Consider the 

wind orientation, based on the height contours. Combining the wind and vorticity 

information, indicate areas of positive and negative vorticity advection. Given that 

wind speed is increasing with height in this example, and therefore so is the strength of 

the advection, where would you expect rising and sinking motion at the 700-hPa level 

(based on the first term in the traditional form of the QG omega equation)? Label this 

area on the diagram. 
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i) Are the areas of ascent and descent you deduced above in a-f for the jet entrance, 

arising from the thermal advection term of Eq. (2.29), consistent with the ascent and 

descent you deduced in h) from the vorticity advection term? In other words, do the 

two forcing terms work in the same sense, or the opposite sense, for this case 

involving self-advection of a geostrophically balanced jet streak? 

j) Optional: Based on your thinking from the above, can you imagine a geostrophically 

balanced flow situation in which the two terms in Eq. (2.29) cancel each other, so that 

no net QG omega forcing is present? 

2.2. The Traditional QG Omega Equation: Forcing for Ascent during a 
Winter Storm 

The objectives of this exercise are to examine QG forcing mechanisms during a winter 

storm event and relate these to patterns of vertical motion and cloud cover. For familiarity, 

we will utilize the same case event from the thermal wind exercise in section 1.3. 

Open the LMT_2.2 bundle. You should see displays of Sea Level Pressure, 

Geopotential height, and Wind barbs at 500 hPa. A magenta square shows 
the location of a movable Sounding probe. 

a) Thermal advection at 1200 UTC 18 December 2009 

i. Consider the cyclone in the northern Gulf of Mexico. Based on the angle between 

the sea-level isobars and 500-hPa height contours, where do you expect the most 

pronounced temperature advection at this time? In which areas would the QG 

omega equation predict forcing for ascent, if we were to base our analysis only 

on this term? Capture and annotate images to illustrate your answers. Recall that 
the equation includes the Laplacian of the temperature advection field, so it is not 

just the value of temperature advection itself that is critical, but rather local maxima 
(where the Laplacian is negative) or minima (where the Laplacian is positive). 
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ii. Activate the QG Temp Adv display. Was your intuition correct? Discuss. Use the 

sounding probe to confirm wind veering vs. backing in the warm vs. cold advec

tion areas, as in exercise 1.3. 

b) Differential vorticity advection 

The vorticity advection forcing term is mainly contributed by upper-level (500 hPa) 

vorticity advection, since winds are weaker at low levels. 

i. Turn off the QG Temp Adv display. Select the Absolute Vorticity field 

in the legend and notice its relationship to the troughs and ridges in geopotential 

height. Based on the wind and vorticity fields, where do you expect the most 

prominent areas of cyclonic vorticity advection? Where are these areas in relation 

to the locations with significant warm advection? 

ii. Activate the Geo Avor Advection display (itis under the QG 

diagnostics category in the legend). Are the regions of cyclonic vorticity 

advection consistent with what you expected? Capture images of the comparison 

between the two QG advection terms, and discuss them. Since Eq. (2.29) states 

that the Laplacian of omega equals the forcing terms on the RHS, and inverting the 

Laplacian acts like a smoothing operation, let's smooth the forcing term. Click the 

blue Geo Avor Advection hyperlink in the legend and change the smooth

ing parameter to a factor of 5. Is this a better fit to the scales of true omega (ascent) 

suggested by the IR satellite imagery? To answer this, toggle the IR sate 11 it e 

di splay on and off to see the observed cloud tops field. Capture images to illus

trate your assessment. Discuss what aspects of the IR cloudiness display (convec

tive clouds vs. cirrus decks) might be most related to vertical velocity below the 

500-hPa level where the vorticity advection term was evaluated. 

c) Vertical profiles at 1200 UTC 18 December 2009 

i. Consider the skew-T profile in the separate Sounding_ wind window. Recall 

that we examined vertical profiles for this case in exercise 1.3a, for geographical 

reference. Place the skew-T marker in the Map View window over Louisiana. 

Do you expect QG forcing for ascent or descent in this location at this time? 

Discuss and justify your answer in terms of the two QG forcing terms. 

ii. Is the midtropospheric dewpoint depression (gap between temperature and 

dewpoint curves) consistent with the omega implied by the QG forcing terms in (i) 

over central Louisiana? Discuss. 
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iii. Now, move the sounding location to southern Georgia. Do you expect QG forcing 

for ascent or descent in this location at this time? Discuss and justify your answer 

in terms of the two QG forcing terms. 

iv. Are the midtropospheric temperature and dewpoint profiles (or the dewpoint 

depression) consistent with the omega implied by the QG forcing terms over 

southern Georgia? Discuss. 

d) Analyzed omega 

The actual analyzed omega can differ substantially from the QG omega whose Lapla
cian equals the forcing terms according to Eq. (2.29) shown at the beginning of section 
2.1. Discrepancies can occur because of all the non-QG terms in the equations, includ
ing topographic upslope or downslope flow, convection, and other components of the 
ageostrophic flow field. 

In the Map View window, toggle on the temperature advection (QG Temp Adv), 

vorticity advection (Geo Avor Advection), and the 700-hPa omega field (Omega 

- Color- Shaded) to explore the relationships among the three patterns. How well 

does the analyzed region of ascent match the location of QG forcing for ascent diag

nosed in a) and b)? Does the analyzed omega better match the vorticity advection 

term or the temperature advection term? Discuss. 

e) Infrared satellite imagery 

Doesthe IR satellite imagery displayagreequalitativelywiththeana

lyzed omega, QG-predicted omega, the individual QG omega forcing terms, and the 

sounding's dewpoint depression? Discuss. 

f) Optional: Examine the same set of displays for another weather situation and answer 

the questions above again. To do this for a historical case in 1979-2015, use bundle 
LMT_2. 2_MERRA_1979-2015. For real time data, use LMT_2. 2_RT. In either 
case, to view another area of the globe, zoom out until your desired region is visible 
and then hold the Shift key while rubberbanding a latitude-longitude box with 
the left mouse button depressed. Then, to adjust the time( s) desired, click the ~ icon 
in the animation control area and operate the Define Animation Times tab 
in the popup, reading menu items carefully to avoid excessively large data requests. 
Unfortunately, the sounding probe will not automatically follow the other displays for 
IDV versions before 5.3. In that case, you have to zoom out after the data finish load
ing and move the probe to the area in which your data have been fetched. If you find a 
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case you like, you can save it as a .zidv bundle, and feel free to contact an author of this 
manual if you wish to share it more broadly. 

g) Optional: Explore the excellent widget illustrating all the quantities and terms in the 
traditional QG omega equation at http://www.meted.ucar.edu/bom/qgoe/qgoe widget. 
htm. It is free, but each student will need to register. An instructor's email can be set 
for quiz score delivery. 

We gratefully acknowledge Prof. Jim Steenburgh, University of Utah, for a masterly IDV 
bundle used in developing aspects of this lesson. 

2.3. Q-Vector In-Class Exercise 

The objectives of this short lesson are to allow students to compute Q vectors for a simple 
flow, and connect the convergence or divergence of these vectors to forcing terms in the 
traditional QG omega equation. 

The QG omega equation is a tool for diagnosis of the processes that give rise to vertical air 
motions on the synoptic scale. The "traditional" form of the QG omega equation utilized 
in the previous exercise is not always well suited for operational weather forecasting. As 
Durran and Snellman (1987) demonstrated, cancellation can occur between the right
side terms in the traditional omega equation. When the two terms on the right-hand side 
of the traditional form of the QG omega equation oppose each other, forecasters using 
that equation as the basis for their interpretation are faced with the difficult challenge of 
deciding which term is larger! Instead, it is advantageous to combine the right-side terms, 
as shown by Hoskins and Pedder (1980), to obtain the "Q vector" form of the QG omega 

equation: 

( 

2 f
2 

a2 J _ V +-0 
-- m=-2V•Q, 

0- ap 2 
(2.30) 

where avg oug ae avg ae --Ve + 
- R ox (Q, J R 

ax ox ox oy 
Q=-- = Qi = - a p aug ae avg oe ap avg 

+ --Ve ay ay ax oy ay (2.31) 

Recall that the QG vertical motion is a response to thermal wind balance disruption. It 
should therefore make sense that the "forcing" for vertical motion on the right side of the 

QUASIGEOSTROPHIC THEORY / 41 



omega equation is related to gradients of wind and temperature, evident in the Q vector. 
In fact, the Q-vector form of the omega equation is derived by examining the difference 
between equations that expressed the two different components of the thermal wind rela
tion. This difference reflects advective tendencies that would tend to disrupt balance, and 
it acts as a "forcing" for circulations that would act to push the atmosphere back towards a 

state of thermal wind balance. 

In Eq. (2.31), the two components correspond to east-west- and north-south-oriented 
vector components. By evaluating the derivatives and products, we can determine the 
orientation of Q and ultimately locate regions of converging and diverging Q, which are 

clearly of meteorological interest from Eq. (2.30). 

In order to illustrate Q vectors in a simplified idealized setting, consider the diagram below. 

• Define the x axis to be parallel to isentropes, with cold values to the north (a0tay < 0). 
• Note that a01ax = 0 in this idealized example (but not in general). 
• Assume that vg at some level varies sinusoidally as indicated in the diagram below. 
• For simplicity, ignore the factor -R/ap in the Q expression [Eq. (2.31)]-but notice that 

it is negative. 
• Evaluate Q at each of the indicated points A-E, using "finite difference" techniques. 

8 -3 
augao avgao 

Q .=------
1 ax ax ax a y 

--~-----·----◄------------------------------------- 9~ 

A B 
9-1 

augao avgao 
Q .=------

1 a y ax a y a y 

----------------------•--------------------------- 8 

a) Where would you find ascent? Is this where you would expect it based on the tradi

tional form of the QG omega equation? Explain and discuss. 

b) Optional: Sketch a different situation, for example involving westerly winds and 

isentropes at some angle, a more realistic situation than that depicted above. It will 

help you to simplify the math if you still define your x and y axes so that a01ax = 0, 
rather than using x as east and y as north. To do this, sketch a realistic weather situa

tion, then rotate the paper and add the axes to think about the terms. Evaluate the Q 

vectors, and their convergence. 
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2.4. Q Vectors Displayed Using Case-Study Data 

This exercise examines and interprets Q vectors and their divergence at the 700-hPa level, 

again focusing on the December 2009 case used in exercise 2.2. The objective is to com
pare and understand how the traditional QG forcing terms relate to the Q-vector forc

ing. Recall from Eq. (2.30) in MSM and from exercise 2.3 above that the right-hand side 
("forcing") term in this version of the QG omega equation is proportional to V •Q, the 

divergence of the Q-vector field. 

In order to really solve for QG omega, the second derivatives on the left-hand side would 

have to be inverted via a numerical process such as successive over-relaxation. Qualita

tively, such an anti-differentiation process greatly smooths the resulting QG omega field 

compared to the fine-grained V•Q field, as the opposite of differentiation (the Laplacian), 

which acts to enhance small-scale features in a field. As an approximate inverse Laplacian, 

simple smoothing is used on the V•Q displays in the bundles below. You can play with 

smoothing to see the noisy raw V •Q if you like. 

a) Open the LMT _2.2 bundle that we used in section 2.2 above. Activate the displays 

for Temperature contours, Hoskins Q-vector, and Wind barbs. 

Confirm that all three displays are set to the 700-hPa level. Examine the Q-vector field 

in the vicinity of the cyclone in the northern Gulf of Mexico. Capture an image that 

corresponds to the idealized diagram in problem 2.3 above. In what location are the 

vectors converging? Where are they diverging?_ Do these regions match your expecta

tions from QG forcing terms in the traditional form of the omega equation from 2.2? 

Where are these areas relative to the upper-level trough, and surface cyclone? 

b) Deactivate the Temperature contours and Wind barbs displays, and 

activate the Div ( Q vector) display, which is heavily smoothed as justified above. 

i. Compare the Div ( Q vector) at 700 hPa to the Omega display at 700 hPa. 

How well does the Q-vector convergence match up with areas of ascent (purple shad-, 

ing in both cases)? The Q vectors should point towards areas of ascent. Do they? 

ii. Choose an area of notable Q-vector convergence, and use the other QG diagnostics 

displays to attribute the forcing for ascent to either differential vorticity advection 

or temperature advection. 

iii. Compare the displays of Div {Q vector), 700-hPa omega, and IR 

sate 11 it e imagery. Discuss the degree of correspondence between 

these three plotted quantities. How well do the areas of Q-vector convergence 
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correspond to the convective and/or cirrus cloud decks evident in the satellite 

image? Notice the discrepancy in areas where convection is prominent. In 

Eq. (2.31) above, the definition of Q involves static stability a. What would happen 

to Q if condensational heating acts to make the effective static stability in some 

region much smaller than the dry static stability a? 

iv. Change the levels of Hoskins Q-vector and Div ( Q vector) from 700 

to 500 hPa and then 850 hPa ( to do this, click on these displays' hyperlinks, which 
will bring up a window where you can choose from a list of isobaric levels). Are the 

locations of Q-vector convergence sensitive to the choice of vertical level? What 

factors should go into determining which level to examine? 

v. Zoom out to view a broader region and again compare the Div ( Q vector) 

field to omega. How good is the correspondence on broader spatial scales? Are 

there patterns to the discrepancy or agreement? 

c) Identify an area with the"QG cancellation problem" (e.g., cold advection but cyclonic 

vorticity advection) based on the sea level pressure and 500-hPa height contours 

alone. Use the Drawing Control in IDV (the pencil icon in the toolbar) to 
mark your location of cancellation. If you mismark, you can delete your marks ( called 
glyphs) from the list under the Shapes tab in the Drawing Control. Capture 

an image and indicate the area. 

d) Now, activate the QG diagnostics displays needed to check your answer from c) 
above. Did you correctly select a location that experiences the QG cancellation prob

lem? Which of the competing QG terms appears to dominate, based on Div(Q vector), 

the omega field, and IR imagery? 

e) Create a new display, an isosurf ace of omega enclosing the volumes of air with upward 
and downward motion. 

To do this, follow this screen capture: 

• • 
File 

~ 

Dashboard 

,,,. ... =,=- 9 Displays 

Data Sources_: ___ Fields q, Displays r _ Formulas . . . ► 20 grid j ... , ►-Pl-an_V_le_w_s ______________ --, 

I► MERRA 30 3h units fixed ,.. 3D grid 

I MERRA 20 lh units fixed ► Derived 

! ... /CridSat-Aggregatlon. Gil air temperature ~-- Iii eastward wind component 
Iii geopotentlal height 
Iii northward wind component 
Iii relative humidity 

~ ditiilHiiii1ii¥4&!iN 
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From the Field Selector on the Dashboard, highlight the MERRA 3D 
3h data source under the Data Sources panel. Under the Fields panel, 

expand the 3D grid item and choose vertical pressure velocity 

(the field name will appear as omega). In the Displays panel, expand the 3D 

Surface item, and select Isosurface. Click on Create Display. 

Now, in the Legend of the display window, click on your new omega -

I sosurf ace and set the isosurface value to -0.5 Pa s-1 in the display control that 

pops up. The negative value corresponds to a region of ascent. Repeating the steps 
above, create a second isosurface of descent, with value +0.25 Pa s-1• Adjust the color 

and transparency of your isosurfaces to taste. 

Examine the isosurfaces in three dimensions in this cyclone. Is there a systematic tilt 

with latitude? Do you see any evidence in the IR imagery for the analyzed omega field 

being correct or incorrect? Discuss. 

2.5. Real-Time Forecast Discussion: Utilize QG Thinking 

QG reasoning can be applied to everyday weather situations, as part of a skill set for deliv

ering effective, science-based weather briefings. This exercise works toward those goals by 

applying QG analysis and forecasting techniques to develop an Area Forecast Discussion 
(AFD) for the current and upcoming weather situation. Specifically, the objective of this 

lesson is for students to construct a forecast discussion based upon application of QG 

concepts to a current weather situation. 

It is important to recognize that non-QG processes can exert a dominant influence on 

local weather. Convection and topographically forced processes are two examples. How
ever, it is equally important to understand scale interactions, and knowing how the larger, 

synoptic-scale atmosphere is evolving is a prerequisite to understanding mesoscale or 
other non-QG processes. Likewise, recall from chapter 1 that Rossby wave packets are of

ten hemispheric in scale, and when diagnosing QG processes related to a given trough or 

ridge it is helpful to step back and think about the planetary-scale context for the synoptic 

systems of interest. Ultimately, students of the atmospheric sciences must integrate infor
mation across many scales, and utilize understanding of planetary, synoptic, mesoscale, 

and perhaps microscale processes in research and forecasting applications. Here, our focus 

is on the synoptic-scale signals for which the QG equations convey useful understanding. 

An important challenge that confronts atmospheric scientists is to boil a large volume of 

information down into a concise ( and actionable) summary and forecast. As you will see 
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in this exercise, vast amounts of information are available. However, not all of this infor

mation is equally important! Your task is to identify the important features, explain why 

they are evolving the way they are, and how they will affect the weather in a given loca

tion. Time does not permit equal treatment of all weather features! 

PURPOSE OF AN AREA FORECAST DISCUSSION 

The purpose of an AFD is to provide a well-reasoned discussion of the meteorological 

thinking behind a forecast ( anticipated weather conditions) for the local county warning 

area (CWA) as used by U.S. National Weather Service (NWS) offices. 

The AFD is a scientifically enhanced discussion with the goal of coordination between a 

local NWS office and adjacent NWS offices. The AFD is also a public product and is the 

primary means available to clearly convey the reasoning behind NWS forecasts to exter

nal users, including private meteorologists. The goal of the NWS forecaster is to write a 

concise, informative statement of forecast reasoning in order to inspire confidence in ( or 

communicate uncertainty about) the forecast among the primary users. 

CONTENT AND PHILOSOPHY 

The text of an AFD is written in plain language and/ or with the use of proper abbrevia

tions. The text is as concise as possible, yet it covers the most significant characteristics of 

the forecast. There is no specific discussion length that is "right" for every weather situa

tion. The AFD is a narrative description of the scientific basis for forecast decisions. Your 

assignment is to write an Area Forecast Discussion for the assigned location. NWS fore

casters have limited time to write the AFD, and so this activity is well suited for an in-class 

exercise-use your time efficiently! Consider the weather forecast for the assigned region 

for the 3-day period beginning at 1200 UTC today. 

Your AFD content should include answers to the following questions: 

What is currently happening in the assigned area of interest and the surrounding 

region? Consider large-scale (e.g., North America or U.S.) perspectives, then zoom in 

on the assigned area of interest. What is causing the current weather pattern? Limit 

your discussion to the main synoptic-scale weather systems. Base your discussion on 

QG reasoning to the extent appropriate. 

Which weather systems will be affecting the assigned area of interest in the next 3 

days? What will be happening in the next 3 days in this area, and why? Why will the 

weather systems affect the area in the way that we expect? Discuss the evolution 
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of the synoptic pattern as it relates to the forecast. Again, use QG reasoning where 

appropriate. Be precise about the expected timing of events. 

The following exercise can draw on information from any source, but here we provide 
three IDV bundles that will supply the needed information. 

a) [1 paragraph] Load the LMT _ 2 . 5 _ obsNA bundle, which provides observational 

data (satellite, radar, surface observations, and model analyses) for North America. 

Describe the current meteorological situation in the vicinity of the assigned 

location at 1200 UTC today, with an emphasis on the weather systems that are 

affecting the assigned area, and which, based on extrapolation, you expect will be 

affecting the forecast area in the short term (next 24 h). What is happening now, 

and what has happened recently? Where are the systems that will be affecting the 

local area currently located? Discuss, where possible, in terms of QG processes. For 

any prominent areas of cloud and precipitation, can QG processes explain their 

existence? Which, if either, of the traditional QG omega-equation forcing terms are 

responsible for these areas? Activate the Front Display. Are there any frontal 

systems near or approaching the forecast location? 

b) [1 paragraph] Load the LMT_2. S_fcst bundle, which shows a four-panel display 

of numerical model output. Loop the animation and get a feel for all the displays and 

their patterns. What is shown in these four panels, and why? Examine the forecast, 

with an eye on QG diagnostics. For example, 500-hPa height and vorticity, sea level 

pressure, and the QG diagnostics utilized in earlier lessons are all available. Using 

these, provide a "QG discussion" of the synoptic-scale pattern evolution, processes, 

timing, and intensity of QG forcing for vertical motion. Explain the expected impact 

of synoptic-scale weather systems on weather conditions at the assigned location for 

the forecast period and area. Focus on the 3-day forecast period, and be precise in 

specifying locations and times. You may wish to organize the discussion day by day. 
Utilize your knowledge of the QG omega equation to explain how weather conditions 

will evolve. Remember, this is about the scientific reasoning behind the forecast, not an 

actual forecast. Focus on processes. 

c) [1 paragraph] No forecast is complete without a discussion of forecast uncertainty. 

Accordingly, load the LMT _ 2 . 5 _ ens bundle. Examine the GFS Ensemble Forecast 

System (GEFS) output to examine the degree of ensemble spread, which is one mea

sure of confidence in a forecast. Consider any important troughs, ridges, or jets in the 

area of interest. The "spaghetti" contours show a given height contour for each of the 

different GEFS members, and the deviation between these contours is a measure of 

uncertainty in the forecast. The computed standard deviation is plotted with purple 
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shading. Use this information to discuss the level of forecast confidence you have for 

the key synoptic-scale weather systems you emphasized in your paragraph from b). 

Note that there are many additional parameters available here, including temperature, 
sea level pressure, and precipitation. Utilize these as necessary in discussing forecast 

confidence. 

d) [1 paragraph] Are there any non-QG processes that should be taken into account for 

the forecast? If so, discuss what they are and how they could affect the forecast. 

2.6. QG Height Tendency Equation Exercise 

Recall that the ageostrophic part of the wind is important for two reasons: ( 1) it contains 
all the horizontal divergence, the key to clouds and rain through the associated omega 
field, and (2) it generates the time evolution of the flow pattern, the key to forecasting. 
QG theory helps us estimate the part of the ageostrophic wind field that performs both of 

these jobs in synoptic-scale flow. 

We saw above that the QG omega equation helps us interpret the instantaneous or diag
nostic reasons for synoptic-scale vertical motions. In contrast, the QG height-tendency 
equation is prognostic, meaning that it can help us to understand why weather systems 
change with time. The objective of this lesson is to utilize real-data cases to apply the 
height tendency equation, with the goal of providing an explanation for the causes behind 
the time evolution of synoptic-scale systems. Review section 2.4 of MSM for derivations 

and interpretation of this equation. 

The QG height-tendency equation [Eq. (2.34) in the book] is repeated here. Here Xis the 
time rate of change of geopotential height under QG assumptions. Remember that the 

Laplacian operator on the left side acts like a negative sign for simple waves, and that the 
process of inverting it to obtain the height tendency X is like a smoothing operation, 
de-emphasizing small-scale features in the "forcing" terms on the right. 
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The first right-hand term is the advection of vorticity, and tells us that ridges and troughs 
in the height field tend to drift downwind along with their associated anticyclonic and 
cyclonic vorticity. This is extremely unsurprising, since map discussions often just make 
the leap that "ridges and troughs are advected" by the jet stream. The second right-hand 
term involves the advection of temperature (noticing that -a<1>1ap = -g aztap is thickness, 
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proportional to temperature). Its triple negative sign is easiest to understand geometri
cally, by picturing wedges of thicker or thinner air being blown into the air column above 
or below the pressure surface (perhaps 500 hPa) whose height change is X· The third term 
involves diabatic heating J, and again can be visualized as a thickening or thinning of the 
air column above or below the pressure surface in question. 

a) Open the LMT_2.6 bundle in the IDV. Watch the loop of Geopotential height 
(500 hPa) and the most-positive values of absvort (absolute vorticity, magenta 
shading) to get oriented to the weather situation. Describe the weather pattern in 

terms of the motion and evolution of the main three to four troughs and ridges at 500 

hPa. Activate the Sea Level Pressure display, and relate the story of the main 

surface cyclones and anticyclones to this activity of the troughs and ridges at 500 hPa. 

b) Loop and examine the Geopotential height and Time step 
difference displays. [You may notice that the latter one, Z500(t) - Z500(t- 1), 

is not available at the first time step.] Step through the sequence a few times. Where 

in relation to the troughs and ridges are the largest positive and negative 500-hPa 

height tendencies? (You may notice, especially if you zoom out to see the tropics, 
that the time step difference field shows broad weak red and blue patches indicating 
westward-moving rises and falls of ZSOO. These are atmospheric tides driven by solar 
heating in the upper atmosphere. They should be ignored here). 

c) Let's focus on the height falls associated with the eastern U.S. trough's development 
and motion. Notice that the trough moves eastward, deepens, and sharpens during the 
sequence. Can you ascribe these time changes to individual terms in the QG height 
tendency equation? 

i. Set the time to 0000 UTC 12 September, and activate the GeoVortAdv contour 
display. Recalling that positive vorticity advection is associated with negative height 
tendency, show that height falls east of the trough axis correspond to the advec

tion of vorticity features. To do this, capture images of a time when the Time 
step difference pattern shows the signature of eastward motion and 

agrees well with the geostrophic vorticity advection pattern. 

ii. To see if thermal advection also contributes to the trough's motion and/or amplifi
cation, activate the Sea Level Pressure and Geopotential height 
contours only. What is the sign of thermal advection in the surface to 500-hPa 

layer (inferred from veering or backing geostrophic wind, evident from isobars 

and height contours) in the trough? How does this thickness advection below the 

500-hPa level contribute to the height falls in the base of the trough? Consider 
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both 0600 UTC 12 September and 0600 UTC 13 September. Capture images, anno

tate, and discuss the role of this second term in the height tendency equation. 

iii. Activate the 3D Surface (isosurface) plots oflower-tropospheric temperature ad
vection (pos. , neg. T adv). You may want to adjust the isosurface values. Is 

there a correspondence between areas of lower-tropospheric cold (warm) advec

tion and the region of negative (positive) 500-hPa height tendency associated 

with the trough in question? Your answer should be generally consistent with the 

question above. Capture images and discuss what you observe for both of the key 

times (0600 UTC 12 September and 0600 UTC 13 September). 

iv. Deactivate the pos. , neg. T adv isosurface displays, and activate the 

isotach (wind speed) plot, along with the GeoVortAdv (geostrophic vor

ticity advection) contours. Late in the sequence, the trough sharpens, and a cutoff 

appears in ZS00, causing an enhanced height gradient ( and thus a strong geos

trophic wind speed) on its east side. Capture images of the sharpening process. 

Which physical process-vorticity or thermal advection-is more responsible for 

this sharpening? 

v. Summarize the evolution of the eastern U.S. trough within the context of the QG 

height tendency equation, with specific emphasis on the two key times ( 0600 

UTC 12 September and 0600 UTC 13 September). Does the QG height tendency 

equation appear to adequately describe this case example, specifically for these 

particular times? In other words, do the interpretations provided by this equation 

fit adequately (qualitatively) with the observed height changes? 

2.7. Potential Vorticity Exercise 

The purpose of this lesson is to provide experience in utilizing potential vorticity (PV) to 

diagnose atmospheric structure and processes. You will interpret PV in relation to other 
atmospheric variables. Recall that PV is altered by vertical heating gradients. Positive 

PV values are generated either at the base of a heating process ( at low levels, below latent 

heat release, for example in tropical cyclones) or at the top of a cooling process (like at 

the tropopause near the winter pole, atop the radiatively cooled troposphere, creating the 

planetary-scale polar vortex whose "tentacles" or filaments of PV are the essence of mid

latitude synoptic weather variability). 

a) Load the LMT_2.7 bundle, a GFS forecast sequence. This is a fairly data-intensive 
bundle, so give it some time to finish loading. For the fields valid 1200 UTC 16 
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September 2014, detect center locations and strengths of the following three intense 

cyclones: 1) over the North Atlantic, 2) near Baja California, and 3) beyond the western 

Aleutian Islands, near the edge of the data domain. Enter them in the table below. To 

get the pressure values, utilize the Data Probe feature of IDV, following this screen 
capture: 

• • Dashboard 

File Edit Displays Data Bundles Tools Help 

~ ~ ~ IQ/ Gil - ~ 13 j i. Mapes IDV collection 

r· ~ Quick.link~----- I,) Data Choose;; · • i r Field Seleclor 8 Displays 

Data Sources: Fields O. Displays 
Formulas 1

1
~ ... - Z-D-gr-id---------+----~ ~--Co-lo-r-S-ha-de-d-Pla_n_Vl-ew-------~ 

GFS CONUS 95km 20140 ► Derived 

Back round images ,.. Mass 
0 

► 3D grid 
Pressure reduced to ~ISL @ ~lean sea level 

Value Plots 
► 3D Surface 
► Hovmoller 
► General 
► Display Templates 

Data Transect 

l•iid##IMM 
RMinn Data ~mnllno ...,ttlno• 

Verbal instructions: In the Dashboard, Field Selector tab, select the GFS 

CONUS dataset, 2D grid > Mass > Pressure reduced to MSL. Under 

Displays, scroll down and select Data Probe/Time Series. Click on 

Create Di sp 1 a y . Move the probe, seen on the Map View window as a small red 

rectangle, to see time series at your cyclone center locations. An alternate method to 

retrieve point data is to middle-click with the cursor over the location of interest. 

Time/date of map: 1200 UTC 16 September 2014 

Storm Latitude of Longitude of Approximate Location Classification 

center center GFS central description 

pressure 

b) Based on the sea level pressure, what physical process(es) do you think led to the 

weather systems you identified in a) above? Are these tropical low pressure centers, 

extratropical cyclones, or can you even tell? If a recurving tropical cyclone moves to 

higher latitudes, how can you determine if it is of tropical origin or not? 
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c) Lower tropospheric PV can be an indicator of past latent heating. In the Map 
View window under Legend, activate the pvor - I sosurf ace display, 
which is displayed only in the lower troposphere as a red isosurface. Also, select the 
truewindvectors (850 hPa) display. Use the mouse to tilt and rotate the display 
view as needed to gain a perspective on these weather systems. At this point, just use 
1200 UTC 16 September. 

i. What is the relation between the "PV towers" and the low pressure centers you 

identified in a)? Describe what you see. 

ii. Toggle the display for PV surf ace colored by height, which shows 
the PV = 2 PVU surface that separates the generally low-PV troposphere from the 
generally high-PV stratosphere. How can this information help you to distinguish 

tropical from extratropical cyclones? Discuss the linkages between the PV, physi

cal processes, and weather system structure. 

d) In light of the PV, wind, and sea level pressure displays, classify the weather systems 

at 1200 UTC 16 September that you identified in a) as "tropical:"'extra-tropical:' or 

"hybrid" in the last column of the table above. Remember the physical processes that 
can lead to large PV in the lower troposphere, and that a weather system needn't be 
tropical in order to be accompanied by heavy precipitation. 

e) Activate the theta - Isosurface colored by height display (the 
315-K potential temperature surface, colored by its altitude). Which of the weather 

systems you identified in a) are "warm core"? Which are "cold core"? Is this consistent 

with your classification? 

f) Turn off the rainbow-colored isosurfaces, and examine just the red pvor -
Isosurface in the lower troposphere while stepping through time. Adjust the 
isosurface value to PV = 1 to maintain its identity ( click on the display's hyperlink in 
the Legend to manipulate the value). Try to trace the remnants of Hurricane Odile 
(the one you marked near Baja) using this lower-tropospheric PV surface. Where 

does this system go over time? Indicate the expected (forecast) location (in latitude/ 

longitude and geographical area) of this system at 0000 UTC 19 September and 0000 

UTC 21 September. 

0000 UTC 19 Sep: 

0000 UTC 21 Sep: 
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g) Deactivate all displays except for maps, then activate the pvor - Color-Filled 
Vertical Cross Section ofPV,the Geopotential height display 
at 500 hPa, and PV surface colored by height. Show the relationship 

between places where the PV = 2 surface is lowered and features of the ZS00 field. 

Using the cross section, in an oblique view like the screen capture below, show that 

higher values of PV fill the atmosphere above these lowerings of the PV = 2 surface, 

and that the tropical PV towers built by latent heating are unconnected to the 

upper-level (stratospheric) reservoir of large PV. 

h) Suppose that a more junior atmospheric science student were to approach you, and 

ask "What is this PV I keep hearing about, and how can I use it to learn something 

useful about weather systems?" Provide a short paragraph answering this question, 

in light of the exercise above. 
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