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Preface

This set of class notes was compiled beginning in the Fall of 1977 as part of the reading
material for courses and lectures in synoptic meteorology at the University of Virginia and
at Colorado State University. While the material does not represent an exhaustive review of
the field, it is intended to introduce the beginning atmospheric science student to the topic.
The linkage of synoptic meteorology to the dynamics and thermodynamics of atmospheric
processes is emphasized. At this time, while additional refinements and details in the text
are desired, it is felt that it would be useful to complete and distribute the material in a
somewhat more formal manner. The author would appreciate comments from readers on
significant oversights left out of the introductory notes, along with errors of commission. The
author specifically thanks Chris Landsea for his very valuable suggestions and corrections to
the text.

The word processing preparation, and final editorial completion of the work was very
competently completed by Dallas Staley. This support for the preparation of the published
version of the notes was provided by NSF Grant #ATM 86-16662, #ATM 89-15265, and

#ATM-9910857.
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1. Introduction

This book is designed to give students an overview of the rationale and techniques used in
synoptic weather forecasting. It assumes a basic knowledge of atmospheric dynamics and
thermodynamics, but repeats certain fundamental concepts which are of particular impor-
tance in understanding the material.

The text is segmented into material which focuses on the depiction of the vertical struc-
ture of the atmosphere (Section 2), depiction of the horizontal structure of the atmosphere
(Section 3), thermodynamic analyses (Section 4), and climatology (Section 5).

For information on mesoscale forecasting the reader is referred to Ray (1986), while
nowcasting is discussed by Browning (1982). This author defines synoptic forecasting as
hydrostatic weather features which are near gradient balance above the planetary boundary
(i.e., earth’s friction layer). Mesoscale systems are also hydrostatic but the divergent com-
ponent of the horizontal wind is a significant part of their structure. Nowcasting includes
both synoptic and mesoscale effects and is defined by this author as being able to interpret
weather signs; i.e., 1) completely on your own without any external aid — based on personal
experience and discussion with local residents in the specific geographic locale of interest;
or 2) support or disregard of National Weather Service predictions on the basis of your

observations.



2. Depiction of the Vertical Structure of the Atmo-
sphere

2.1 Quantitative Measures of the Vertical Profile

The first law of thermodynamics can be written as:

dT,

ds =C, ( TU> - (&> dp (page 11 from Pielke 1984) (2.1)
v p

where s is entropy, C, is the specific heat at constant pressure (1005 J K~ kg~ for dry

air), T, is virtual temperature!, R, is the gas constant for dry air (287 J K~! kg=!), and p

is pressure.
When no heat is gained or lost, ds = 0, so that:

d(InT,) = (R4/Cp) d Inp (2.2)

Integrating Eq. (2.2) between two points with a temperature and pressure combination
of Ty1, P, and Ty, P, and taking antilogs yields:

Ty2/Tor = (Po/Pr) ™/ (2.3)
Let P, = 1000 mb and T, = 6, then Eq. (2.3) becomes:

9 = T,[1000/p (in mb)]Fe/Cr (2.4)

or
T, = 6 (1000 mb)“*/%¢ pRs/CP — (constant) g p®2% (2.5)

A graphical solution of Eq. (2.5) is illustrated in Fig. 2.1. In atmospheric applications, the
p scale is inverted since pressure decreases with height. Normally the up direction on a page
is related to a positive upward vertical direction.

As an example, for T, = 300 K, p = 1000 mb; and for 7T, = 270.5 K, p = 700 mb, and 6
= 300 K in both cases. For T}, = 248 K, p = 700 mb; 6 = 275 K [0°C = 273.16 K].

Other quantities can be plotted on such a thermodynamic diagram?. The mizing ratio is
defined as the ratio of the mass of water vapor, m,, to the mass of dry air, myq,

m
w= "B (2.6)
Mg  Pd
1T, = T (1 + 0.61w) where w is defined by Eq. (2.6). T, is always greater than or equal to T and is used
in order to account for the observation that water vapor has a smaller atomic weight than the dry air which

it replaces in a volume.
2Henceforth, in these notes, T will be used to represent virtual temperature.
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Figure 2.1: Relation between T, p, and ¢ in dry air.




Since the volume of the air in which the water vapor and dry air is contained is the same,
the corresponding densities, p, can be inserted in place of the mass.
From the ideal gas law:

Dy € Dd (27)

where R, = 461 J K=! kg™! and by convention e = p, is used. The temperature of the dry
air and water vapor are assumed the same. The pressure of the dry air can be rewritten as
p — e, where p is the total pressure using Dalton’s law of partial pressures.

Equation (2.6) can then be written as:

w = ﬁ /(’;;Te) =0.622¢ / (p —e) (2.8)

since Ry/R, = 0.622. _
The mazimum amount of water vapor that a parcel of air can hold at a given temperature

is written as:
ws = 0.622e5/ (p — €5) (2.9)

where e, is the saturation vapor pressure.
Experimental work has permitted the specification of e; as a function of temperature, so

that:

3.8 [21.9(T - 273.2)

wy > exp ) ] : T in Kelvin (2.10)

for typical tropospheric values with p >> e;.

An important distinction in Eq. (2.10) is that wy is saturated with respect to liquid water.
A different formulation (maximum difference of about 0.2 g kg™!) is applicable for saturation
with respect to ice. Since wy is a function of p and T,,, values of w, could also be drafted on
Fig. 2.1 and on whatever other type of thermodynamic representation is chosen.

Relative humidity is defined from w and w; as:

RH = 100w/ wj (2.11)

The value of w can be determined by measuring the dewpoint temperature, Tp. This
is the temperature at which condensation will occur if the atmosphere is cooled at constant
pressure (i.e., isobarically). Thus, when T = Tp, w = w; (i.e., a value of w at temperature
T corresponds to w;, at temperature Tp).

When the atmospheric water content and pressure are constant, w and Tp remain con-
stant. Since w, is a function of temperature, however, the relative humidity will vary as
a function of temperature. An example of this situation is illustrated in Fig. 2.2 (e.g., see
Eq. 2.10).

A frost point temperature, Tr, can similarly be defined as the temperature at which
deposition (e.g., frost formation) occurs when air is cooled isobarically at constant pressure
until the air becomes saturated with respect to ice.

4
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Figure 2.2: Schematic illustration of the relation of relative humidity to dewpoint temper-
ature. This pattern is characteristic of a summer day in which diurnal heating causes a
variation of air temperature, but the absolute water content of the air does not vary during

the day.



Since the saturation vapor pressure of liquid water is always greater than or equal to the

saturation vapor pressure of ice:
Tp > TF.

When phase changes of water occur, heat is added or deleted from a parcel of air so that
potential temperature, 6, is no longer conserved. For the situation of liquid phase changes,
the first law of thermodynamics can be written as:

dI' Ry —L
CP‘JT - ?dp = ?dws (212)
where L is the latent heat of condensation.

The term on the right of Eq. (2.12) can be written as:

1 w

—dw, 2 d <__£)

T T
as long as dw,/T > w,dT/T? which it is for reasonable tropospheric conditions (e.g., see

Pielke 1984, pg. 268).
Equation (2.12) can then be written as:

dl"  Rgq, . W
From Egs. (2.1) and (2.4), Eq. (2.13) can be rewritten as:
Cp Wg
Crgpx _pa() )
7 d (T (2.13a)

If it is required (as seems intuitive) that ws/T — 0 as T' — 0 K (e.g., see Fig. 2.7 of Wallace
and Hobbs 1977; saturation moisture content goes to zero faster than temperature goes to
zero) then an equivalent potential temperature is defined from:

g 0
Cpf[dmo=-L [ d(%>,
9

ws /T

which after integrating and taking antilogs yields:

Or = 0 exp <Z[:—%) . (2.14)
P

The quantity 5 corresponds to the temperature of a parcel if it were moved to 1000 mb
with all of its water vapor condensed and heat released. Obviously, from Eq. (2.14), 8 > 0,
with 65 2 8 at low water vapor contents (e.g., in cold atmospheres).

Contours of constant 8z are placed on thermodynamic diagrams since 8 is conserved to
saturation — it is a measure of the potential heat increase due to complete saturation of the
water vapor present and is independent of the actual amount that has condensed.

6




There are a wide range of presentations of thermodynamic properties on thermodynamic
charts. Four examples, reproduced from AWS (1979), are presented in Figs. 2.3a-d. Byers
(1959, pp. 177-180) also discuss different forms of presentation of thermodynamic properties,
such as the Stiive diagram which has T by Inp axes and the tephigram which has T by ¢
axes.

Vertical sounding data is transmitted in the United States via either the Service C (synop-
tic code) teletype network or the Federal Aviation Administration FAA 604 teletype circuit.
These data are distributed two times daily at 00 GMT and 12 GMT (i.e., 1700 MST and
0500 MST). The procedure to decode this information and an example are presented as
Appendices A and B.

2.2 Qualitative Measures of the Vertical Profile

The appearance and type of clouds overhead provide considerable information regarding
atmospheric conditions. Cloud types can be summarized as follows.
There are ten genera of clouds.

cirrus nimbostratus
cirrocumulus stratocumulus
cirrostratus stratus
altocumulus cumulus
altostratus cumulonimbus

Each can be divided into species and varieties. The atmosphere, for use in cloud specification,
is divided into three levels: high, middle, and low.

e High

— cirrus
— cirrocumulus

— cirrostratus
e Middle

— altocumulus

— altostratus
e Low

— stratus

— stratocumulus
e Lower — extending up to high levels, for some cases

— nimbostratus
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Figure 2.3: (b). Coordinate system of the tephigram (from AWS 1979).
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Figure 2.3: (d). Coordinate system of the skew T, log P diagram (from AWS 1979).
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— cumulus

— cumulonimbus

Pictures of these clouds are presented in Byers (1959, pp. 107-119). From WMO (1957)
they are described as follows:

1. Cirrus — Detached clouds in the form of white, delicate filaments or white or mostly
white patches or narrow bands. These clouds have a fibrous (hairlike) appearance.

(a) Ice clouds, sun or moon shining through ice crystals — clouds produces a halo if
the cloud is uniformly thick.

(b) Often brilliantly colored well after sunset or sunrise — bright yellow or red.

2. Cirrocumulus — Thin, white patch, sheet, or layer of cloud without shading, composed
of very small elements in the form of grains, ripples, etc., merged or separate, and more
or less regularly arranged. Most of the elements have an apparent width of less than

one degree.

a) Ice clouds.

(
(

)

b) Often look like small flakes or very small globular masses.

(c) When well marked in a uniform arrangement, sailors call it a mackerel sky.
)

(d) Least frequently observed of cirrus types.

3. Cirrostratus — Transparent, whitish cloud veil of fibrous (hairlike) or smooth appear-
ance, totally or partially covering the sky, and generally producing halo phenomena.

(a) Appearance ranges from white sheet to a very thin layer that only slightly whitens
the blue sky.

(b) Indefinite edges, generally.
(c) Ice.

4. Altocumulus — White or grey, or both white and grey, patchy, sheet, or layer of cloud,
generally with shading, composed of laminae, rounded masses, rolls, etc., which are
sometimes partly fibrous or diffuse and which may or may not be merged. Most of the
regularly arranged small elements usually have an apparent width of between one and

five degrees.

(a) Shapes similar to cirrocumulus, however, usually have dark shading underneath
(probably higher water content), and elements appear larger.

(b) Do not produce halo.

(c) Edges often thin and translucent and exhibit irisations (bright plays of color)
which supposedly are found only in this type of cloud.
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(d) Low-level altocumulus have smaller elements than stratocumulus.
(e) May occur at more than one level.

(f) Composed of liquid water droplets, frequently supercooled.

5. Altostratus — Greyish or bluish cloud sheet or layer of striated, fibrous, or uniform
appearance, totally or partially covering the sky and having parts thin enough to
reveal the sun at least vaguely, as through ground glass. Altostratus does not show

halo phenomena.

(a) Never shows definite shape configurations, although light and dark patches may
alternate.

(b) Shadows of objects on the ground are never visible.
(c) Frequently referred to as “snow-sky” in winter.

(d) Low altostratus may be distinguished from stratus or nimbostratus because of
darker, more uniform grey of the stratus and nimbostratus (again, probably higher
water content in the latter) and the fibrous structure and whitish gleam often
visible in the altostratus.

(e) If light spots do not shine where sun or moon is, then clouds are probably not
altostratus, but stratus or nimbostratus.

(f) Altostratus may be generated from altocumulus (by large-scale upward motion)
or altocumulus may be generated from altostratus by subsidence.

6. Nimbostratus — Grey cloud layer, often dark, the appearance of which is rendered
diffuse by more or less continuously falling rain or snow which in most cases reaches
the ground. It is thick enough throughout to blot out the sun. Low ragged clouds
frequently occur below the layer with which they may or may not merge.

(a) Most often a low cloud form. Distinguishable from stratocumulus in that it has
no discrete, or at least regular cloud elements. Darker than stratus, virga or
precipitation at the ground and higher variable bases.

(b) In midlatitude storms, often develops from thickening and lowering altostratus.

(c) “Bad weather clouds.”

7. Stratocumulus — Grey or whitish, or both grey and whitish, patch, sheet, or layer of
cloud which almost always has dark parts, composed of tassellations, rounded masses,
rolls, etc., which are nonfibrous (except for virga), and which may or may not be
merged. Most of the regularly arranged small elements have an apparent width of

more than five degrees.

(a) Cloud elements aligned in one or two directions.
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(b) Often have appreciable vertical development, but are softer, more irregular shaped
than cumulus. If seen from above they are capped at a very uniform level (usually

by an inversion).
(c) Thick stratocumulus can change into nimbostratus if precipitation starts and
eliminates irregular bases.

(d) Clouds seen over mountainous regions of Pennsylvania, Virginia, and West Vir-
ginia during cold outbreaks.

8. Stratus — Generally grey cloud layer with a fairly uniform base which may give drizzle,
ice prisms, or snow grains. When the sun is visible through the cloud, its outline is
clearly discernible. Stratus does not produce halo phenomena except possibly at very
low temperatures. Sometimes stratus appears in the form of ragged patches.

(a) Uniform top.

(b) Same characteristics as fog (i.e., little vertical motion).

9. Cumulus — Detached clouds, generally dense and with sharp outlines developing ver-
tically in the form of rising mounds, domes or towers, of which the bulging upper
part often resembles a cauliflower. The sunlit parts of these clouds are mostly bril-
liant white; their base is relatively dark and nearly horizontal. Sometimes cumulus is

ragged.

(a) Over land, most often found during the day.
(b) Indicative of strong vertical development.
(c) Four species are recognized.
i. Cumulus humulus — fair weather (i.e., little vertical development)

ii. Cumulus mediocris

iii. Cumulus congestus — significant, vigorous development

iv. Fractocumulus

10. Cumulonimbus — Heavy and dense cloud, with a considerable vertical extent, in the
form of a mountain or huge tower. At least part of its upper portion is usually smooth
or fibrous, or striated, and nearly always flattened; this part often spreads out in the
shape of an anvil or vast plume. Under the base of this cloud which is often very dark,
there are frequently, low ragged clouds either merged with it or not, precipitation
sometimes in the form of virga.

(a) Extends through all levels, often bursting through the tropopause into the strato-
sphere.

(b) From underneath, appears like nimbostratus but turbulent motion of clouds is

more pronounced.
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(c) Mamma clouds frequently extend down from the cloud.

The following characteristics of cumulus clouds can be used to aid in the interpretation
of local weather:

e Uniform, flattened tops are indicative of a temperature inversion which the clouds
cannot penetrate.

e Dark cumulus clouds are associated with high liquid water content.
e Cumulus clouds which tilt with height indicate vertical shear of the horizontal wind.

e Spacing between cumulus and their size gives an idea as to the preferred horizontal scale
of the turbulent subcloud eddies which generate the clouds. Moreover, the cumulus
clouds tend to form in horizontal lines in the direction of the mean wind in the cloud
layer, indicative of helical turbulent rolls, once the wind speed exceeds a certain value.

e Cumulus towers which are hard-looking indicate that the clouds are growing rapidly
and have not had time to entrain much ambient air.

e Cumulus towers which are diffuse-looking indicate clouds are growing relatively slowly
with drier and colder air entraining significantly into the cloud.

e Low cloud bases of cumulus clouds indicate that the subcloud layer is relatively moist;
high cloud bases of cumulus clouds indicate that the subcloud layer is relatively dry.

e Lightning from cumulus clouds indicate they have deepened to colder than 0°C and
have ice particles present. Turbulence causing repeated collisions of ice particles is a
common mechanism to build electric charge in cumulus clouds.

e Mammatus clouds indicate turbulence at higher levels is causing sinking and rising air
on relatively small scales. The mamma clouds (which are called such because they look

like breasts) are the downward moving air.

The following characteristics of stratiform clouds can be used to aid in the interpretation

of local weather:

e The absence of a well-defined, visible base indicates that precipitation is falling below
the base. Rain is generally whitish-grey, while snow is more whitish. This characteristic
of the sky gives rise to the expressions “grey-laden skies” for rain and “snow-sky” for

SNow.

e The thicker the cloud and/or the greater the liquid water content, the darker the base.
With very thick clouds, lights will be required indoors and occasionally even outdoor
lights will come on.
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e A diffuse corona around the moon or sun is indicative of a water cloud. If a well-defined
ring (a halo) surrounds the moon or sun with the most common angular distance of
22°, then the cloud is composed of ice crystals.

e If the cloud base elevates with time, the lower atmosphere is drying. If it lowers with
time, the lower atmosphere is becoming more moist.

e Multi-leveled stratiform cloud systems generally indicate an organized synoptic system,
particularly if a thickening with time and/or to the horizon is noted.

In terms of the quantitative vertical profile of thermodynamic properties, clouds which are
stratiform (i.e., stratus, altostratus, cirrostratus, cirrus, and nimbostratus) occur when the
atmosphere is stable to saturated vertical motion as discussed in Section 4. Clouds which are
cumuliform (i.e., cumulus, cumulonimbus, stratocumulus, altocumulus, and cirrocumulus)
occur when some region within the atmosphere is unstable to saturated motion; or when the
region below the cloud is unstable to dry motion and the turbulent eddies reach up to the
saturation level. Stratocumulus clouds are the best example of the latter cloud type.

Additional discussion regarding clouds is presented in later sections.
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3. Depiction of the Horizontal Structure of the Atmo-
sphere

3.1 Introduction
The evaluation of the north-south; east-west (i.e., z—y) variation of meteorological quantities
is performed for:

e the surface, and

e the upper levels.

As discussed shortly, there are several frames of references which can be used to plot and
analyze the measured and evaluated meteorological variables.

3.2 Surface Analysis

The procedure by which the United States Weather Service plots and analyzes surface ob-
servations is described in Appendix C and on pages 6-1 to 6-9 of Rieck (1979).
A number of important attributes of the North American surface analyses are summarized

below:
e Map base is on a 1:10 million scale
e Maps are prepared at 00Z and every three hours thereafter

e The station model which is plotted on the map can display the following information:

— Total cloud cover

— Direction and speed of the near-surface wind (using wind barbs and pointing into
the direction of the wind)

— Present weather

~ Sea-level pressure (only the tens and unit value of pressure in mb. The leading
digits are assumed known)

— Temperature (in °F)

— Low, middle, and high cloud types

— Dewpoint temperature (°F)

— Amount and character of pressure change
— 6 hour precipitation total (inches)

— Special weather phenomena, if any

— Water temperature, if ship data
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Additional details concerning the station model are presented in Appendix C.

The sources of surface data are from what are referred to as Service A teletype (the
airways circuit) and Service C teletype (the synoptic reports). The Federal Aviation Ad-
ministration has combined these two sources of information into what is referred to as the

FAAG04 circuit.
The only field which is contoured on the standard three-hourly surface map is sea-level

pressure. These contours are analyzed as follows:

e Solid lines at 4 mb intervals

e Dashed lines at the 2 mb interval between the solid lines in areas of a weak pressure

gradient

e The central pressure of highs and lows is indicated by underlined 2-digit numbers in
the tens and units value of the pressure in mb

The analysis of pressure is smoothed so as to provide a field of synoptic-scale variations of
pressure without the contamination by smaller-scale features which are insufficiently resolved.
In preparing the analysis, the following aids are used.

e Previous surface analyses
e Radar information valid shortly before map time
e All United States and Canadian hourly airway reports

e Most recent 1000-500 mb thickness, 500 and 850 mb height contours and temperatures
(discussed later in this section)

e Geostationary satellite pictures and movie loops
Fronts are placed on the analysis using the Abridged U.S. Weather Analysis Code as revised

1 June 1968. An example of a surface map is given in Fig. 3.1.

3.3 Upper-Air Analysis

There are a number of options that could have been chosen as the z — y representation. The
meteorological variables could have been evaluated at:

e Constant height, z
¢ Constant pressure, p
e Constant height above terrain, z — zg

e Constant pressure below the surface pressure, pg — p

18




gy e

e Syee - " 1004 1008 1016 1024071028 . 1oae a0
. ) - \, foi2 12 41020 ((\ 1032 0 v
— Rk . i Y iy RUY T g A
T4 N - T\ » k fa T P A\

Figure 3.1: An example of a surface weather map.
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e Constant potential temperature, ¢

e Constant potential temperature above the surface value of potential temperature, §—f¢

Currently, the weather service evaluates upper-air conditions using constant pressure
analyses. In weather service numerical models, z — y levels are written in “so-called” sigma
representations which are a form of constant pressure less than the surface pressure.

1. Upper-air plotting model from radiosonde and rawinsonde

I ” TT hhh
DD heh,

where
TT: temperature in whole degrees Celsius (a Fahrenheit to
Celsius conversion table is given in Appendix D)

DD: depression of the dewpoint temperature in whole degrees
Celsius: if DD < 5°C the station circle is darkened

hche: 12 hour height change (printed in italics)

hhh: i) in meters on the 850 mb and 700 mb charts with the
thousands of meters value omitted

ii) tens of meters on the 500 mb, 300 mb, and 200 mb
analyses with the meter, and if applicable, the 10,000
meter value omitted

wind direction: plotted to 36 compass points

wind speed: flag A 50 knots = 25 m s™*
barb 10 knots &2 5 m s™*
half-barb | 5 knots & 2.5 m s7!
The wind barb points into the direction from which the wind is blowing.

The following modifications can occur in the station model.

e If TT, hhh, or DD is missing, nothing is plotted.

e If TT < —41°C, DD is left off.

e If DD > 29°C, X is plotted for DD.

e When the wind direction or speed is missing, an M is plotted.

If the wind speed is less than 1.5 m s™!, LV is plotted (i.e., light and variable).
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e over elevated terrain which is higher than the pressure surface, temperature values
are estimated by an analysis program and values are marked with a bracket to
the right (e.g., for all stations above 1200 meters):

T350 mb = 0.352 (2700 mb — <850 mb) - T700 mb — 546.3 (Wlth z in meters) ; T in °C

If 850 mb is near the ground, two temperatures may be given, one bracketed, e.g.,

estimated reported

[17] 326

23
5

The bracketed one (i.e., estimated from the analysis routine) is used in the con-
touring of the data.

e Apparent erroneous data are marked with brackets by an analyst.

2. Upper-air data from reconnaissance aircraft (RECCO)

hhh
TT

All -

DD

R

Reconnaissance data within 6 hours of the synoptic time are plotted. The new infor-
mation plotted is R which provides the type of reconnaissance.

3. Aircraft report (AiREP)

AllTT ] RRE

where P,P,P, is the pressure altitude of the aircraft in hundreds of feet (e.g., 290 =
29,000 feet).

21




AiREPS are plotted which occur within + 3 hours of the synoptic time at the upper-air
level which is closest to the altitude of the aircraft.

4. Satellite wind estimates

A"'U'__"'—* PaPaPa

The pressure altitude of the estimated wind is reported from those values obtained
within & 6 hours of the synoptic chart time.

5. Satellite sounding

TT hhh

b

This data is plotted if within & 6 hours of the synoptic chart time.

The contouring of the upper-air charts is as follows:

e Solid lines are labeled in decameters

Contour intervals are:

30 m on the 850 mb chart
30 m on the 700 mb chart
60 m on the 500 mb chart
120 m on the 300 mb chart and 200 mb chart

Standard contours for these pressure surfaces are:

850 mb — 1500 m

700 mb — 3000 m

500 mb — 5520 m

200 mb — 11700 m
The locations of centers of high and low heights are indicated with an “x” together
with either an “H” or an “L”. The value at “x” is given in decameters.
Temperatures are at 5°C intervals.

Isotachs (lines of constant wind speed) are contoured on the 200 mb and 300 mb
charts with short dashed lines at 20 kt (~10 m s™!) intervals beginning at a speed
of 30 kts (~15 m s~!). Shading and no shading boundary at 70 kt (~35 m s™)
intervals are used to enhance jet positions.

Examples of upper-air analyses are given in Fig. 3.2.
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Figure 3.2: Examples of National Weather Service upper-air synoptic analyses at the stan-

dard levels. (Note: For this draft, all maps are at the same time except 200 mb.)
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3.4 Balance Winds

The equation of motion can be written as:
dv
dt

where ) is the angular velocity of the earth (positive pointing upward from the north pole);

I2| = 27/day corresponding to the rotation rate of the earth (2Q x V is called the Coriolis

term and arises only because we are referring to acceleration in a rotating coordinate system,
e.g., the earth; see Pielke 1984, pp. 13-14). F' represents the effect of friction and G is the

gravitational vector.
If we adopt the Cartesian, 1, ;, and k representation of the unit vectors, then the hori-

zontal components of Eq. (3.1) can be written as:

=—%Vp~2(2x‘7—ﬁ+é (3.1)

du 10p -
EZ— —-p-é;—i—fv—fw—Fu
(3.2)
dv 10p
o I - F
dt p 0y v

A

where f = 2|Q|sin¢, f = 2|Q| cos ¢ with ¢ the latitude.
For the case of
e no friction (i.e., F, = F, =0)
e no acceleration (i.e., du/dt = dv/dt = 0)

e |ul; |v| > |w| as is typical on the synoptic scale (e.g., see Pielke 1984, pg. 27) so that
fw is ignored):

then

1 0p 1 dp
pfoy VT pfdr (3:3)
where u, and v,, the geostrophic wind components are defined by these relations.
In vector notation, the geostrophic wind relation can be written as:
- - ]_
Vo=kx—V,p (3.4)

pf

where V, is the horizontal gradient operator (i.e., 55% +f%). The correspondence of Egs. (3.4)
to (3.3) can be checked by expanding Eq. (3.4) using the definition of the vector cross product,

i.e.,

i j k

V:u;—{-—vt‘: 0 O 1

TR e e
of 0z  pf Oy

From Eq. (3.4) it is evident that:
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) ‘_/‘g must be horizontal and perpendicular to Vgp (i.e., the wind direction is parallel to
the isobars).

® I_/; has a direction such that high pressure is to the right in the northern hemisphere
and to the left in the southern hemisphere.

e since p, the density, is nearly constant at a given height, f/;, is almost linearly propor-
tional to the pressure gradient (i.e., the larger V,p, the larger V).

e a given value of V,p will result in a stronger X_/;, at lower latitudes because f is smaller
(this is illustrated in Fig. 3.3).

The relation of geostrophic wind direction to the pressure gradient is illustrated in Fig. 3.4.

Of course, as we have already discussed in this section, the National Weather Service
plots and analyzes meteorological variables on constant pressure surfaces. Therefore, the
equivalent specification of f/;, in Eq. (3.4), on a constant pressure surface, needs to be ob-
tained.

The relation between a pressure surface and a constant height level for a small angle
between the two and small distances can be drawn as shown in Fig. 3.5. For simplicity, but
without loss of generality, any variation in y is neglected.

If we choose a surface (or in this case a line) where dp = 0 then:

Jz__@ QB (3.5)

sz Oz / 02

The denominator in Eq. (3.5) can be obtained if vertical accelerations and Coriolis effects
are ignored in Eq. (3.1), so that the evaluation of Eq. (3.1) in the k direction becomes:

op
3 = P9 (3.6)

where G = gk has been used. Equation (3.6) is the hydrostatic equation which merely states,
for the earth’s atmosphere, that pressure at a level is proportional to the mass of air above
that level.

Using Eq. (3.6) in Eq. (3.5) results in:

or in the limit as 6z and dz go to zero,

im 2 _0:_10p 0z 10p
52“_)05x_6x_pgaa:’g3x_p8x

or —= 0

Therefore, %gﬁ in Eq. (3.2) can be replaced by g 0z/0z. A similar result, of course, results

from performing this derivation in the y-direction (i.e., (1/p)8p/dy = g 8z/0y).
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Figure 3.4: Schematic of the relation between pressure gradient and the geostrophic wind
direction on a constant height surface.
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Z =constant

Figure 3.5: The relation between a constant pressure and constant height surface. The
angle between the two is exaggerated here as found on the synoptic scale in order to better

illustrate the relation.
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Thus, Eq. (3.2) can be rewritten as:
du 0z A

pri —ga-l'fv—f’w*Fu

(3.7)
dv_ 0z . =
dt gc’?y Y

which is the form for acceleration when the height gradient is evaluated on a constant
pressure surface. An important distinction between Eq. (3.7) and Eq. (3.2) is that the
pressure gradient force is no longer dependent on density, p, which varies significantly with
height.

The geostrophic wind obtained from Eq. (3.7), in the same manner as used to derive
Eq. (3.3), is:

0 0
yy =92, 9%
f oy foz
or in vector notation:
V.o=k x 2¥,2 (3.8)
g [ p .

where the gradient operation, V,, is on a constant pressure surface.

An alternative (but equivalent) procedure to obtain gV ,z from (1/p)V.p is possible using
the chain rule. Let pressure be written as p(z,y,0,t) = plz,y, 2(z,y,0,t),t] where o is a
generalized vertical coordinate®. Then, by the chain rule:

@) - QB) n QB) 93) (3.92)

oz ot oz _— 0z it oz ot

3p> 3p> 3p> Bz>

Z) =) o+ =] = 3.9b

8:(/ z,0,t ay z,2,t aZ z,y,t ay z,0,t ( )
@) = @) Qf) (3.9¢)
oo vt 0z st Oo st

where the subscript to the left facing brace indicates which independent variables are held

constant.
Equations (3.9a) and (3.9b) can also be written as:

vo'p = vzp + ngaz
0z

so that,

3Generalized vertical coordinates are discussed in more detail in Pielke (1984, Chapter 6).
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1 1 10
-V.p=-V,p— ——?—V(,z (3.10)
P P p

If o = p as performed earlier in this section,
1
;Vzp =gVpz

as in Eq. (3.8) since V,p=0.
The relation given by Eq. (3.10) can also be used to obtain other representations of the
pressure gradient force. For instance, let o = 8, so that Eq. (3.10) becomes:

1 1
;Vzp = ;Vgp + QVQZ (311)

where the hydrostatic equation, Eq. (3.6), has been used. Differentiating Eq. (2.4) logarith-
mically, using the operation Vj, yields:

1 1 Ry
-éVgg =0= -T—V()T - CppVgp

which by rearranging gives:

R,T 1
——;—;—Vap = ;Vop = vagT

Therefore, Eq. (3.11) becomes:

1
;Vzp =V [C,T + g7 (3.12)

where the neglect of the small variation of C}, due to water vapor gradients along 6 permits
its introduction inside of the gradient operator.* The quantity inside of the brackets is called
the Montgomery stream function.

A more general form of a balanced wind can be derived if accelerations due to curvature
in the height or pressure fields is considered. The geostrophic wind, given by Egs. (3.4) and
(3.8), assumes that the flow is straight. This acceleration can be derived as follows.

Figure 3.6 illustrates an example of curved flow around a circle®. The change in the
gradient wind over a small time period is given by 51_/;” where 66 is the angular displacement.
The vector 7, with magnitude, Rr, is the position vector.

4The small variation of Cp as a function of water vapor content is discussed in Haltiner and Martin

(1957).
5The following discussion is based on material in Holton (1972) and in Richards et al. (1962).
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Figure 3.6: Illustration of curved flow (based on Holton 1972 and Richards et al. 1962).
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Triangles A and B, defined in Fig. 3.6, are similar triangles because A has the two sides
with magnitude |V,,| and B has the two sides Ry. Therefore, the angle opposite the side
with 0V, is also 46, i.e.,

15_‘./”! == s = sin 66 = 46 for small |56
Verl  Br
Thus, Iéff;ﬂl = |X7;T]60. Dividing by dt, taking the limit as 6¢ — 0 and noting that 517;,,
becomes directed towards the origin, yields:
WS T @ - d@ \Rp (3.13)

where the unit vector 7/ R; provides the direction to d‘_/"gr /dt. Since,

Vol = —R
! g | dt T
(e.g., 2Ry = circumference of the circle, so that 27 Ry/ time is speed), then Eq. (3.13) can
be rewritten as: . .
v |V, ?

& R (=) (3.14a)
In order to interpret Eq. (3.14a), this relation will be evaluated at the four points illus-
trated in Fig. 3.7.
In component form, Eq. (3.14a) at the four points noted in Fig. 3.7 are:

du ) du )
dt dt
at B vat D
o _ U dv _ Uy
dt Ry |} dt Ry )
dv ) dv )
a =0 a0
»at A v at C
du _ Vg du _ Vg
dt N RT / dt N RT /

In interpreting these relations it is important to note that it is the radius of the trajectory,
Ry, not the streamline (which could be denoted as R,) which determines the curvature of
the flow. A streamline and a trajectory will be the same only if the flow field is spatially
and temporally fixed. Also, the trajectory motion does not have to be circular as used for
convenience to derive these relations. Since 6t — 0 in the derivation of Eqs. (3.13) and
(3.14a), only the instantaneous radius of the curved path of the trajectory need be used.

In order to illustrate the balanced wind which develops when the acceleration due to
curvature is included in Eq. (3.2) along with the pressure gradient force and Coriolis terms,
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North

Figure 3.7: Circular curved flow used to evaluate Eq. (3.14). The direction of the unit vector
—7 at points A, B, C, and D are denoted by the appropriate Cartesian unit vector. North is
towards the top of the page.
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the specification of Eq. (3.14a) at point A will be used. There is no loss of generality since a
coordinate system could always be rotated so that a point of interest corresponds to location
A.

At A, u, = 0, while v, > 0 for a low and v, < 0 for a high in the northern hemisphere.
For this case, using Eq. (3.14a) in Eq. (3.2) with the frictional effect and the fw Coriolis
term ignored, yields:

—v? 10p
g _ _20P
RT - pax + f’Ugra
and since (—1/p)(dp/0z) = — fvy,
2
L= “’ng + f'Ugr = f ('Ugr - 'Ug) (3.14b)

Rr

The velocity, vgr, which solves this relation is referred to as the gradient wind. Rearranging

of this expression results in:
vg,. + fRrvg — Rrfug =0 (3.15)

Using the quadratic equation formula, vy in Eq. (3.15) is given as:

Ugr = (— fRr £ \/f2R3 + 4Ry fvg> / 2 (3.16)

For a cyclone in the northern hemisphere®, v, > 0 at A so that the radical in Eq. (3.16) is
always real for this case and there is no limit in this relation to the magnitude of the gradient

wind.
In contrast, however, for an anticyclone, v, < 0 at A in the northern hemisphere so that

f2R% > 4Rrfu,, ie.,
vy < fRr/4 (3.17)

is required for the radical to be real. Therefore, Eq. (3.16) suggests that there is a constraint
on the magnitude of the pressure gradient force in anticyclones that does not exist for
synoptic lows. This is the reason that lows on the synoptic weather map often have tight
gradients while highs do not.

Equation (3.15) can also be rewritten as:

2

RTf = Vg (3.18)

Thus, v, < v, for a cyclone since v, > 0 at A but |vg,| > |v,| for an anticyclone since vy <0
at A. These inequalities indicate that for the same pressure gradient (as represented by the
geostrophic wind), the gradient balanced wind is stronger around a high than a low. This
stronger wind around a high (and the associated greater curved centripetal acceleration)
is the reason that a limit to the strength of the pressure gradient force, as represented by
Eq. (3.17), occurs.

34



cyclone (a)

'U’gr
i
LOW
w2 g, HIGH
2 uni =
‘fU'g. - units Iu%f_u_gr
anticyclone (b)
3 units lunit .
HIGH . LOW

'

Vgr

Figure 3.8: Schematic of the balance of acceleration in Eq. (3.14a) for (a) a cyclone, and (b)
an anticyclone.
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The balance of forces that are contained in Eq. (3.14b) are illustrated in Fig. 3.8. The
gradient winds associated with the low are subgeostrophic because the centripetal acceleration
term helps balance the acceleration due to the pressure gradient force. Therefore, the Coriolis
terms, fvg, and vy, need not be large.

In contrast, the winds associated with the anticyclone are supergeostrophic because a
large Coriolis acceleration (and hence a large value of v, ) is needed to balance the sum of
the acceleration due to the pressure gradient force and the centripetal acceleration.

When the Coriolis force is neglected in Eq. (3.14b), the equation represents a balance
between the centripetal acceleration and the pressure gradient force. This balance, referred
to as cyclostrophic wind balance, is used to estimate wind speeds in small-scale vortices such
as tornadoes and dust devils. From Eq. (3.14b) the balance can be written as:

2
—V4 _ _, __l0p
= fo, = 32 (3.18a)

where v, can be used to define the pressure gradient. The cyclostrophic wind is thus obtained

from:
_ ROp
va = £y > 7o (3.18b)

1

As an example, a tornado with a radius of 0.5 km, a pressure gradient of 100 mb km™", and

an air density of 1.25 kg m~2 would have a cyclostrophic wind balance of 63 m s7L.

While both plus and minus solutions of Eq. (3.18b) are possible, the circulation is usually
cyclonic since the parent thunderstorm is generally rotating cyclonically due to Coriolis
turning as a result of wind flow, on a fairly large scale, into the cumulonimbus system. It is
thought that intense updrafts in the thunderstorm vertically stretch some of its circulation,
thereby creating the strong vortex of the tornado. Intense horizontal shears between the
vortex and surrounding ambient air create even smaller-scale vortices called suction vortices,
which may be the source of the greatest tornado damage. The most severe tornadoes often
occur in families when the atmosphere is favorable for their development over a large area.
Over 300 people were killed in the midwest and southeast U.S. in one day in April, 1974
during a tornado family outbreak.

An evaluation of the influence of friction on the resultant balance can also be achieved
by retaining the friction terms in Eq. (3.2), F, and F,, in the derivation of Eq. (3.14b). By
defining, for example,

F, = Cpu? ; F, =Cpv?,

the more general form of Eq. (3.14b) (i.e., with friction) can be written as:

V2
R—F+pr= fV, + CpVE (3.19)
T

6The same result, of course, applies in the southern hemisphere because with a cyclone there v, < 0 but
f <0, also.
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where Vp is, in general, at some angle to the gradient wind and Fyy = CpVE = Cp (u% + v%).
The subscript, F, indicates that frictional effects are included. The variable Cp is a drag
coefficient which is a function of height above the ground and the thermodynamic stability.
The geostrophic wind speed is V; = [V |, and is defined by V, = 5@-2- where n is perpendicular
to the height contours. A schematic illustration of a balance Wmd that can result from this
balance of forces is illustrated in Fig. 3.9. Of particular importance is the deceleration of the
flow and the turning of the wind towards low pressure. This results in low-level divergence
out of anticyclones and low-level convergence into cyclones. Note that:

e the frictional acceleration acts directly opposite to the direction of the wind;
e the Coriolis acceleration is perpendicular to the wind direction; and

e the centripetal acceleration is also perpendicular to the instantaneous wind direction.

3.5 Thickness

As will be shown in this section, on the synoptic scale the vertical distance between two
pressure surfaces is proportional to the mean temperature in the intervening layer. The
hydrostatic relation, Eq. (3.6), is used to obtain the relation, i.e.,

Oop _ —Dg
Bz LA RdT

using the ideal gas law (p = pRT). This equation can also be written as:

Olmp g
5 = R.T (3.20)

Integrating Eq. (3.20) between two heights (21, 22; 22 > 21) corresponding to two pressure
surfaces (P, Po; Py < Py) yields:

dlnp Pg_ dz 9 T
/ dz=1n 3 Rd T =g 2= a) (T) (3.21)

where the mean value theorem of calculus has been used to remove 1/T from the integrand.
If it is assumed that (1 /T) =~ 1/T, then Eq. (3.21) can be written, after rearranging, as

BaTy (b /py). (3.22)

(2 —21) = Az =

Therefore, as stated earlier in this section, the thickness between two pressure surfaces is

proportional to the mean temperature, T, in that layer.
Characteristic thickness distributions for four types of synoptic weather features are
schematically illustrated in Fig. 3.10. Note that the subtropical anticyclone (a warm core
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Figure 3.9: A schematic of the resultant balance wind when accelerations due to a pressure
gradient, centripetal, Coriolis, and frictional accelerations are present for (a) a cyclone, and
(b) an anticyclone. /
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Figure 3.10: Schematic illustration of the thickness distribution associated with four types

of synoptic weather features.

39



Table 3.1: Thickness values associated with a 50% chance of snow given that precipitation
is occurring (from TPBS 1974).

Az / rain/snow
Bismark, North Dakota 5413
Bristal, Tennessee 5387
Baltimore, Maryland 5362
Beckley, West Virginia 5426
Chicago, Illinois 5391
Columbia, Missouri 5400
El Paso, Texas 5467
Goodland, Kansas 5461
Denver, Colorado 5501
Cheyenne, Wyoming 5509
Grand Junction, Colorado 5454
Havre, Montana 5410
Lander, Wyoming 5501
Medford, Oregon 5262
Minneapolis, Minnesota 5408
Missoula, Montana 5396
Norfolk, Virginia 5371
Philadelphia, Pennsylvania 5361
Pueblo, Colorado 5489
Reno, Nevada, 5427

Seattle-Tacoma, Washington 5205

system) and the extratropical cyclone (a cold core system) increase in intensity with height.
Therefore, these systems would be expected to be even better defined at upper tropospheric
levels than at the surface. In contrast, the tropical cyclone (a warm core system) and the
polar anticyclone (a cold core system) become less intense with height.

The magnitude of the thickness is often used to characterize local weather. In the eastern
United States near sea level for instance, Az = 5400 m for the 1000 to 500 mb layer (i.e.,
T = —1.6°C) closely corresponds to the 50% probability between rain and snow if precipi-
tation is occurring, while Az > 5700 m (i.e., T = 13.5°C) usually is associated with sultry
weather. Specific examples for selected U.S. cities of the thickness values associated with a
50% probability of rain or snow are listed in Table 3.1. Note the substantially higher values
of AZ|rain/snow for sites such as Denver and Cheyenne which are located at relatively high
altitudes so that only a portion of the 1000-500 mb thickness actually exists. Generally, the
warmest part of the layer does not occur. The lowest thicknesses are along the west coast
where the distribution of temperature with height tends to be less stable during the precip-
itation events than in the eastern United States. This is because most precipitation in the
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winter occurs poleward of warm fronts in the eastern United States where the atmosphere
tends to be more stably stratified. In the coastal regions of the western United States the
precipitation is frequently post-cold frontal where a much less stable sounding occurs. Thus,
a lower value of T is required along the west coast than the east coast for snow to reach the
surface. Despite relatively cold temperatures aloft along the west coast, the relatively warm
temperatures near the surface melt the snow before it reaches sea level. (In the mountains
along the west coast, however, the more rapid decrease of temperature with height results
in a lower snow level than would generally occur in the eastern United States with the same
sea-level temperature.)

Thickness analyses are also used to locate synoptic fronts and to estimate their intensity.
By definition, a synoptic front must be associated with a horizontal gradient of thickness.
The surface intersections of fronts are located on the warm side of the thickness gradient
and they usually tilt poleward with height. The method to determine the specific location
of surface fronts is discussed in Section 3.8.1.

The procedure to graphically analyze thickness from two constant pressure analyses is
illustrated in Fig. 3.11. An alternative is to directly calculate Az from the sounding data,
plot it on a base map, and analyze the plotted fields.

3.6 Thermal Wind
From Eq. (3.8) the geostrophic wind can be written as:

7=F x 99,;

f
Differentiating this expression with respect to pressure yields:
W, g- &0
9 gk X Vp_z
op f op

which, since 8z/0p = —1/pg = —R4T/gp by the hydrostatic relation and the gas law, results

after rearranging in: .
OVy _ Ray

dlnp  f

Therefore, the change of geostrophic wind with pressure is proportional to the gradient of
temperature on a constant pressure surface.
Integrating Eq. (3.23) between two pressure surfaces and rearranging gives:

x V,T (3.23)

Inps -~

1Y - i _Rap gD
| alngpd Inp="V,, —V, = AV, = Tk x V,T {ln -Pﬂ (3.24)
npy

where the mean value theorem of calculus has been used to extract V,T from the integral.
The quantity AV} is referred to as the thermal wind.
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Figure 3.11: A schematic illustrating the procedure to graphically determine thickness. Two
rules are to include all intersections of the two constant pressure height fields and not to

cross contours.
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Equation (3.24) can also be written in terms of the thickness gradient. Performing the
gradient operation on Eq. (3.22) yields:

v, (Az) = %m (P/Py) ¥, T,

so that Eq. (3.24) can be rewritten as:

N :gf—’“ X ¥, (A7) (3.25)

Since the magnitude of AI_/; is related to the value of the average horizontal temperature
gradient through the thickness equation, ]AV;] is used to classify the strength of synoptic
fronts. Using the pressure surfaces 1000 mb and 500 mb, the following criteria have been
established for use by the U.S. Weather Service;

|AV,] <125ms™' — no front
125ms™! < |Af/’g| < 25.0ms™! — weak front
250 ms™! <|AV,] <37.5ms™' — moderate front
375ms™t < |AV] — strong front

Subjectively, the category of frontal strength is raised one level by the Weather Service if the
weather along the front is unusually active, or lowered one level if there is very little activity.
Since V; at 1000 mb is usually small, to the extent that the geostrophic wind approximates
the actual wind, strong winds at 500 mb are indicative of a strong front. In addition, since
the same sign of the synoptic temperature gradient generally exists up to the tropopause, the
geostrophic wind continues to increase with height. Above the tropopause, the temperature
gradient reverses sign’ so that the geostrophic wind decreases with height. The region of
strongest geostrophic wind near the tropopause height is referred to as the jet stream.

The magnitude and direction of the thermal wind can be used to estimate temperature
advection. As illustrated in Fig. 3.12, geostrophic winds which rotate counterclockwise (i.e.,
back) with height are associated with cold advection in the northern hemisphere. Geostrophic
winds that turn clockwise (i.e., veer) with height are due to warm advection. In the southern
hemisphere the reverse is true (i.e., backing winds with height are associated with warm
advection). Cold advection in a layer of the atmosphere simply means that,

%::— <0 because —V -V,T <0

while warm advection is:

T = _
(?3‘_t > 0 because — V - V,T >0,

"This characteristic of the heights above the tropopause is discussed in Section 5.

43




coLD T

COLD ADVECTION Vgatf
WARM k/
aV,
WARM
WARM ADVECTION Vg at B
aVg = B4 vp'fvﬂnf'- COLD
f P
2
Vo T
coLD _°
TR T T T T T T Ta
NO ADVECTION : S
Vo ot —
— e ® Th
WARM

Figure 3.12: A schematic illustration ﬂf the relation between the thermal wind and temper-
ature advection. In this figure, T, < Ty and P; > P,.
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where ﬁ is the average wind vector in the layer.

In the case of no temperature advection, as illustrated in Fig. 3.12, only the speed of
the geostrophic wind, not the direction, changes with height. With cold air towards the
pole, this requires that the westerlies increase in speed with height with a low-level westerly
geostrophic wind. With warm air towards the north the westerlies would decrease with
height for this situation.

An illustration as to why geostrophic winds back with height in the northern hemisphere
under cold advection, while geostrophic winds veer with height during warm advection, is
illustrated in Fig. 3.13. As sketched in that figure, troughs (often written as “trofs”) tilt
towards colder air with height while ridges align towards warmer air with height. This is a
direct result of the thickness relation (i.e., Eq. 3.22) which states that the vertical distance
between pressure surfaces is directly proportional to the mean temperature of the intervening

layer.

3.7 Vorticity

An extremely valuable concept in describing synoptic atmospheric circulations is that of
vorticity. Vorticity is defined as,

v X V= vorticity = &,

and represents a measure of circulation. In synoptic meteorology, the vertical component of
vorticity is of primary interest. This component can be written as:

§Z=E-ﬁxvz<%—g—;ﬁ> (3.26)

Using the Stokes theorem (e.g., see Kaplan 1952, pg. 275), Eq. (3.26) can be integrated
over an area yielding:
//@@://Eﬁx?@:fV-df:C
s s

where S is the area of integration and § represents a closed line integral around the perimeter
of the area which is perpendicular to k. The distance differential is represented by df, so
that the circulation C is defined by the integrated velocity along the line integral. Therefore,
circulation represents an area average of the vorticity.

An equation for vertical vorticity is obtained from Section 3.4. For convenience in the
following derivation, the fw term is neglected (as shown, for example, by Pielke 1984, pg. 37
— this term is generally much less in magnitude on the synoptic scale than fv), and friction is
ignored. Performing the partial derivative in y on the first equation and the partial derivative
in = on the second equation in Eq. (3.2), after expanding a‘% into gi + u% + v% + w%, and
subtracting the resultant second equation from the first yields, after rearrangement:

%(fz +f)=-(f+&) {g@f + @} ’:8_w3_u - aﬂ@} - [apap 8pap} (3.27)

z Oy Oy 0z Oz 0z p

Ordy Oyoizx
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Figure 3.13: Schematic illustrating the reason that cold advection is associated with backing
winds and warm advection with veering winds with height in the northern hemisphere. A
vertical cross section is given in (a), a horizontal cross section in (b).
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In obtaining Eq. (3.27), the observation that —f— = 'u—-’: is used. The quantity &, + f is referred
to as absolute vorticity with &, called the relatzve vortzczty The Coriolis parameter f is the
earth’s vorticity which results because of the planet’s rotation.

The terms in Eq. (3.27) are defined as follows:

d(&, + .
_(%i—t—f) change of absolute vorticity, following a parcel.
U 0z . .
(f +&) [ 3 ] . represents changes of vertical absolute vorticity as a re-
y sult of horizontal velocity divergence. To the extent that
the atmosphere is incompressible 5u Ov w ca
re is in ible, — = ——— can
P P 9z Gy 0z

be substituted into this term.

represents changes of vertical absolute vorticity due to
conversion from or to horizontal vorticity. This term is
called the tilting term.

Ow Ou ?iu_a_v
8y8z Oz 0z

represents changes of absolute vorticity as a result of dif-
ferential heating or cooling. This term is referred to as
the solenoidal term.

1 Op dp _Op0p
p oz dy Odyodz

Relative vorticity can also be expressed in so-called natural coordinates. Natural coordi-
nates are defined with respect to the motion of a parcel. Using this approach:

gzzgﬁ_@i:_‘f__i‘ﬁ (3.28)
z Oy Ry On
where V/Ry represents the angular velocity of solid rotation of an air parcel about a vertical
axis with an instantaneous radius of curvature, Rp. The radius, Ry, is defined positive
for counterclockwise rotation. The lateral shear term, —dV/0n, represents the effective
angular velocity of an air parcel produced by distortion due to horizontal velocity differences
at its boundaries. An illustration of the two terms on the right of Eq. (3.28) are given
in Fig. 3.14. A useful interpretation of Eq. (3.28) is obtained by assuming a stick in an
airstream represented by Fig. 3.14 with a pivot point midway along the stick. In both cases,
for this example, the stick would rotate counterclockwise, indicating a cyclonic circulation
which is represented by positive relative vorticity.

In order to illustrate the use of Eq. (3.27), the tilting and solenoidal terms are ignored,

so that, ( f) 5 5
£+ u  Ov) o=
Wt Do (v (Jo4 50) == U + & dva?,

where the convention of ertlng -+ g“ as divyV has been adopted. Clearly divgV < 0
indicates convergent horizontal wmds Whlle divygV > 0 specifies divergent horizontal winds.
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Figure 3.15 illustrates a characteristic ridge-trough parcel trajectory in the upper tropo-
sphere. Since wind speeds in the westerlies in midlatitudes usually increase monotonically
with height within the troposphere, the wind (and, therefore, the vorticity) field at the
upper levels exerts a major control on the synoptic vertical motion field as represented by
divgV = —0w/dz.

To the extent that the parcel trajectory is in gradient wind balance and, therefore, rep-
resented by Eq. (3.19) with Cp = 0, the parcel at the upper levels will decelerate as it
moves from the ridge crest into the trough. Correspondingly, the parcel will accelerate as
it approaches the ridge crest from the trough. Since, except for a modification due to the
decrease of average air density with height, divgV & —dw /0z is a good approximation in the
earth’s troposphere, and the distribution of vertical velocities in Fig. 3.15b would result in
order to conserve mass. On flat ground, w = 0, of course, while at the tropopause w = 0 will
be assumed in this analysis since the strong thermal stratification in the lower stratosphere
strongly inhibits vertical motion.

The distribution of vertical motion in the midtroposphere, associated with gradient wind
balance around ridges and troughs, provides one explanation for the observed preference for
clouds east of a trough axis and west of a ridge crest (additional explanations are provided
in Section 3.8). The level of nondivergence indicated in Fig. 3.15b occurs around 600 mb.

Values of realistic changes in gradient wind speed as a parcel moves through a ridge and
trough are listed in Table 3.2. Assuming a height of 10 km, and a linear change of speed

Table 3.2: Estimate of induced vertical motion in cm s~ at the level of nondivergence (a
height of 5 km is used here) assuming steady flow and a wind speed which increases linearly
with height (V' at the surface is zero). The distance over which change takes place is on the
left of the table. Analysis requires a large enough radius of curvature of parcel trajectory
when the flow is anticyclonic such that the inequality given by Eq. (3.17) is satisfied.

Change in gradient wind speed Change in gradient wind speed
from ridge crest to trough axis from trough axis to ridge crest
in the upper troposphere (m s™!) || in the upper troposphere (m s~1)

Distance (km) | 10 50 100 10 50 100
500 -10  -50 -100 10 50 100
1000 -5 -25 -50 5 25 50
2000 -2.5 -12.5 -25 25 125 25
5000 -1 -5 -10 1 5 10

with height (with |17'| = 0 at the surface) yields the values of vertical velocity, w, at the level
of nondivergence given in the table. As concluded by Palmén and Newton (1969, pg. 145),

“The magnitude of the gradient-wind divergence is greatest if the wave ampli-
tude is large, the wavelength small, and the wind speed is large and significantly
different from that at the level of nondivergence.”
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As stated further by Palmén and Newton (1969), since the inferred vertical motion is larger
when a more substantial vertical gradient wind shear exists, stronger thickness gradients
associated with ridges and trough couplets are associated with more intense vertical motion
patterns.

3.8 Extratropical Cyclones

3.8.1 Determination and Definition of Fronts

A front on the synoptic scale is characterized by the following three criteria.
i) A front separates different air mass types.

ii) A thickness gradient defines the approximate location of the front, which is located
near the warm side of the gradient.

iii) The type of front depends on the direction of movement of the colder air mass.

At the surface, the following indicators are applied to precisely locate a front, once the
criteria listed above are satisfied:

a) a wind shift line
b) a pressure trough

¢) a temperature discontinuity

)
)
)
d) a dewpoint temperature discontinuity
e) the pressure tendency pattern
f) horizontal variations in visibility
g) horizontal variations in precipitation type
There are five basic types of fronts, i.e.,

e cold front

e warm front

e stationary front

e cold occlusion

e warm occlusion
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Table 3.3: Characteristics of warm and cold fronts at the surface.

A wind shift line

Cold Front

Warm Front

a) Ahead of the front in the warmer
air, surface winds are southwesterly, of-
ten gusty close to the front. Behind the
front, winds veer to the west or northwest
and increase in strength as the cold ad-
vection destabilizes the air, thereby mix-
ing the stronger winds aloft down to the
surface.

Ahead of the front in the colder air,
winds are southeasterly to northeasterly
in direction with little gustiness, gener-
ally. Behind the front, winds veer to the
southwest or south.

A pressure trough

b) The development of a pressure trough
is associated with convergent synoptic-
scale low-level winds which concentrate
the thickness gradient, thereby strength-
ening the front. Frictional convergence
into the trough enhances the gradient
further.

Same as for cold fronts.

A temperature
discontinuity

c) The air is generally colder at the sur-
face behind the front in the air mass with
lower thicknesses. An exception occurs,
particularly in the summer when although
the thickness is smaller behind a front so
that the average temperature is colder,
stronger vertical mixing and/or removal
of cloud cover behind the front can result
in warmer surface temperatures.

Colder air ahead of the warm front. The
gradient of temperature at the surface is
usually less ahead of a warm front than
is the case for a cold front. This is at-
tributed to the greater frictional retarda-
tion of the forward movement of cold air
by the ground than is the case for the re-
treat of cold air ahead of the warm front.

A dewpoint tempera-
ture discontinuity

d) Lower dewpoint temperature air is
generally found behind cold fronts since
cold air can hold less moisture than
warmer air.

Lower dewpoint temperature air is gener-
ally found ahead of warm fronts although
the relative humidity is generally much
higher ahead of the front.

The pressure
tendency pattern

e) Pressure falls ahead of the front;
rises behind the front; the rate of pres-
sure change depends on the strength of
the pressure trough associated with the
front and its rate of movement. Pressure
changes are generally more rapid with a
cold front than a warm front of equal
space because the temperature gradient
(and therefore, horizontal pressure gradi-
ent) in low levels is larger for the reason
mentioned in c) of these criteria.

Pressure falls comparatively slowly ahead
of the warm front unless the trough associ-
ated with the front is intensifying rapidly;
pressure rises slowly or is steady behind
the front.

Horizontal gradient
in visibility

f) Visibility is often excellent behind the
cold front due to the enhanced vertical
mixing.

Often poor visibility ahead of the warm
front improving after the warm front
passes.

Horizontal variation
in precipitation type

g) Deep cumulus convection often occurs
ahead of the cold front. Behind the cold
front, if they occur, showers are usually
more shallow in vertical extent.

Often steady precipitation ahead of the
front, replaced by showers or no precipi-
tation behind the front.
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The symbols used on a weather map for each are shown (note that both types of occlusions
use the same symbols). As an example, the common characteristics of criteria a)—g) for a
cold and a warm front in the northern hemisphere are listed in Table 3.3.

An illustration of the relation between fronts and the thickness gradient is illustrated in
Fig. 3.16.

The development of fronts are associated with low-level synoptic flow which is convergent
in the presence of a thickness gradient in the low levels. The development of fronts is termed
frontogenesis. In contrast, low-level synoptic flow which becomes divergent in the vicinity of
an existing front is frontolytic (i.e., causing the front to weaken).

The two types of each front are:

~ active fronts, and

— inactive fronts.

An active front exists when the warmer air mass is overrunning the cold air mass. This
occurs when the warmer air mass has a wind component with respect to the frontal motion
through a significant depth of the atmosphere which is blowing towards the front. This
overrunning can result in clouds and precipitation if the overrunning is deep and extends
high enough over the frontal surface to reach the lifting condensation level.

Figure 3.17 schematically illustrates the differences between active and inactive cold,
warm, and stationary fronts. Occlusions can be defined in a similar fashion where the
direction of movement of the low-level air on the warmer side determines whether it is an
active or inactive occlusion.

Cross sections through cold and warm occlusions are illustrated in Fig. 3.18. The tongue
of warm air aloft represented by the bulge in the thickness contours occurs when a cold front
catches up with a warm front, thereby lifting the warmer air between the air which was
originally between the two fronts. If the air behind the cold front is warmer than the air
ahead of the warm front, a warm occlusion results. In the United States, warm occlusions
are more common than cold occlusions. The surface frontal position closely corresponds to
the position of the warm thickness bulge. This thickness bulge is generally associated with a
minimum of pressure (i.e., the pressure trough associated with fronts). Cold occlusions tend
to have the characteristics of a cold front, while warm occlusions are more similar to warm

fronts.

3.8.2 Surface Depiction of Extratropical Storm Development

The existence of well-defined cyclonic circulations in mid and high latitudes (i.e., extratrop-
ical cyclones) were first defined at the surface where observations were sufficiently dense to
resolve the feature. The association of the cyclone with fronts (and the existence of fronts)
was originally noted by Norwegian meteorologists shortly after World War I (see Namias
1983 for a historical discussion of the discovery of fronts and the extratropical cyclone). The
term front was adopted because of its association with the frontal and trench warfare of the
war, in which well-defined defensive positions separated opposing armies.
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Figure 3.17: Schematic illustration of active and inactive cold, warm, and stationary fronts.
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Figure 3.18: Schematic illustration of the juxtaposition of air masses in warm and cold
occlusions. The movement of the cold air is indicated by the arrow.
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Figure 3.19 illustrates three major stages in the evolution of a cyclone from a wave
on a stationary front to its mature form. This process is referred to as cyclogenesis. All
cyclones do not evolve through each stage, however. Many terminate at the initial stage and
are termed wave cyclones. The difference in degree of cyclonic development as associated
with the concept of baroclinic instability is discussed in more detail in Section 3.8.7. In
simple terms, however, a cyclone evolves through all three stages when there is a continuous
conversion of potential energy (as represented by the juxtaposition of cold and warm air) to
kinetic energy (as represented by the cyclonic wind flow around the low pressure system). As
an extratropical cyclone evolves through its different stages, its minimum pressure decreases
and moves toward the colder air. The most rapid falls occur in the development stage — when
the falls are excessive the extratropical storm is said to be undergoing ezplosive cyclogenesis.

The juncture of the warm, cold, and occlusion fronts during the mature stage is referred
to as the triple point. Often a new low pressure center may develop at the triple point. This
new development, referred to as secondary cyclogenesis, frequently occurs off the east coast
of continents in midlatitudes during the winter as this zone of horizontal thickness gradient
and associated cold air moves over warmer waters. The development processes associated
with cyclogenesis are discussed in the next sections.

3.8.3 The Omega Equation

In order to describe the vertical motion pattern above the surface associated with extrat-
ropical cyclones and other types of synoptic weather features, it is useful to combine the
vorticity equation and first law of thermodynamics into a single relation.

Using the same procedure to derive Eq. (3.26), except on a constant pressure surface,
Eq. (3.7) can be used to derive a vorticity equation. Differentiating the top equation of
Eq. (3.7) by 5‘95, the bottom equation by 2, subtracting the resultant top expression from
the bottom and neglecting the tilting and friction terms yields:

0 5 = 0
B 1796+ 1) = (6 + 1) 5o (3.29)

where &, is the relative vorticity on a constant pressure surface. The quantity g—z + % on a
constant pressure service is replaced by %% with w = % (e.g., see Haltiner 1971, pp. 6-8).
Since V, = }%k x Vpz, a geostrophic vorticity, defined as &g, can be obtained from:

5 o _ 9

VxV,= ?Vfaz =¢, (3.30)
A practical use of Eq. (3.30) is that vorticity can be estimated from the curvature of the
height contours on a constant pressure analysis. Substituting Eq. (3.30) into Eq. (3.29),
where &, is set equal to &, yields:

dyg

5 = 0
e RN AGESIEIGESIE = (3.31)

97




—= _ —_ a7, Stage I
ey =2 — AZy (Initial stage)

Stage II

(Development
stage)

Stage III
AZ, " (Mature stage)

Figure 3.19: Schematic illustration of the evolution of an extratropical cyclone from a wave
cyclone to a mature cyclone. The scalloped area represents cloud covered areas. Thickness
is given by Az where A;, > A,,. Pressure is in millibars. Examples of station observations

as plotted on U.S. surface map analyses are shown.
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where w = dp/dt.
From Eq. (2.13a), the first law of thermodynamics can be written as:

c dlné

(3.32)

where Q represents changes of the sensible heat of a parcel (i.e., diabatic effects). @ can
include explicit synoptic-scale phase changes of water as represented by —Ldw; in Eq. (2.12),
as well as radiative flux divergence and subsynoptic-scale phase changes of water due to

cumulus clouds.
Equation (3.32) can be rewritten as:

c dlnd +u81n9 +v61n0 +w81n0
Ploat oz dy Op

|-arr
Since using the gas law:

R4/Cyp
1
6=T [1000/p]Rd/C” = pa (——OOO>

Ry \ p

then 6ln9_61na.3ln9_81na_31n0__81na

oz or ' Oy oy ' ot Ot

on a constant pressure surface and Eq. (3.33) can be written as:

C 6a+ @_H)aa waaan _EM_Q
Pt "oz D 9 T
From the hydrostatic relation in a pressure coordinate framework (i.e., gﬁ = —a/g):
o

so that Eq. (3.34) can also be written as:
ot \98p) " 8z \Yap) " "oy \"op op | T

By convention:

dlng Qg@ln&
dp _gﬁp Op

o=

is defined so that Eq. (3.35) becomes, after rearranging:

0 0z S 0z o« ____.@_

(3.33)

(3.34)

(3.35)

(3.36)




Performing the operation 8/9p on Eq. (3.31) yields:
8 0z 6, O?w
2 :
WNigioy t gV V&t Dl = +E) 55

performing the operation Vg on Eq. (3.36) and assuming that o is a function of pressure
only yields:
8 82 D) — aZ 2 Rd 2
gv”@t <8 > v, [V Vo (gc')p)} oVyw = oG, —-V,Q.

Adding the last two equations produces:
0 1= - 0z R 0w
Fap L7 Val€+ D] = [V-vp (ggp;)} ~oViw=5% VIQ+ (1 +6) 55

Since 0z/0p = —a/g = —RT/gp, this relation can also be written as:
a o~
5"

Ry

Cop —=V2Q. (3.37)

82{,0 — R — —
Vit f(f+E) G5 =1 Vol + D)+ [V V,T| -
This equation is called the Omega equation and represents a diagnostic second order differ-

ential equation for %.

To illustrate the importance of the different terms in Eq. (3.37), note that the lefthand
side of Eq. (3.37) is of the form V2w (although it cannot be written so simply in a quantitative
solution to Eq. (3.37) because the coefficient of V2w is different from 6%w/0p?). If V2w has

a wave form, i.e.,
V2w = —k?Asinkz

where A is a constant, and k = 27 /L where L is the wavelength, then:

w~ Asinkzx

Since, o O Op Op Op_ O
YTat T ot Tu ey v 3y tw Yo: = Yoz WY,

for typical synoptic values of pressure tendency and pressure gradient, then:

w~ —w and w~ Viw.

In Eq. (3.37), the three terms on the right side represent the following:
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[V ‘ 61, &+ f )] — vertical variation of the advection of absolute vor-
ticity on a constant pressure surface.

[V . ﬁpT] — the curvature of the advection of temperature on
a constant pressure surface.

VgQ — the curvature of diabatic heating on a constant
pressure surface.

These three terms can be interpreted more easily.
Using the relation between 8/9p and 8/0z, and our observation that V2w ~ w,

wne 27Tyt + 1)) ~ =52 [V Ty 6+ 9] (3.39)
In most situations in the atmosphere, the vorticity advection is much smaller in the lower
troposphere than in the middle and upper troposphere since V and &, are usually smaller
near the surface. As shown in Section 3.6, on the synoptic scale, cold air towards the poles
requires that V becomes more positive with height.

Using this observation of the behavior of V and &, with height:

wr =V -V, &+ f) (3.39)

In other words, vertical velocity is proportional to vorticity advection. Since upper-level
vorticity patterns are usually geographically the same as at midtropospheric levels (since
troughs and ridges are nearly vertical in the upper troposphere; C. Kreitzberg, personal
communication, 1970), the 500 mb level is generally chosen to estimate vorticity advection.
This level is also close to the level of nondivergence (see Fig. 3.15) in which creation or
dissipation of relative vorticity is small, so that the conservation of absolute vorticity is a
good approximation.
Thus for the Northern Hemisphere where & > 0 for cyclonic vorticity,

w>0if =V -V, (& + f) >0 positive vorticity advection (PVA)

w<0if V- 6,, (¢, + f) < 0 negative vorticity advection (NVA)

To generalize this concept to the southern hemisphere, PVA should be called cyclonic vor-
ticity advection; NVA should be referred to as anticyclonic vorticity. The curvature of the
advection of temperature on a constant pressure term can be represented as:

V2 [V V,T| ~ —k Bsinkz
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where B is a constant. Therefore,

V- V,T ~ Bsinkz

Since:
w~ V2V - V,T]
then
w~ =V - f'/",,T.
Thus,

w>0if -V Y7pT > 0 warm advection

w< 0if =V - €pT < 0 cold advection

The 700 mb surface is often used to evaluate the temperature advection patterns since
the gradients of temperature are often larger at this height than higher up and the winds
are significant in speed. The 850 mb height can be used (when the terrain is low enough)
although the values of V are often substantially smaller.

Finally, since V2Q ~ —k? C'sin kx can be assumed in this form, w ~ —V2Q,and Q ~ w
results.

Therefore,

w > 0 diabatic heating

w < 0 diabatic cooling

An example of diabatic heating on the synoptic scale is deep cumulonimbus activity. An
example of diabatic cooling is longwave radiative flux divergence.

In summary, the preceding analysis suggests the following relation between vertical mo-
tion, vorticity and temperature advection, and diabatic heating.

positive vorticity advection negative vorticity advection
w > 0<{ warm advection w < 0< cold advection
diabatic heating. diabatic cooling.

When combinations of terms exist which would separately result in different signs of the
vertical motion (e.g., positive vorticity advection with cold advection), the resultant vertical
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motion will depend on the relative magnitudes of the individual contributions. Also, remem-
ber that this relation for vertical motion is only accurate as long as the assumptions used to
derive Eq. (3.37) are valid.
Using synoptic analyses the following rules of thumb usually apply:
i) vorticity advection: evaluate at 500 mb.
ii) temperature advection: evaluate at 700 mb; at elevations near sea level,
also evaluate at 850 mb.
iii) diabatic heating: contribution of major importance in synoptic
weather patterns (particularly cyclogenesis) are
areas of deep cumulonimbus. Refer to geostation-
ary satellite imagery and radar for determination
of locations of deep convection.

An article by Trenberth (1978) shows how the Omega equation, in a form close to that
given by Eq. (3.37), can be rearranged in order to combine the vorticity and temperature
advection terms. The reason to combine them is that the two terms can be opposite in sign
with respect to their contribution to vertical velocity.

By rearranging the Omega equation, Trenberth shows that, as an approximation,

e upward motion occurs where there would be cyclonic vorticity advection by the thermal
wind;

e descent occurs where there would be anticyclonic vorticity advection by the thermal
wind.

Actual advection by the thermal wind, of course, does not occur since the thermal wind
is a velocity vector difference and is not a true wind. Nonetheless, the combination of the
vorticity advection and temperature advection terms in Eq. (3.37) permit an interpretation of
vertical motion in the context of the advection of vorticity by a vertical shear of the horizontal
geostrophic wind. This vertical shear, the thermal wind, is related to the thickness gradient
as shown by Eq. (3.25).

3.8.4 Petterssen’s Development Equation

Equation (3.27) can be written as:

Qﬁ%:_f) + Vi Vy(&+f)=0 (3.39a)

if vertical advection of absolute vorticity, the tilting term, and the solenoidal term are ignored,
and Eq. (3.39a) is assumed valid at the level of nondivergence (~ 500 mb). Vy is the wind
on the pressure surface. Since, if the wind is in geostrophic balance:

VHsoo = VHSFC + AV;J
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where Af/;, is the geostrophic wind shear (see Eq. 3.25). Thus,

(& + flsoo = (& + flsre + (& + fr

since V X Viggo = (V X Vg Fc) + (V X AV) Equation (3.39a) can be written as:

0§ + f)src _

a(gz + f)T
5 AL BT LS (3.39b)

VHsoo ) p(éz + f)500 - ot

From Eq. (3.25),
V x AV, = V2 (Az)

f
where Az = 2550 — 2zg With 2500 the 500 mb height and z¢ the surface elevation so that,
A&+ fr _ 9520(A2)
~ pr 5t (3.39c¢)

Integrating Eq. (3.36) between the surface pressure, psrc, and 500 mb yields, after rearrang-

ing:
* 9 (82 A a(Az) (S 02 R
-9 % (3 )dp —ggt—/dz—-—g 5 / (V-Vp<g55)+wa+ﬁc2)dp
PSFcC 26 PsFcC

(3.39d)
Performing V2 on Eq. (3.39d), substituting into Eq. (3.39¢) and then Eq. (3.39b) yields:

Qp

500 500 500
z % % V2 2
———‘—“‘—(E + f)SFC ”VHsoo (fzf."‘f)SOO"“gV2 / VH'VP gz d +—_ / wo dp+
ot £ )" f 75
PSFC pPsSFC P psre
(3.39%)

This is the Petterssen development equation for the change of surface absolute vorticity
due to:

® -—‘7;{500 - Vp(&; + f)s00 : horizontal vorticity advection at 500 mb.

500 .,
° -‘1V2 f Vi - ( )dp = V2 f VL—E(T) dp : proportional to a pressure-
PSF Fg
We1ghted ‘horizontal temperature advectlon between the surface and 500 mb.
g2 500mb
o [ owdp: proportional to vertical motion through the layer.
psrcC

2
° % f %dp . proportional to a pressure-weighted diabatic heating pattern.

64



3.8.5 Upper-Level Flow Associated with Extratropical Storm Development

Throughout the troposphere, an extratropical cyclone is characterized by the following during
its development stage:

e surface pressure falls,

e ageostrophic® wind convergence acceleration (i.e., isallobaric wind) toward the devel-
oping low pressure system, thereby generating kinetic energy,

e convergence generates cyclonic vorticity at low levels,
e midlevel ascent and associated cloudiness as a result of the convergence, and

e upper-level divergent geostrophic winds which generate anticyclonic relative vorticity,
which builds the upper-level ridge downstream.

Figure 3.20 schematically illustrates the relation between 500 mb and 700 mb flows, the
thickness gradient, and the surface front. Note that there are warm advection and positive
vorticity advection ahead of the upper-level trough. In terms of estimating vorticity advec-
tion, the 500 mb flow is generally used as discussed in Section 3.8.3. Thickness advection is
usually evaluated at 700 mb, although in areas near sea level the 850 mb flow is also used.
Since surface pressure is falling, the divergence aloft must be removing mass more rapidly
than it can be replaced by convergent inflow at low levels. This characteristic of developing
low pressure systems implies that they are forced by upper tropospheric airflow patterns.
The surface pressure field, to a first approximation at least, is a response to this upper-level
forcing.

As an extratropical cyclone evolves into Stage II, the cold and warm advection patterns
become very well defined. It is the juxtaposition of this temperature advection pattern that
provides the energy associated with the increase in circulation (i.e., vorticity) of the cyclone.
Warm air lifted over the cold air of the warm front results in higher heights aloft which
results in a divergent component of the flow at that altitude ahead of the cyclone in the
upper troposphere. This loss of mass aloft permits the surface cyclone to deepen further,
thereby strengthening the warm advection further. To the rear of the surface cyclone, the cold
advection and sinking as the air moves equatorward more rapidly than the thickness gradient
propagates, generates convergence aloft and a subsequent building of the high pressure in the
low troposphere. The higher pressure provides stronger cold advection. The lower heights
tilt towards the cold air with decreasing pressure — a direct result of the thickness relation.

As the cyclone occludes in Stage III, the lower heights at all levels within the troposphere
tend to become coincident, resulting in little or no temperature or vorticity advection. Near
the triple point, however, where the fronts juncture, significant temperature and vorticity
advection often remain such that this is a favorable area for secondary cyclogenesis.

8The term used to refer to flow which is not in gradient balance is ageostrophic. This terminology is, of
course, misleading since gradient winds and geostrophic winds, in general, are not equal. A more accurate
term could be a gradient flow.
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Figure 3.20: Schematic illustration of thickness advection and vorticity advection associated
with extratropical cyclone development. The 700 mb height contours (solid lines), 1000-500
mb thickness contours (dashed lines), and surface frontal location are given in (a). The 500
mb height contours (solid lines) and surface frontal location are shown in (b).
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Within the cyclone the strongest vertical motion within the low- and midtroposphere
usually occurs when there is warm advection and positive vorticity advection combined. As
seen in the schematic, for example, in Stage II the largest ascent (and likely greatest rate of
stratiform precipitation) would be to the north and northwest of the cyclone center at 700
mb. Actual cyclones, of course, can have different advection patterns.

Subsiding air would occur in the mid and lower troposphere where they are both cold
and have negative vorticity advection. The subsidence associated with the negative vorticity
advection can often negate the de-stabilization that occurs because of the cold advection.
A frequent satellite and surface observation is that the division between NVA and PVA in
the area of cold advection is often denoted by a significant break in cloud type — towering
cumulus and showers often occur in the air with PVA; the cumulus clouds, however, are
frequently flattened at the top when NVA develops.

A summary of the conditions associated with the development of extratropical storms is

presented below.
e Favorable conditions

— the existence of a thickness gradient in the lower troposphere (i.e., a front); par-
ticularly when it is anticyclonically curved,;

— the presence of an upper-level trough with cold advection to its rear and warm
advection ahead; and

— release of latent heat near the center of the surface low by deep cumulonimbus
and stratiform precipitation.

e Unfavorable conditions

— a weakening thickness gradient as a result of low-level divergent flow; and

~ the absence of an upper-level trough or a trough with cold advection ahead of it,
and warm advection behind resulting in a trough which will decrease in intensity

with time.

Extratropical cyclones are different from hurricanes and tropical storms because their
energy is primarily from the juxtaposition of cold and warm air masses (i.e., a horizontal
thickness gradient). Tropical cyclones, in contrast, derive their energy through heating
around the central core as a result of deep cumulonimbus. In addition, the wind field of
extratropical cyclones, although spread over a large area, has weaker maximum speeds since
the pressure gradient is not as strong as found in a mature, well-developed hurricane. Oceanic
extratropical cyclones are less of a danger to shipping than hurricanes because the seas are
not as chaotic since the wind direction does not vary through 360° around a small center as

it does for the tropical system.
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3.8.6 Synoptic Momentum Transport Patterns

The north-south transport of planetary and air low momentum on opposite sides of a trof
will influence the subsequent evolution of the trof. As illustrated in Fig. 3.21, a positively
tilted trof exports this momentum such that unless cold advection can maintain the region
of low height, the trof will weaken.

3.8.7 Baroclinic Instability

A lucid and concise discussion of baroclinic instability is presented in Holton (1972, pp. 186-
195). A baroclinic flow is defined as one in which a thickness gradient exists — the larger the
gradient, the greater the baroclinicity. Baroclinic instability occurs when a small disturbance
formed in a region of thickness gradient will grow exponentially.

From Holton (1972, pg. 191), a solution of baroclinic instability for a two-layer model is
presented in Fig. 3.22. Holton’s analysis suggests that the region of maximum instability
corresponds to a horizontal wavelength of about 4000 km. This scale closely corresponds to
the size of extratropical cyclones. It has been concluded for years that baroclinic instability
is the primary mechanism for extratropical cyclone development. The analysis of Holton also
concludes that the critical wavelength for baroclinic instability increases with static stability.

3.9 Miscellaneous Characteristics of Airflow
3.9.1 Post-Cold Frontal Cloudiness

From Holton (1972, pg. 69), the conservation of potential vorticity can be written as:

d 00
le+ng)-o (3.40)
Since, " of
-Jt— = U-—a—y = U,B,

with southward-moving air, as with a cold arctic outbreak in the northern hemisphere:

v<0; fv<0

and %

dt
d,
dt
Two cases can be examined with Sv < 0. In both cases the flow will be assumed to be in

the lower troposphere.

< 0 for anticyclonic curvature to the air parcel trajectories

> 0 for cyclonic curvature to the air parcel trajectories.
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Figure 3.21: Influence of trof structure on its evolution over time.




44t
3-
-0 faur2) |
(20/2p)axap? 2§72y
il
Stable (3 >0)
0 0.5 1.0
-Lx Apc«a 'g"g'

(2m\(2F9) @

Figure 3.22: Neutral stability curve as obtained from Holton’s (1972) two-level baroclinic
model. Crosshatched area represents a baroclinically unstable region.
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Y dt

a) For %it <0,¢ (%) > 0 in order to maintain (£, + f) (86/0p) as a constant. d (06/0p)/dt >

0 indicates that surfaces of constant 6 are being brought closer together. Since w =0
at the ground surface, this requirement on 96/0p implies sinking motion.

Stratocumulus clouds, if any, that form in this environment as a result of the destabiliz-
ing effect of cold advection, tend to be flattened at the top as a result of the sinking air.
This subsidence also exerts a warming component on the atmosphere by compression,
thereby counteracting to some extent the cold advection.

b) for %z > 0 there exists a region where,

dt
' d¢.

| > |8

so that d (&, + f) /dt is increasing. Therefore, %:} must decrease following a parcel.
With w = 0 at the ground surface, the spreading of potential temperature surfaces
with respect to pressure require that ascent occur.

In this region the destabilizing effect of cold advection and the ascent required by the
conversion of potential vorticity provide an ambient atmosphere conducive to towering cu-
mulus and showers. The demarcation between the regions where |d€,/dt| is greater than and
less than |Sv| is often characterized by a sharp break in cloud type visible from both satellite
and from the ground. Deep cumulus extend from this demarcation toward the surface low
center, while flattened cumulus or clear skies occur in the opposite direction. Figure 3.23
schematically illustrates this characteristic of the flow and associated clouds.

3.9.2 Troughing East of Mountains

It is observed on surface weather maps that troughs tend to form downwind of large-scale
elongated mountain barriers when a substantial wind blows over the barrier. Such troughs,
referred to as lee-side troughs, can be explained in terms of the conservation of potential
vorticity.

As illustrated in Fig. 3.24a for the northern hemisphere, since vertical motion is inhibited
by the stable stratification above the tropopause as it crosses the barrier, 8¢/0p must become
larger using Eq. (3.40), resulting in a reduction of relative vorticity (i.e., d€,/dt < 0). If
the initial flow is straight and without horizontal shear, £, therefore becomes anticyclonic
and the parcel motion is as depicted in Fig. 3.24b°. The turn to anticyclonic flow occurs as
soon as the ground begins to elevate.

Upon reaching the lee slope, the parcel direction is from the northwest and moves to the
south of its original latitude. When reaching its original latitude at the edge of the lee slope,
§,, and therefore 86/8p return to their original values. Moving further south, however, f

91f the flow were not uniform in the direction perpendicular to the barrier, the parcel could have attained
anticyclonic shear vorticity instead of just anticyclonic curvature vorticity.
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Figure 3.23: Schematic of the relation between parcel trajectory and the cloud field behind
a cold front.
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Figure 3.24: (a) z — 2, and (b) z — y cross section of particle trajectories across a large-scale
elongated ridge. Stratification, height, and thickness are drawn and steady-state flow is

assumed.
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decreases so £, becomes cyclonic, eventually attaining enough curvature so that the parcel

turns northward.
In the absence of friction, a series of troughs and ridges would extend downstream from

the barrier indefinitely.

In the real world, the tendency for lee side troughing provides a thickness gradient (due
to the resultant displacement of temperature contours by advection) which is conducive to
cyclogenesis, as illustrated in Fig. 3.24b.

The path of a parcel crossing the ridge can be discussed using the conservation of potential

vorticity, i.e.,

06
— (& + /) = constant.
If we assume all of the relative vorticity is due to curvature of the flow then:

éz = V/RT

where Ry is the radius of the air parcel trajectory and V' is the wind speed. If a subscript “1”
denotes the upstream value and “2” indicates its modification by the ridge then for east-west

flow:
E'?ﬁ

=(&+f) 3 (3.41)

(§1+f)g—§

1 2

For nonsheared upstream flow £; = 0. As the airflow becomes more stratified, as it passes
over the ridge, g%|2 can be written as:

-6—9 = QP_ a>1
op|, dp|,
Using these definitions Eq. (3.41) can be written, after rearranging as:
V f(l-a)
& = R— = 7
T (8%

which can be rearranged to solve for Rr yielding:
Q
Rr=———=V
1-a)f
Since & > 1 and V > 0, Ry < 0 which requires that the flow be anticyclonic upon rising

over the ridge.
As an example let o = 2 and f = 107%s™; thus,

Rr = -2 x 10V (——2 x 10* has units of seconds)

For V =10 m s™!, 50 m s !, and 100 m s™}, Ry = —200 km, —-1000 km, and -2000 km,
respectively. For the light wind, it appears that the flow would not even be able to cross
the ridge if it was greater than 200 km to the crest! For real-world situations, of course, V
and —g—"i would change and must permit the air to eventually cross the crest, otherwise mass
would build-up indefinitely on the upwind side.
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3.9.3 Conversion of Cold Fronts into Shear Lines

As a cold front moves over a warmer surface, thickness warming can occur from below. Such
warming is particularly pronounced when cold air moves over warmer water with its large
thermal inertia. Over land, surface cooling after cold frontal passage can diminish the rate
of thickness modification.

After the thickness gradient is removed, however, the low-level wind convergence can
remain particularly if deep cumulus convection resulting from the low-level convergence
reinforces the convergence. This conversion of a front into a convergence zone frequently
occurs in the winter in the tropics where the conditionally unstable lower tropospheric air
provides the buoyant energy for cumulus convection, and the rate of conversion of the low-
level wind to gradient balance is slow as a result of the low latitude.

Figure 3.25 illustrates schematically the conversion of a cold front to a convergence zone.
Since the winds are opposing in direction across the zone, this region is also called a shear
line.

A satellite visualization of this conversion process is shown in Anderson et al. (1974,

pg. 3-B-3).

3.9.4 Backdoor Cold Fronts

If cold air masses are stably stratified, their forward motion will be impeded by mountain
barriers unless they have sufficient kinetic energy to go over the barrier. If the flow is blocked,
however, the airflow will decrease in speed and move towards lower pressure. This can occur
even when the airflow above the cold air moves in the opposite direction. Substantial warm
advection can occur above the cold air mass so that the atmosphere becomes even more

stable.
A measure as to whether blocking will occur is the Froude number (e.g., see Pielke 1984,

pg. 474). Defined as:
700 1/2
ZGmax (55;) )

flows tend to become blocked when Fr < 0.75 to 1.5 or so. Greater stratification (i.e., large
80/0z), higher terrain (i.e., Zgmax), and lighter winds (i.e., V) are associated with blocking.

This blocking is a common oc.  ‘ence east of the Appalachians and Rocky Mountains
particularly in the cooler seasons. 1 - of the Appalachians, such blocking of the westward
movement of a cold air mass and resu. \t southward flow is called a backdoor cold front. 1t is
referred to as backdoor because it con. from an unusual direction (i.e., from the northeast
or north) and is associated with a synop.  extratropical cyclone pattern which would suggest
warm advection.

Figure 3.26 schematically illustrates th development and movement of a backdoor cold
front due to the presence of a mountain ba ‘er. Since the cold air frequently undercuts a
region of ascending warm advection aloft whi h has a layer of above freezing temperatures,
precipitation often falls as sleet or freezing rain after passing through below 0°C air near the

Fr=V/
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Figure 3.25: Schematic of the conversion of a cold front to a shear line as a front moves
equatorward. Parcel trajectories are indicated by arrows.
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Flow blocked by
barrier, turns south

Figure 3.26: Generation of a backdoor cold front as a result of blocking. 1000-500 mb
thickness, Vz, continue to move northward since most of the flow in the 1000-500 mb layer
is above the cold domes.
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surface. Fog and low visibilities are also often associated with the cold, stable, near surface
air mass which is capped by warm air aloft.

Anderson et al. (1974, pp. 3-B-15 to 3-B-18) illustrate the cloud pattern associated with
a backdoor cold front.

3.9.5 Depiction of Fronts in the Southern Hemisphere

While the dynamics of meteorological flows must be identical in the southern hemisphere,
their visualization is different since f < 0 south of the equator. One can look at a mirror
image turned upside down of a northern hemisphere weather map to see how the identi-
cal features would appear in a southern hemisphere representation. Alternatively, turn a
northern hemisphere analysis over, invert it, and look at it through a light table.

Figure 3.27 illustrates the form that the same extratropical cyclone would have in both
hemispheres.

In the context of geostrophic and gradient balance, winds in the southern hemisphere
blow clockwise around cyclones, counterclockwise around anticyclones. Cold advection is
associated with veering winds, warm advection with backing winds in the southern mid and

high latitudes.

3.9.6 Circulation Around an Antic‘yclone

Equation (3.40) can be used to describe expected vertical motion around a large lower tro-
pospheric anticyclone. As illustrated in Fig. 3.28, equatorward moving air east of the high
pressure region requires Sv < 0. Thus, if the anticyclone is circular such that d§,/dt = 0,
d (86/8p) /dt > 0 results. In contrast, west of the anticyclone, Sv > 0, so that d (06/0p) /dt <
0 results in ascent west of the high.

Therefore, one should expect general subsidence east of a symmetric ridge and ascent on
the west side. Precipitation would be expected to be more likely on the west.

In the subtropics, subtropical anticyclones are often configured as more-or-less symmetric
high pressure regions. These synoptic realizations of the Hadley cell develop in this form over
the ocean areas, as a result of lower pressure caused by surface heating over the land surfaces.
The eastern subtropical oceans are characterized by net subsidence and low boundary layer
inversions which, to a large extent, can be related to the requirement for a conservation of
potential vorticity. In the western subtropical oceanic areas, average ascent tends to eliminate
the inversion and to provide an atmosphere which is more conducive to precipitation.

3.9.7 Upper-Level Fronts

Figure 3.29 illustrates the influence of horizontal convergence in the upper troposphere on
the generation of an upper-level strong air flow. Referred to as the subtropical jet, the
convergence at these heights is a direct result of poleward moving air associated with the
Hadley cell which is the prime planetary circulation associated with poleward transport of
warm air from equatorial regions. Palmén and Newton (1969, pp. 112-113) discuss this
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Northern Hemisphere

Southern Hemisphere

Figure 3.27: Representation of the same extratropical cyclone as would appear in northern
and southern hemispheric analyses.
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Figure 3.28: Schematic flow around an anticyclone in which % = 0.
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Figure 3.29: Illustration of the mechanisms of generation of the subtropical jet for (a) a

vertical cross section, and (b) a horizontal cross section.
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jet in more detail. Since the horizontal gradient of thickness only occurs in the layers
where the horizontal convergence occurs, the subtropical jet is an upper tropospheric feature
exclusively. It directly influences low-level flows only when it becomes coupled through deep
cumulus convection and/or interactions with the polar jet. Since cold air is on the poleward
side of the gradient, the jet is westerly, as explained by the thermal wind relation (i.e., see
Fig. 3.12).

3.9.8 Orientation of Cumulus Convection with Respect to the Wind Shear

The patterning of shallow to moderate depth cumulus, as viewed from satellite imagery, can
often be used to estimate the wind shear, and therefore, the thickness gradient through the
layer of the cloud. Two schematic illustrations of cloud patterning associated with cold and
warm advection are shown in Fig. 3.30.

Shallow and moderate depth cumulus clouds are oriented in the direction of the shear
because at low levels they tend to move in the direction of the wind at that level. As they
develop vertically, to the extent that ambient air is entrained within the cumulus clouds,
the movement tends to be in the direction of the wind at that level. The appearance of the
clouds as viewed from aloft is in the direction of the shear because of the turning of the
cloud with height. With cold advection, cumulus clouds back with height (Fig. 3.29a), while
cumulus clouds tend to veer with height under warm advection (Fig. 3.29b).

3.9.9 Inertial Instability

Equation (3.7) can be written as:

 =f-vg=0(i-%)

ov

ot
if variations in z and z are ignored, and the pressure gradient and frictional forces are
neglected. The top equation in Eq. (3.42) can be rewritten as:

ou ou
5= (-5)

(3.42)
=—fu

0%v du
or 5-{2_ + fu (f - 5&) =0 (343)
. ou O 0%v
since - E = '5; (f’U,) = '5{5

For a fixed value of g—;, Eq. (3.43) can be treated as an ordinary differential equation of
the form: 2 5
u
(5]
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Figure 3.30: Schematic illustration of the relation between cumulus cloud orientation, wind
shear, and thickness for (a) cold advection, and (b) warm advection.
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Figure 3.31: An idealized jet streak with associated vertical motion pattern.

which has a periodic solution if f > du/dy, but an exponential solution if f < g—‘; (Spregil
1967, Chapter 4).

In the synoptic atmosphere, values of Qu/0y are largest south of the polar jet (i.e.,
anticyclone shear); hence, this region would correspond to a location where we would expect
preferred amplification of waves along the jet due to this mechanism of inertial instability.

3.9.10 Jet Streaks

Jet streaks represent localized regions of stronger winds embedded within the jet stream.
The jet stream itself results from the horizontal gradient of thickness, as discussed in Section
3.6 (i.e., see Equation 3.25). Jet streaks on the synoptic scale would, therefore, be expected
to be associated with locations of particularly strong horizontal temperature gradients.
Figure 3.31 illustrates an idealized jet streak, and the associated vertical motion pattern,
as the wind flow geostrophically adjusts to the different horizontal height field. In the
entrance region of the jet streak, the ageostrophic flow is towards lower heights as the air
accelerates, but requires a period of time to come into balance with the tighter horizontal
gradient of height. In this portion of the jet streak, the actual wind speed is less than the
gradient wind. The result is descent in the troposphere on the lower height side of the jet
with ascent on the higher height side of the jet. In the exit region of the jet, the opposite
pattern occurs as the flow decelerates in response to the weaker horizontal gradient of the
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height field, but requires time to again achieve gradient balance. In this region, the actual
wind speed is greater than the gradient wind.

This pattern of ascent and descent would occur on the synoptic scale in the absence
of tropospheric temperature advection. Carlson (1991) discusses jet dynamics in detail,
including how temperature advection modifies the upward/downward motion couplet shown
in Fig. 3.31. Uccellini et al. (1987) describes how jet streaks are intimately involved in
cyclogenesis along the east coast of the United States.
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4. Thermodynamic Analyses

4.1 Basic Concepts
4.1.1 Dry Adiabatic Lapse Rate

If no heat is added to or removed from a parcel, the potential temperature must be constant
as shown in Section 2 and elsewhere (e.g., Pielke 1984, Chapter 2). Therefore, for this

situation,
g
dz
is a statement that there is no heat changes for a vertically displaced parcel. From the

definition'® of @ [0 =T (1000 mb/p)" ¢/ C”], therefore, after differentiating logarithmically
with height:

0 (4.1)

Ldg _
0dz

oo 14T Rudr s

T Tdz Cppdz

is an equivalent statement of Eq. (4.1). Assuming hydrostatic balance (i.e., dp/dz = —pg),
Eq. (4.2) after rearranging, becomes:

dI' _ -RTpg g
z p C, C, 7d (4.3)

where the ideal gas law (p = pRT) has been applied. For the earth’s troposphere g/C, =
1°C/100 m. The variable ~, is referred to as the adiabatic lapse rate.
On a thermodynamic diagram, lines of constant # correspond to a temperature lapse rate

equal to -1°C/100 m.

4.1.2 Wet Adiabatic Lapse Rate

When a parcel is lifted, temperature decreases as evident from Eq. (4.3). Since air cannot
hold as much water vapor at colder temperatures, (e.g., see Wallace and Hobbs 1977, pg. 73)
sufficient lifting will result in condensation (deposition) when the vapor pressure of the water
vapor, e, becomes equal to the saturation vapor pressure, e;, with respect to water (e.g., ice).
Since e/e; = 1 corresponds to w/w,; = 1, where w is the mixing ratio defined in Section 2,
the height where w = w; is first calculated on a thermodynamic diagram is referred to as
the lifting condensation level (LCL).

The value of w for the parcel is determined by measuring the dewpoint temperature. The
dewpoint temperature is defined as the temperature at which condensation first occurs as a
result of cooling at constant pressure. An analogous temperature (the frost point) is defined
for the first occurrence of deposition due to cooling at constant temperature.

10The appropriate temperature to use is the virtual temperature, defined as T = Tary (1 + 0.61w) where w
is the mixing ratio. See Pielke (1984, pg. 8) for a derivation of virtual temperature. T4y is the thermometer
temperature.
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The temperature of the parcel determines the maximum amount of water vapor that can
be contained without condensation or sublimation. This relation between saturation mixing
ratio and temperature is given for realistic tropospheric conditions as:

38 [219(T- 273.2)]

ws & —exp
p

(for liquid water) (4.4)

} (for ice) (4.5)

(from Pielke 1984, pg. 234). Lines of constant saturation mixing ratio from a formulation
such as Eq. (4.4) are usually drawn on thermodynamic diagrams as dashed or dotted lines.

Since water vapor content up to the LCL is constant, w is a constant as a parcel ascends
or descends below the LCL. It is important to recognize, however, that a constant value of
w does not indicate that the dewpoint temperature is constant with height. As the parcel
ascends, expansion results in a reduction in the vapor pressure, e, with height as seen from
the ideal gas law (i.e., e = p,R,T where p, is the density and R, is the gas constant of
the water vapor). Expansion requires that p, become less and Eq. (4.3) indicates that
temperature decreases as well. Thus, the temperature to which a parcel must be cooled
isobarically in order to achieve condensation (sublimation) becomes lower at higher heights
(i.e., lower pressures) since e decreases with height. Therefore while w = p, /p is constant
with height below the LCL, d Tp/dz is less than zero.

The phase change of water at and above the LCL permits a source of a heat. Equation
(4.2) can be generalized to represent this source term as:

1d§ _1dT Rydp _ L du, 46

0dz  Tdz Cupdz  C,T dz

where dw,/dz is the change of saturation mixing ratio with height which when negative
represents the amount of water vapor converted to another phase. The latent heat of phase
change is given by L.

Rearranging Eq. (4.6), and substituting the hydrostatic relation yields:

dl  Ldw, RTpg  Ldw, g (4.7)

dz~ C,dz  pC, Cp dz G,

where the gas law has been applied to simplify the last term on the right. By the chain rule
of calculus, dw;/dz can be written as:
dws dw, dT

dz _ dT dz’ (48)

Substituting Eq. (4 8) into Eq. (4.7) and rearranging yields:

“: _._./[1+_£dws} _ ; +—g«1%] I (4.9)
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where 7y, is referred to as the moist adiabatic lapse rate. (Note that 7, < 4 because of the
heat liberated by the phase change of water.) When the phase change is from water vapor
to liquid water, L corresponds to the latent heat of condensation (L & 2.5 x 10° J kg™?)
and w; is the saturation mixing ratio with respect to liquid water (e.g., Eq. 4.4) and v,
is often called a water adiabat. When the phase change is to ice, L is the latent heat of
deposition (L 2 2.88 x 10® J kg™') and w, is the saturation mixing ratio with respect to ice
(e.g., Eq. 4.5). On most thermodynamic diagrams, except those specifically designed for the
upper troposphere where, for instance, the prime forecast consideration is the analysis for
jet contrails, water adiabats are the ones most frequently plotted.
From Eq. (4.9), irrespective of which moist adiabat is used, since dw,/dT is positive:

Tm .<_ Yd
in all circumstances. Also, since dw,/dT becomes small for colder temperatures, v, = v, in
cold air. Lines of +,, are often indicated on thermodynamic diagrams as dashed lines in the
same color as the solid lines of .

There are two interpretations of moist ascent along a 7,, lapse rate. If the liquid water or
ice is carried along with the parcel, then during subsequent descent this water can convert
back to water vapor (i.e., evaporation for liquid water, sublimation for ice). For this situation,
the phase change process is completely reversible and the lines of 7, are referred to as
saturated adiabats. On the other hand, if the liquid water or ice is interpreted to precipitate
out of the parcel, a subsequent descent of the parcel will not permit the attainment of the
original water vapor content. With this interpretation, the lines of ~,, are referred to as
pseudo-adiabats and the process of lifting above the LCL is considered irreversible.

Two additional quantities are used to describe the moist thermodynamic stratification of
the atmosphere — the equivalent potential temperature and the wet bulb potential temperature.
To illustrate these two quantities, they will be derived in their approximate forms. Iribarne

and Godson (1973) provide more precise derivations. Equation (4.6) can be written in the
o 1o Ldug Ld(u 10
0dz  C,T dz Cpdz \T '

o

as long as the approximation 7' |dw,/dz| > w,T~? |dT/dz| is valid (which it is for
reasonable atmospheric conditions within the troposphere). The saturation mixing ratio
corresponds to the value of w of a saturated parcel of air. Saturation of the parcel will only
occur when it is cooled sufficiently so that the saturation value of w is attained.

Since at low temperatures saturation mixing ratio goes to zero more rapidly than tem-
perature, w,/T approaches zero at absolute zero. Therefore, treating L and C, as constants,
Eq. (4.10) can be integrated from an observed temperature to absolute zero yielding the
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approximate formula.!!

8.5 = 0 exp (éwT> (4.11)

The equivalent potential temperature, therefore, represents the potential temperature that
would occur if all of the water was condensed (when L corresponds to the latent heat of
condensation) and the resultant heat is used to warm the parcel to a higher potential tem-

perature.
The wet bulb potential temperature is also derived from Eq. (4.10). Equation (4.10) can

be rewritten in its approximate form as:
d(lné L d
(n6) _ [ ] (4.12)
dz C’ dz LT
Equation (4.12) can be integrated between current values of 6 and w; and values of potential
temperature, Oy, and saturation mixing ratio, w}, it would have if water vapor were added
to the air parcel so as to cause saturation. This yields:

!

0W Wy
d L d Wy

or

Ow L {ws w, }

9 C,|T Tw

or

C, \T Tw

The value of the wet bulb temperature in Eq. (4.13) can be obtained for an isobaric process
from the first law of thermodynamics in the form:

C,dT = —Lduw;,

Ow = 0 exp [—£ (ﬁ o )] (4.13)

which after integrating over the same limits as applied to obtain Eq. (4.13), yields:
Cp (T — Tw) = —L [ws — wy)

or

Tw =T - L (- w,). (4.14)
Cp

Since moistening an air parcel elevates the dewpoint temperature, while the evaporation of
water cools the temperature, Tp < Ty < T.

0 and Oy correspond to lines of constant moist adiabatic lapse rate, vy,. Both 6 and
Oy are derived so as to account for the decrease in temperature with height of a saturated
air parcel, as latent heat is continually released.

1A more exact form of 6., can be obtained from Tes = T, + & ws where T, is the isobaric equivalent

Rd/cp
temperature and, thus, Ocs = Tes (%) can be used to compute f,.
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4.1.3 Lifting Condensation Level

An air parcel ascends dry adiabatically (% = O) until saturation is attained. The moisture
content of a parcel is specified by the mixing ratio as discussed previously. The height at
which the ascending parcel first becomes saturated is called the lifting condensation level
(LCL). Below the LCL 6, 8z, and 6y remain constant in the absence of entrainment of air
with different thermodynamic properties. All three forms of potential temperature, therefore,
are conserved with respect to dry air motions. Above the LCL, however, only 65 and 6y of
a parcel remain constant in the absence of entrainment. Therefore, only fg and 6y, and not
6, are conserved with respect to saturated air motions.

4.1.4 Concept of Static Stability

Since force is equal to a mass times an acceleration (i.e., Newton’s second law), the vertical
equation of motion in the atmosphere can be written as:
d*z  dw 10
A A (4.15)
a2 dt p 0z

where, in Eq. (4.15), w is vertical motion. The two forces on the right side of Eq. (4.15) are
the vertical pressure gradient force and gravitational acceleration. When these two forces are
equal and opposite, the atmosphere is said to be in hydrostatic balance. Correspondingly,
an imbalance of the two forces results in an acceleration.

In terms of an air parcel, it is convenient to write the hydrostatic version of Eq. (4.15) for
the ambient (i.e., surrounding) atmosphere (denoted by a subscript “e”) and the complete
form of Eq. (4.15) (denoted by a subscript “p”) for the parcel.

The relation of the parcel to the surrounding atmosphere is schematically illustrated in

Fig. 4.1:

op,
%Ie = —eg
(4.16)
dw __i@l
dt  p,02"7

In applying Eq. (4.16), it is assumed that the vertical pressure gradient acting on the
parcel is identical to the vertical pressure gradient of the atmosphere at the same level, i.e.,

_op
p_f)‘z'

_ o

9
e_az

0z

The bottom expression in Eq. (4.16) can then be written, after rearranging, as:

dw Pe = Pp
— = — 4.1
i g[ - } (4.17)

90




S S S S S S S S

Figure 4.1: Schematic of the relation between a parcel and the surrounding atmosphere.
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Thus, a parcel starting at rest will accelerate upward if it is less dense than the surrounding
air. If p, = pp, a parcel at rest will stay at rest, while a parcel in motion will continue to

move at a constant speed.
Using the ideal gas law for the parcel and for the ambient atmosphere:

Pe = p/RdTe 3 Pp = p/RdTpa

Eq. (4.17) can be rewritten as:
dv _ T,-T.

ow _ 4.1
s (4.18)

Therefore, a parcel, starting at rest, will accelerate upward if it is warmer than the surround-
ing air.

Using a Taylor series expansion, the response of a parcel to forced motion from its height
of origin in the atmosphere can be evaluated:

dT 1d?T 0
Te=T+ — e 0z+ 35— e(éz) + ..
dT 1 d°T 2
=To+ = S =
T, + = L 0245 - p(&z) +

where T, is the temperature at the level at which the parcel originated.

If 6z is small,
Te =T, —v0z ; T, 2T, — 402

where v = —dT'/dz|, is the lapse rate of the environment and -, is the lapse rate of a parcel
undergoing dry adiabatic motion (i.e., 74 = E"; = —4L|, ; see Eq. 4.3). Equation (4.18) can
therefore be approximated by:

dw . (v~ )
@ oz (4.19)

In terms of Eq. (4.19), the following definitions are used when referring to a dry atmosphere,
e an unstable equilibrium exists when v > v,
e a neutral equilibrium exists when v = 74
e a stable equilibrium exists when v < ~,.

In the atmosphere, v < ; at almost all locations except,

a) near the ground on sunny days,

b) over water when colder air advects over it, and
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c) at the top of clouds, particularly at sunset.

Since values of constant potential temperature 6 are equivalent to -y,

(00

— < 0
Y > Y 0z
. . o0

Y = 7Y is equivalent to S 5 = 0 (4.20)

z
v < Y4 00

— > 0
\ Oz

Partial derivatives are used here to emphasize that the potential temperature lapse rate is
referred to rather than the value of 8 following a parcel. When 00/0z < 0, the lapse rate v
is said to be superadiabatic.

Corresponding definitions can be made for a saturated environment except 4 is replaced
by vm-. If the air is saturated,

e v > v, is unstable and cumuliform clouds result,
® v =, is neutral and cumuliform clouds occur,

e v < v is stable and stratiform clouds result.

Since values of constant equivalent and wet bulb potential are equivalent to constant values
of Y, a general terminology relating lapse rates and the different 6 forms of potential
temperature can be derived. These relationships are summarized in Table 4.1.

Up to this point, thermodynamic stability has referred to parcel motion. Often, however,
entire layers of the atmosphere are lifted as a result of large-scale ascent. As will be illustrated
in the following discussion, this lifting can result in significant changes in the atmospheric
lapse rates, 7.

Figures 4.2a and b schematically represent two basic types of atmospheric stratification.
In Fig. 4.2a, 005/0z > 0 so the atmosphere is absolutely stable, while 00g/0z < 0 in
Fig. 4.2b which is a conditionally unstable atmosphere as long as 06/9z > 0. The stable
atmosphere is characterized by relatively dry air capped by relatively wetter air aloft. The
converse is true for the conditionally unstable atmosphere.

The changes in stratification due to the lifting of the layer A-B to A’ -B’ are shown in
the figure. The equivalent potential temperatures, 65, and 6g, at the heights A and B, and
which are invariant under both dry and moist ascent, are also illustrated. The lifting of the
layer proceeds adiabatically (i.e., constant ) until saturation is achieved, whereupon values
of constant @y are followed.

As evident in the figure, when 00z /3z > 0, the layer becomes more stable, while when
00 /0z < 0, the stratification becomes less stable.
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Table 4.1: Relation between lapse rates.

Thermodynamic | Lapse rate Potential Parcel behavior
stability relationship temperature
relationship
Absolutely Y < VYm Qg—“i = % > 0 | Regardless of whether satura-
stable Oz 0z tion occurs in the absence of en-
trainment, the parcel will move
back to its original position if
displaced.
Conditionally Ym < ¥ < Y % = % < 0 | The parcel accelerates away
stable 02 o0 9z from its original position if dis-
but 92 >0 placed and if saturated. If not
saturated it will move back to
its original position. In ad-
dition, even if the parcel is
displaced sufficiently such that
saturation occurs, the parcel
will still move back towards its
original position until further
saturated ascent overcomes the
temperature deficit that re-
sulted from the earlier dry adi-
abatic upward motion.
00 .
Absolutely Y > Ya — <0 Parcel will accelerate away
unstable 0z from its original position when

displaced.
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Figure 4.2: Schematic of (a) a convectively stable, and (b) convectively unstable air mass
which is lifted from heights A-B to A’-B’. The original lapse rate is v and the new lapse rate
after lifting is 7.
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When 96z/0z becomes more negative, the atmosphere becomes more conducive to cu-

muliform convection.
When 00g/dz < 0, the layer is variously referred to as:

i) convectively unstable — since cumulus convection results when saturation is
realized in such an atmosphere.

ii) potential instability - since organized lifting must occur before saturation is
actually realized.

iii) layer instability — since it is the lifting of a layer of the atmosphere that

increases the instability and permits saturation to oc-
cur.

As a qualitative guide, dry air above moist air is a fingerprint of a convectively unstable
atmosphere, and is one criteria looked for in predicting severe thunderstorm outbreaks.

In using these thermodynamic definitions, it is important to remember that conditional
instability refers to a parcel, while convective instability refers to a layer.

4.1.5 Convective Parameters

There are several derived thermodynamically-related parameters that are valuable in esti-
mating if and when convection will occur, and how intense it will be. These are:

a)

Equilibrium Level (EL) — This is the height in the atmosphere at which the tempera-
ture of an air parcel, T, equals the temperature of the environment at that level, T..
Below this height for some distance, T, > T..

This height closely corresponds to the average heights of cumulus cloud tops. Cumulus
clouds which exceed this height are referred to as overshooting tops since they exceed
their equilibrium level.

Convective Temperature (T,) — This is a temperature near the surface corresponding to
a dry adiabatic environmental lapse rate (created as a result of surface heating by solar
insolation and resultant mixing) which is high enough so that parcel ascent from the
shallow superadiabatic layer near the surface reaches a height at which condensation
occurs. It often closely corresponds to the maximum daytime surface temperature.

Convective Condensation Level (CCL) — This is the height of condensation associated
with T,. Condensation at this height is manifested initially by shallow cumulus clouds
which represent the tops of buoyant turbulent eddies within the boundary layer. Once
the CCL is attained, surface temperatures generally do not exceed T, as a result of
the shading of the ground by the clouds and the increased winds near the surface as
the cumulus clouds themselves begin to enhance mixing within the layers below the
CCL. The CCL is always higher than or equal to the LCL. The most accurate way to
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compute the CCL is to compute the average w within a height z; from the surface.
The depth z; corresponds to the height of the layer with a near adiabatic lapse rate.
When z; reaches a height such that the value of the average w over the depth z; attains
its saturated value at z;, then z; corresponds to the CCL.

Level of Free Convection (LFC) — This is the height at which a parcel mechanically
lifted from near the surface will initially attain a temperature warmer than the ambient
air. The parcel will subsequently rise from its own buoyancy.

Positive Buoyant Energy — This energy is proportional to the temperature excess of a
parcel between the LFC and the EL. The mechanical energy required to lift a parcel
to the LFC is termed a negative buoyant energy. Positive buoyant energy is also called
Convective Available Potential Energy (CAPE).

Convective Inhibition (CIN) — This is the heat energy that must be added to the lower
levels of the profile in order to make the potential temperature at the LFC equal to
the potential temperature near the surface (i.e., 30/0z = 0). This energy removes the
negative buoyant energy.

Lifted Index (LI) — This measure of stability is defined as:

LI = T500mb - TpSOOmb

where Ts00mb is the temperature of a parcel lifted at a constant 8 to the LCL and at
a constant 6 to 500 mb. Tsgomp is the observed temperature at 500 mb. Values of LI
> 0 are generally associated with no significant cumulus convection; 0 > LI > —4 with
showers; —4 > LI > —6 thunderstorms; and LI < —6 with severe thunderstorms.

K-Index (K) — This measure of stability is defined as:

K = Tasomb + Tggons — L500mb — (Lr00mb — Taroom) ;

K > 30 is generally associated with thunderstorms. The formula needs to be modified
for use in higher elevations of the western United States.

Mixing Condensation Level (MCL) — This is the height that condensation will occur as
a result of strong winds mixing a layer so as to attain uniform with altitude potential
temperature and mixing ratio. The MCL is the minimum height at which uniform
mixing of 6 and w results in saturation. The effect of surface heating is ignored.

Precipitable Water (P) — Vertical integral of water depth if all water vapor in a column
were condensed out. Defined in terms of g/cm? = 1 cm of water depth as:

P= / ppdz = / wpdz
surface surface
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4.2 Schematic Illustration of the Calculation of Variables on a
Thermodynamic Diagram
4.2.1 Potential Temperature, (6)
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4.2.4 Equivalent Potential Temperature (0g)
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4.2.7 Mixing Condensation Level (MCL.): :
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The MCL is the minimum height at which uniform mixing of § and w results in saturation.
A summary of the uses of the common thermodynamic parameters is presented in Table
4.2.

4.3 Severe Storm Indices
4.4 Conditional Symmetric Instability

4.5 Thermodynamic Cross Sections

As discussed in Table 4.2, since potential temperature is conserved with respect to dry
motions'?, when g% > 0, 0 can be used as a parcel tracer in an atmosphere without satu-
ration. An additional requirement is that the parcel not entrain adjacent air with different
values of 6.

Similarly, the equivalent potential temperature and wet bulb potential temperature can
be used as a parcel tracer as long as 09g/0z = 80w /0z > 0. These temperatures, unlike 6,
are also conserved under saturated motion.

It therefore appears useful to use these quantities to estimate atmospheric trajectories.
In a dry atmosphere, for example, air parcels would tend to move along 6 surfaces, such as
illustrated in Fig. 4.3 reproduced from Nagle (1979). In a moist atmosphere, parcels would
tend to move along 6y surfaces.

The application of these surfaces to estimate trajectories in a dry environment are most
useful when the atmosphere is absolutely stable (i.e., 88/0z > 0) and radiative flux diver-
gence effects are small as mentioned in Footnote 13. Such thermodynamic structure generally
occur above the planetary boundary layer in the remaining portion of the troposphere and in
the stratosphere. Near the surface, of course, particularly during sunny days, superadiabatic
layers often occur resulting in values of § which are multi-valued with height. Therefore, a
determination of the appropriate layer near the ground surface to follow a trajectory is un-
clear. In addition, strong vertical mixing as a result of the superadiabatic layer can produce
substantial parcel entrainment of air with different values of 6.

12Heat changes due to radiative flux divergence must also be small over the period of interest.
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Table 4.2: Uses of common thermodynamic parameters.

| PARAMETER | USE

0 Used as a tracer for dry motions where 88/0z > 0 (therefore, most useful
in the mid and upper troposphere).

fr, Ow Used as a tracer for both dry and wet motions. Major problem with its
use as a tracer is that 85 and @y are often multi-valued with height (i.e.,
00g/0z = 00w |0z often change sign one or more times with height).

LCL Provides an estimate of stratiform cloud base as a result of forced lifting
over mountains or along frontal surfaces.

CCL Provides an estimate of cumulus cloud base due to surface heating.

MCL Provides an estimate of cloud base when winds increase so as to mix a
layer near the ground.

LFC Provides an estimate of the depth to which forced ascent is required before
cumuliform clouds will spontaneously grow.

EL Provides an estimate of average cumulus cloud top within a region. Over-

shooting cumulus tops will be higher than the EL.

Area of positive

Provides a quantitative measure of the intensity of cumulus growth if

buoyancy clouds reach the CCL.

Precipitable Provides a liquid water equivalent if all the water vapor in a column was

water condensed. Used to estimate average precipitation potential over an area.

LI LI > 0: no deep cumulus clouds expected; 0 > LI > —4: showers expected;
—4 > LI > —6: thunderstorms expected; LI < —6: severe thunderstorms
expected.

K Used to estimate whether or not cumulus convection will occur.

a—gf; ‘—9%?’— Determines layers in which forced lifting will destabilize the layer resulting
in more intense cumulus convection if it develops (a—gf = Qggz < 0).

Tw Provides an estimate for the observed temperature when precipitation falls
into a layer, evaporating as it falls.

Tp Provides an estimate of the temperature that must be reached on clear

nights before frost or dew will form (Tp with respect to deposition or
condensation are close enough for the purposes of this estimate). Except,
due to advection, nighttime temperatures seldom fall much below Tp,
since heat is released at the surface through the phase change of water.
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a) The conventional 313 K isentropic chart for North
America and adjacent regions, 1260 GMT, 12 November 1977,
is shown for comparison with the three-dimensional pattern
in Fig. & Solid lines are contours of height; broken lines, the

- Montgomery streamfunction.’
The Montgomery streamfunction is defined by the
righthand side expression in Eq. (3.12).

<) (Above) Three-dimensional pattern of the 313 K
isentropic surface over the Northern Hemisphere as viewed
from 100°E longitude, 1200 GMT, 12 November 1977. (Be-
low) A polar stereographkic map viewed from the same per-
spective as the isentropic dome in the top illustration.

b) (Above) Three-dimensional pattern of the 313 K
isentropic surface over the Northern Hemisphere as viewed
from 80°W longitude, 1200 GMT, 12 November 1977. (Be-
low) A polar stereographic map viewed from the same per-
spective as the isentropic dome in the top illustration.

“igure 4.3: Illustration of northern hemispheric 6 surfaces as viewed from two different
perspectives (from Nagle 1979).
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In a saturated environment, in the absence of significant entrainment of air with different
thermodynamic properties, trajectories will follow surfaces of constant 6w and 6g. If the
saturated air has a structure such that 86y /0z = 90g/0z < 0, however, the same problem
occurs as when 06/0z < 0, namely 6y and 0 are multi-valued in height. In such a satu-
rated atmosphere in which conditional instability is realized, cumulus convection will occur
with the resultant vertical mixing making trajectory assessments ambiguous. In contrast to
profiles of 8, therefore, 8 and 6z are often multi-valued even above the planetary boundary
layer. Such multi-valued profiles most often occur in air of tropical origin.

In summary, the use of dry and moist isentropic surfaces to estimate trajectory motion
are most useful when:

dry motion: e 88/9z >0
e heating or cooling due to radiative
flux divergence is small.
(4.21)
moist motion: e 00g/0z = 00w /0z >0
e heating or cooling due to radiative flux

divergence is small.

Since regions of large horizontal thickness gradient also have a large horizontal gradient of 6,
6z, and Oy, significant parcel ascent or descent occurs in such regions. The application of 6
surfaces in dry air or 8y surfaces (6 surfaces) in saturated air, therefore, provides excellent
resolution of parcel motion in such an atmosphere, providing the criteria listed in Eq. (4.21)
are satisfied.

In applying these surfaces to estimate parcel motion:

e use & surfaces when the relative humidity of the parcel is less than 100%. The simul-
taneous occurrence of regions with 90g/0z = 06w /0z < 0 is of no relevance as long as
the parcel remains unsaturated.

e use Oy (0g) surfaces when the relative humidity of the parcel reaches 100%. Precipi-
tation can be estimated from the condensation that must occur with continued ascent
after a relative humidity of 100% is reached for the first time.

If 005 /0z = 86w [0z < 0, however, the use of g () surfaces is of little value, unless
the region of conditional instability is very narrow.

An early, effective discussion of the application of isentropic trajectories is presented in
Rossby (1941, pp. 637-641). Artz et al. (1985) provide an evaluation of differences obtained
when an isentropic trajectory analysis is used instead of a constant height evaluation.
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5. Climatology

5.1 Global Climate

The primary driving force for the horizontal structure of the earth’s atmosphere is the amount
and distribution of solar radiation which impinges on the planet. The orbit of the earth
around the sun is an ellipse with a perihelion (closest approach) of 1.47 x 10% km in early
January, and a aphelion (farthest distance) of 1.52 x 10® km in early July. The time between
the autumnal equinoz and following vernal equinoz in the northern hemisphere (about 22
September to about 21 March) is approximately one week shorter than the remainder of the
year as a result of the earth’s elliptical orbit, resulting in shorter winters in the northern
hemisphere than south of the equator.

The earth rotates every 24 hours around an axis that is tilted at an angle of 23-1/2° with
respect to the plane of its orbit. As a result of this tilt, during the summer season in either
the northern or southern hemisphere, sunshine is more direct on a flat surface at a given
latitude than it is during the winter season. Poleward of 66-1/2° of latitude, the tilt of the
earth is such that for at least one complete day (at 66-1/2° ) and as long as six months (at
90°), the sun is above the horizon during the summer season and below the horizon during
the winter.

As a result of this asymmetric distribution of solar heating, during the winter season
high latitudes become very cold in the troposphere as a result of the long nights. In the
summer at high latitudes, the troposphere warms significantly as a result of the long hours
of daylight, although due to the oblique angle of the sunlight, the temperatures remain, in
general, relatively cool compared to regions in the summer midlatitudes. Equatorward of 30°
or so, however, substantial and similar radiational heating from the sun occurs during both
winter and summer. The tropical troposphere, therefore, has comparatively little variation
in temperature during the year.

In the troposphere, the demarcation between the cold polar air and warmer tropical
atmosphere is usually well-defined by the polar front — poleward of the front the air is of
polar origin, equatorward it is of tropical origin. The colder polar air is denser than the
tropical air, with over a 30% difference in densities at the surface possible for extreme
wintertime contrasts. During the winter season, the polar front is generally located at lower
latitudes and is stronger than in the summer.

The region of greatest solar heating at the surface in the humid tropics results in areas
of deep cumulonimbus convection. These cumulonimbus clouds occur because upon con-
densation the clouds are warmer than the surrounding ambient atmosphere. These clouds
transport water substance, sensible heat, and the earth’s rotational momentum to the upper
portion of the troposphere. The troposphere in these latitudes is around 17 to 18 km as a
result of the vigorous mixing of the atmosphere by the convection.

Since motion upward into the stratosphere is inhibited by a very stable thermal strati-
fication, the air transported upward by the convection diverges poleward in the upper tro-
posphere. This divergence aloft results in a minimum of pressure at the surface, which is
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referred to as the equatorial trough. As the air is transported poleward it is deflected towards
the right in the northern hemisphere and left in the southern hemisphere, since it tends to
retain the angular momentum of the near equatorial region. At low latitudes the angular
momentum is large as a result of the earth’s rotation.

Upon reaching around 30° of latitude poleward of its region of origin, the air is traveling
primarily towards the east. Since motion upward is constrained by the stratosphere, the air
must descend. The resultant compressional warming as the air descends creates vast regions
of strong stable thermodynamic stability within the troposphere. The sparse precipitation
in these regions, a result of stabilization and subsidence, is associated with the great arid
regions of the world such as the Sahara, Atacama, Kalahari, and Sonoran deserts. The
accumulation of air as a result of the convergence in the upper troposphere causes deep high
pressure systems, referred to as subtropical ridges, to occur in these regions. Locally, these
ridges or high pressure systems are given names such as the Bermuda High, the Azores High,
and the North Pacific High.

Upon reaching the lower troposphere, the presence of the earth’s surface requires that
the air diverge, with some air moving poleward, and the remainder moving equatorward. In
either direction the air is deflected to the right in the northern hemisphere and to the left in
the southern hemisphere. The tendency of an air parcel to conserve its momentum results
in this horizontal deflection. This deflection occurs because according to Newton’s first
principle, a parcel in motion in a certain direction will retain the same motion unless acted
on by an exterior force. With respect to a rotating earth, therefore, a moving parcel which is
conserving its momentum (i.e., not acted on by an exterior force) will appear to be deflected
with respect to fixed points on the rotating earth. As seen from a fixed point in space, a
parcel which is conserving its momentum would be moving in a straight line. This apparent
force on air motion is called the Coriolis effect. Air tends to rotate counterclockwise around
large-scale low pressure systems, clockwise around large-scale high pressure systems in the
northern hemisphere as a result of the Coriolis effect. In the southern hemisphere, the flow
direction is reversed. In the equatorward moving flow, this deflection results in northeast
winds north of the equator and southeast winds south of that latitude. These low-level winds
are called the trade winds since in the seventeenth and eighteenth centuries, sailing vessels
used them to travel to the Americas. The low-level convergence region of the northeast and
southeast trade winds from the two hemispheres is called the Intertropical Convergence Zone
(ITCZ). The ITCZ corresponds to the equatorial trough and is the mechanism which helps
generate the deep thunderstorms in this pressure trough.

The circulation of ascent in the equatorial trough, poleward movement in the upper
troposphere, descent in the subtropical ridges, and equatorward movement in the trade
winds is a direct heat engine, called the Hadley cell. It is a persistent circulation feature
whereby heating from the latitudes of greatest solar insolation is transported to the latitudes
of the subtropical ridges. The geographic location of the Hadley circulation moves north and
south with the seasons with the equatorial trough lagging the latitude of greatest surface
solar heating by about two months. This lag results because of the thermal inertia of the

105




earth’s surface in which the highest daily temperatures are achieved after the time of greatest
insolation since time is required to heat the ocean surface waters and the soil.

Poleward of the subtropical ridges in the lower troposphere, as a result of the tendency
for air motions to conserve absolute angular momentum, southwesterlies in the northern
hemisphere and northwesterlies in the southern hemisphere tend to occur.

Since warm air is being moved poleward at low levels, however, the wind flow is no
longer associated with a direct heat engine. The transport of the heat which originated in
the equatorial trough is consequentially transported farther poleward by large, horizontal
low pressure eddies which are called extratropical cyclones.

Figure 5.1 schematically illustrates the distribution of surface winds and a vertical cross
section of average motion in the troposphere on the earth. A rotating dishpan experiment
in which dry ice is inserted in the center, and the rim is heated can produce a number
of the features of the general circulation of the earth including a direct thermal circulation
analogous to the Hadley cell and vortices along the boundary of the cold and warm air which
corresponds to the polar front. A schematic of a dishpan experiment is shown in Fig. 5.2.

These extratropical cyclones develop on the polar front (which delineates air of polar
origin from that of tropical sources) when a sufficiently large horizontal gradient of temper-
ature in the lower troposphere develops across the front. The intensity of this temperature
gradient is referred to as the baroclinicity of the front. Extratropical cyclones are found to
have three stages of development: the developing stage in which an undulating wave develops
along the front; the mature stage in which sinking cold air sweeps equatorward west of the
surface low and ascending warm air moves poleward east of the cyclone; and the occluded
stage in which the warm air has become entrained within and moved above the air of polar
origin and cut off from the source region of the tropical air. Cyclones which develop no fur-
ther than the developing stage are referred to as wave cyclones, while extratropical lows that
reach the mature and occluded stages are baroclinically unstable waves. Extratropical storm
development is referred to as cyclogenesis. Surface pressure falls of greater than about 24
mb day~! which occasionally occur with rapid extratropical cyclone development is referred
to as ezplosive cyclogenesis and is often associated with major winter storms. Theoretical
analysis has shown that the occurrence of baroclinically unstable waves is directly propor-
tional to the magnitude of the temperature gradient with maximum growth for wavelengths
of 3000 to 5000 km.

Cold fronts occur at the leading edge of the equatorward moving polar air, while warm
fronts are defined at the equatorward surface position of the polar air as it retreats poleward
east of the extratropical cyclone. The equatorward moving air behind the cold front occurs
in pools of cold, dense, polar and arctic surface high pressure systems. Arctic highs are
defined to distinguish air of an origin even deeper within the high latitudes than are polar
highs. When the polar air is neither retreating or advancing, the polar front is called a
stationary front. In the occluded stage, where the cold air west of the surface low pressure
center advances more rapidly eastward around the cyclonic circulation than the warm air
east of the center moves poleward, the warm, less dense tropical air is forced aloft. The
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Ferrel Cell - An indirect heat
J engine - heat exchange
accomplished by cyclones

Arctic High __ ___ ___ __ \
Hadley Cell - A direct heat
engine

Polar Front __ __ __ __
Subtropical Ridge __ ___

Intertropical _ ___ __ _\
Convergence Zone

Figure 5.1: Schematic of the general circulation of the earth in the northern hemisphere
winter. There is average subsidence in the subtropical ridge and arctic high, and average
ascent in the intertropical convergence zone and the polar front region. The ITCZ, jet
streams, and subtropical ridges move north and south with the seasons. The height of
tropopause corresponds to the upper branch of arrows in the cross section.
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Figure 5.2: A schematic illustrating the dishpan experiments where a flat circular pan is
rotated about its center in a horizontal plane. The pan is cooled at its center, analogous to
the poles, and warmed at the rim of the pan, analogous to the equator.
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resultant frontal intersection is called an occluded front. Fronts of all types always move in
the direction towards which the colder air is moving.

Clouds and precipitation often occur poleward of the warm and stationary fronts when-
ever the poleward moving, less dense tropical air north of subtropical ridges reaches the
latitude of the polar front, and is forced upward over the colder air near the surface. Such
fronts are defined as active fronts and rain and snowfall from them form a major part of the
precipitation received in mid and high latitudes particularly during the winter.

The position of the polar front slopes towards the colder air with height. This occurs
because cold air, being more dense, tends to undercut the warmer air of tropical origin.
Since the cold air is more dense, pressure decreases more rapidly with height poleward of
the polar front than on the warmer side. In the mid and upper troposphere, the resultant
large horizontal pressure gradient between the polar and tropical air creates strong westerly
winds as air circulates around the region of low pressure in the higher latitudes at these
heights. The center of this low pressure region is called the circumpolar vortez. 'The region
of strongest winds, which occurs at the juncture of the tropical and polar air masses, is called
the jet stream. Since the temperature contrast between the tropics and the high latitudes is
greatest in the winter, the jet stream is stronger during that season. In addition, since the
midlatitudes also become colder during the winter, while tropical temperatures are relatively
unchanged, the westerly jet stream tends to move equatorward during the colder season.

The jet stream reaches its greatest velocities at the tropopause. Above that level, lower
tropopauses in the polar region than in the tropics result in a reversal of the horizontal
temperature gradient in the stratosphere from that found in the troposphere, with relatively
warmer temperatures at high latitudes. This causes a weakening of the westerlies with
height. At intervals of 20 to 40 months with a mean of 26 months, for reasons that are not
completely understood, a reversal of wind direction occurs at low latitudes so that easterly
flow develops. This feature is called the quasi-biennial oscillation. A phenomena called
sudden stratospheric warming, apparently a result of strong downward motion, also occurs
in the late winter and spring at high latitudes which can significantly influence the chemical
balance of ozone and other reactive gases in the stratosphere.

Preferred geographic locations exist for the development, movement, and decay of extra-
tropical cyclones, and for the presence of centers of the subtropical ridge. In the winter in
mid and high latitudes, continents tend to become lower tropospheric high pressure reser-
voirs of cold air as heat is radiated out to space during the long nights. In contrast, oceans
lose heat less rapidly as a result of the large thermal inertia of water, its ability to overturn
as the surface cools and becomes negatively buoyant, and the existence of ocean currents
such as the Gulf Stream and Kuroshio Currents which transport heat from lower latitudes
poleward. The lower troposphere over the warmer oceanic areas, therefore, tends to be a
region of relative low pressure. As a result of this juxtaposition of cold and warm air, east
sides of continents and the western fringes of oceans in mid and high latitudes are preferred
locations for extratropical storm development. Over the Asian continent, in particular, the
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cold high pressure system is sufficiently permanent that a persistent offshore flow called the
winter monsoon occurs.

An inverse type of flow develops in the summer as the continents heat more than adjacent
oceanic areas. Continental areas tend to become regions of relative low pressure, while
high pressure in the lower troposphere becomes more prevalent offshore. Persistent lower
tropospheric onshore flow that develops over large land masses as a result of the heating is
referred to as the summer monsoon. The leading edge of this monsoon is associated with a
trough of low pressure called the monsoon trough. Tropical moisture brought onshore by the
monsoon often results in copious rainfall. Cherrapunji in India, for instance, recorded over
9 meters of rain in a month (July, 1861) due to the Indian summer monsoon.

The subtropical ridge is segmented into surface high pressure cells as a result of the
continental effect. In the subtropics, large land masses tend to be relative centers of low
pressure as a result of the strong solar heating. Persistent high pressure cells, therefore,
such as the Bermuda and Azores highs occur over the oceans. The oval shape to these high
pressure cells cause different thermal structure in the lower troposphere on their eastern and
western sides. On the east, subsidence from the Hadley circulation is enhanced as a result of
the tendency for air to preserve its angular momentum on the rotating earth. This concept!?
can be illustrated using the relation:

&+ [
Ap

= constant

where the left side is called potential vorticity. Vorticity, &,+ f, is a measure of the circulation
over an area and Ap is the difference in pressure between the top and bottom of the planetary
boundary layer. The quantity f, called the Coriolis parameter and equal to 27 day~!sin ¢,
represents the circulation of air due to the rotation of the earth at latitude ¢. The variable
&,, the relative vorticity is the rotation imposed on air as a result of pressure gradient and
frictional forces, which can be expressed as:

5 —é_y_+;.‘{_
Z—A’I’I, RT

where AV/An is the horizontal gradient of velocity perpendicular to the flow direction and
Ry is the apparent radius of the trajectory of an air parcel with velocity V.

To the extent that the subtropical high pressure systems are circular and symmetric,
V/Rr and AV/An, and therefore, &,, are constant, while f decreases moving equatorward
on their east side, but increases moving poleward on the west side. Since (§, + f) /Ap needs
to be a constant if potential vorticity is conserved, Ap must become smaller through descent
in the lower troposphere on the east and become greater through ascent in the west since
pressure remains essentially constant in time at the surface. As a result of the enhanced
descent in the eastern oceans, land masses adjacent to these areas tend to be deserts such
as found in northwest and southwest Africa and along western coastal Mexico. In contrast,

13Gee also Section 3.8.4.
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despite being under the descending branch of the Hadley cell, western continental fringes
of the subtropical oceans have precipitation since the stabilization effect of the subsidence
portion of the Hadley cell is minimized by the upward vertical velocity associated with the
circular subtropical high pressure cells.

The aridity found along the west coasts of continents in subtropical latitudes is further
enhanced by the influence of the equatorward surface flow around the high pressure cells on
the ocean currents. This flow exerts a shearing stress on the ocean surface which results
in the deflection to the right in the northern hemisphere and to the left in the southern
hemisphere of the layer of water above the oceanic thermocline. This deflection is a result of
the tendency for the water to conserve its angular momentum and therefore to move westward
when displaced toward the equator. Cold, lower-level water from below the thermocline rises
to the surface to replace this offshore ocean flow. Called upwelling, these areas of cold, coastal
surface waters result in enhanced atmospheric stability in the lower troposphere and an even
further reduction in the likelihood for precipitation although fogs and low stratus clouds are
common. Upwelling regions are also associated with enriched sea life as the cold, oxygen-
and nutrient-rich bottom ocean waters are transported up to near the surface.

North-south oriented mountain barriers and large massifs, such as the Rocky Mountains,
Scandanavian Mountains, and Tibetan Plateau also influence the atmospheric flow. By
imposing a barrier to the general westerly flow in midlatitudes, air tends to be blocked and
transported poleward west of the terrain and equatorward east of the obstacle. Air that
is forced up the barrier often is sufficiently moist to produce considerable precipitation on
windward mountain slopes, while subsidence on the lee slopes produces more arid conditions.
The elevated terrain affects the atmosphere as if it were an anticyclone, with the result that
warm air is transported further towards the pole west of the terrain. It is also difficult for
cold air in the interior to move westward of the terrain, therefore, relatively mild weather for
the latitude exists, for example, along the west coast of North America. East-west mountain
barriers such as the Alps, in contrast, offer little impediment to the general westerly flow
resulting in maritime conditions extending far inland.

A major focus of weather forecasting in the mid and high latitudes is to forecast the
movement and development of extratropical cyclones, polar and arctic highs, and the location
and intensity of subtropical ridges. Spring and fall frosts, for example, are associated with
the equatorward movement of polar highs behind a cold front, while droughts and heat waves
in the summer are associated with unusually strong subtropical ridges.

5.2 Continental United States Climate

The sources of air masses into the continental United States is illustrated schematically in
Fig. 5.3. The symbols have the following definitions:

m: maritime T tropical
¢: continental P: polar
A: arctic
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Figure 5.3: The sources of air masses into the United States with the following symbols

defined. m: maritime; c: continental

; T tropical, P: polar; and A: arctic.
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The maritime polar air (mP), of course, has its origins over the north Pacific and Atlantic
Oceans where cold surface waters exist, while the maritime tropical (mT) air originates in
the much warmer Gulf of Mexico and in the Atlantic Ocean off of the southeast U.S. coast
over the Gulf Stream. Continental polar air (cP) develops over the prairies of central and
north-central Canada, while continental arctic air (cA) originates farther north, often from
as far away as Siberia. When tropical air overruns polar air, such as occurs north of a warm
or stationary front, the symbolism, e.g.,
mI  mT

cP mP

is used. When a conversion of one air mass type to another is ongoing then the notation,

e.g.,
¢cP = mP

is applied.

As discussed in Section 3, it is the juxtaposition of cold and warm air masses, resulting in
a large horizontal thickness gradient, that results in extratropical storm development. There-
fore, regions where equatorward moving polar air collides with poleward moving tropical air
would be expected to be a preferred region of cyclogenesis.

In the continental United States, these regions include:

e the Gulf of Mexico,
e lee of the central Rockies,
e lee of the Alberta Rockies, and

e off the east coast.

These extratropical cyclones, of course, are a major mechanism of heat and moisture ex-

change between the tropics and polar regions.

In the tropical (mT') air masses, ng < 0, generally, in the lower troposphere particularly
during the summer, so that clouds, if formed, are usually cumuliform. Low-layered clouds
in these air masses under such conditions are infrequent.

Using this characterization of air mass type and the components of the Omega equation
from Section 3.8.3, a surface weather map can be categorized as illustrated in Fig. 5.4a using
surface information alone. The reasons for the separate classifications and a number of their
characteristics are summarized in Tables 5.1 through 5.3.

If upper-air information were available, Category 2 would naturally be decomposed into
two separate classes — one with positive vorticity advection, the other with negative vorticity
advection. Both would be associated with warm advection in the lower troposphere.

The atmospheric dispersion characteristics of the different categories, based on the ver-
tical thermodynamic structure and wind flow patterns, are schematically illustrated in
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Table 5.1: Synoptic classification scheme used when integrating a mesoscale model using
climatological data (modified from Lindsey 1980).

Category

Air

mass

Reason for categorization'

mT

In the warm sector of an extratropical cyclone. In this region the thick-
ness and vorticity advection is weak with little curvature to the surface
isobars. There is limited low-level convergence with an upper-level ridge
tending to produce subsidence. Southerly low-level winds are typical.

II

mT'/cP,
mT/cA,
mP/cA,

Ahead of the warm front in the region of cyclonic curvature to the sur-
face isobars. Warm air advecting upslope over the cold air stabilizes the
thermal stratification, while positive vorticity advection and low-level |
frictional convergence add to the vertical lifting close to the low center.
Further from the low center, negative vorticity advection, and resultant
subsidence, enhance the stabilization of the temperature profile. Be-
cause of the warm advection, the geostrophic winds veer with height.
Low-level winds are generally northeasterly through southeasterly.

II1

cP; cA

Behind the cold front in the region of cyclonic curvature to the surface
isobars. Positive vorticity advection and negative thermal advection
dominate, with the resultant cooling causing strong boundary layer
mixing. The resulting thermal stratification in the lower troposphere is
neutral, or even slightly, superadiabatic. Gusty winds are usually asso-
ciated with this sector of an extratropical cyclone. Because of the cold
advection, the geostrophic winds back with height. Low-level winds are
generally from the northwest through southwest.

IV

cP; cA

Under a polar high in a region of anticyclonic curvature to the sur-
face isobars. Negative vorticity, weak negative thermal advection and
low-level frictional divergence usually occur, producing boundary layer
subsidence. Because of relatively cool air aloft, the thermal stratifica-
tion is only slightly stabilized during the day, despite the subsidence. At
night, however, the relatively weak surface pressure gradient associated
with this category causes very stable layers near the ground on clear
nights due to longwave radiational cooling. The low-level geostrophic
winds are usually light to moderate varying slowly from northwesterly
to southeasterly as the ridge progresses eastward past a fixed location.

mT

In the vicinity of a subtropical ridge where the vorticity and thickness
advection and the horizontal pressure gradient at all levels are weak.
The large upper-level ridge, along with the anticyclonically curved low-
level pressure field, produces weak but persistent subsidence. This
sinking causes a stabilization of the atmosphere throughout the tro-
posphere. Low-level winds over the eastern United States associated
with these systems tend to blow from the southeast through southwest.

t This discussion applies to the northern hemisphere.
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Table 5.2: Relation of synoptic category to aspects of airflow related to synoptic trajectories.

Feature Category 1 Category 2 Category 3 Category 4 | Category 5
Low-level wind | S to SW ESE to NE NtoW NW SE to SW
direction to SW (light

speeds)
Midlevel wind | S to SW S to SW W to SW W to NW SW to NW
direction (light
speeds)
Low- summer: L >0 T =0 e >0 % >0
level thermody- | convectively unsta- 0z 0z bz 0z
namic stability | ble, 00g/0z < 0;
winter: often con-
vectively  stable,
80g/0z >0
Midlevel summer: ] < 0 | summer: usually %e S0 % >0 %e >0
. . z LY 0z 0z 0z
thermodynamic | winter: usually | £ 0 winter:
stability 80 0 0z
0z > usually —(,;f >0
Cold advection yes
Warm advection | yes but weak yes ‘ yes, aloft yes but
weak
Positive vortic- | yes but weak yes, close to the | yes
ity advection low center
Negative vortic- yes, further from yes
ity advection the low center
Expected squall lines lake effect lake effect lake breezes | mesoscale
mesoscale influ- urban convective
ence, if any circulations | systems
Direction of
source of air
low level: from S to SW from ESE to NE from Nto W local from SE to
SW
midlevel: from S to SW from S to SW from W to SW | from W to | from SW to
v NW NwW
Type of precipi- | convective summer: convec- | light strati- | none convective
tation, if any tive and/or strati- | form near Cat-
form; winter: usu- | egory 2; shal-
ally stratiform low, convective
showers, Cate-
gory 3, if any
Expected trajec- | summer: summer: MiTA: above | MiTA: ARL
tory model to be | ARL above; win- | ARL above; win- | PBL; ARL: be- | above PBL;
used ter: MiTa PBL; | ter: MIiTA inver- | low PBL ARL: below
ARL: below PBL sion; ARL: below PBL
inversion
Average ascent
or descent of air,
w
low level: W~ 0 W~ 0 W0 W~ 0 W0
midlevel: T >0 w>0 115 T >0 W < 0 W< 0




Table 5.3: Overview of meteorological aspects of the 5 synoptic categories illustrated in
Fig. 5.4 which can be directly obtained from synoptic surface analyses (Northern Hemi-
sphere). (Adapted from Forbes and Pielke 1985; and Pielke et al. 1987.)

tropical cyclone

of the warm front
in the region of
cyclonic curvature
to the surface

front in the region
of cyclonic curva-
ture to the surface
isobars

a region of anti-
cyclonic curvature
to the surface

Category
Characteristics
Category 1 Category 2 Category 3 Category 4 Category 5
Category class | mT: In the warm | mT/cP, mT/cA, | cP cA: Behind | cP cA: Under | mT: In the vicin-
sector of an extra- | mP/cA:  Ahead | the cold | a polar high in | ity and west of a

subtropical ridge

Surface winds

Brisk SW surface

Light to moderate

Strong NE to W

Light and variable

Light SE to SW

version caps plan-
etary  boundary
layer

inversion

inversion and/or
warm advection
aloft create an
inversion which
caps the
planetary
boundary layer

winds SE to ENE surface | surface winds winds winds
winds :
Vertical Weakening synop- | Synoptic  ascent | Synoptic Synoptic descent | Synoptic sub-
motion tic descent as the | due to warm ad- | ascent due to pos- | (due to warm ad- | sidence (descend-
cold front | vection and nega- | itive vorticity ad- | vec- ing branch of the
approaches tive vorticity ad- | vection aloft (in | tion and/or nega- | Hadley cell). Be-
vec- this region this as- | tive vorticity ad- | comes stronger as
tion aloft becomes | cent more than | vection aloft) you approach the
positive  vortic- | compensates for ridge axis
ity advection aloft | the descent due to
closer to low cen- | cold advection)
ter, resulting in
enhanced vertical
motion :
Temperature Little temper- | Warm ad- | Cold advection at | Weak temper- | Weak temper-
advection ature advection at | vection above the | the surface ature advection at | ature advection at
the surface frontal inversion the surface the surface
Inversion Weak synop- | Boundary layer | Deep  planetary | Synoptic Synoptic  subsi-
tic subsidence in- | capped by frontal | boundary layer subsidence

dence inversion

of boundary-layer
by cold advection

in boundary-layer
stability

Diurnal varia- | Moderate diurnal | Little diurnal vari- | Little diurnal In the absence of | Moderate
tion in | variability ability variability in the | snow cover be- | diurnal variability
boundary- in the boundary- | in the boundary- | boundary-layer cause of clear skies | in boundary-layer
layer stability | layer stability layer stability be- | stability because and light winds | stability

cause of cloud | of strong winds there is large

cover and destabilizing | diurnal variability
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Table 5.3: Continued.

Category
Characteristics

Category 1 Category 2 Category 3 Category 4 Category 5
Humidity near | Often humid in | Often dry in ab- | Dry in the abso- | Dry in the Humid in relative

the surface

relative and abso-
lute sense

solute sense, but
humid in relative
sense

lute sense: usually
dry in the relative
sense

absolute sense,
humid in the
relative sense at
night/dry in
relative

sense during the
day except when
ground is snow
covered

and absolute sense

Cloud cover

Clear to partly
cloudy skies ex-
cept near squall
lines

Mostly cloudy to
cloudy

Clear to scattered
or broken shallow
to medium depth
convective clouds

Clear except ten-
dency for fog at
night

Day:
tered fair weather
cumulus;  Night:

clear (except near

the mesoscale sys-

tems listed below)

scat-

Dominant Squall lines Embedded lines of | Forced airflow | Mountain- Mountain-
mesoscale convection over rough terrain | valley flows, land- | valley flows, land- !
systems systems: lake ef- | sea breezes, urban | sea breezes, urban |
fect storms circula- circula- ~
tions (thermally- | tions (thermally- !
forced systems) forced systems) |
Precipitation Organized Often stable cloud | Medium to shal- | No precipitation Shallow low con-
types lines of convective | types and precip- | low depth convec- vec- ‘I
precipitation itation. Overcast | tive clouds, show- tive clouds with |
in general ery precipitation deeper convective
clouds and precip- '
itation organized |
by thermally-
forced mesoscale !
systems such as |
listed above
Ventilation Moderate to good | Poor Excellent Night or Day: !
ventilation ventilation of low- | ventilation snow-covered moderate to good |
level (i.e. below ground: poor ventilation; Night:
frontal inversion) ventilation; Day: moderate to poor '
emissions poor to moderate | ventilation I
ventilation .
Deposition Dry deposition ex- | Dominated by wet | Dry deposition ex- | Dry deposition Dry deposition ex- '
cept wet deposi- | deposition cept in showers cept wet deposi- |
tion in showers tion in showers’
and !
thunderstorms I
Transport Long range Long range above | Long range More local as you | More local as you |
inversion approach the cen- | approach the cen-
ter of the polar | ter of the subtrop- |
high ical high |
Visibility Moderate Moderate to poor, | Excellent Becomes less as | Becomes less as

in general

you approach the
center of the polar
high

you approach the
center of the sub-
tropical high




Figure 5.4: (a). Example of a surface analysis chart (for 9 January 1964) showing the
application of the synoptic climatological model for the five synoptic classes listed in Table
5.1 (reproduced from Pielke 1982).
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Figure 5.4: (b). Schematic illustration of the relative ability of different synoptic categories
to disperse pollutants emitted near the ground (from Pielke et al. 1985).
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Fig. 5.4b. Poor dispersion would normally be associated with poor visibility if pollution
or water sources occur within the air mass.

Pielke et al. (1987) discusses an approach to define meteorologically-based seasons using
these synoptic classes and the frequency of locations poleward and equatorward of the polar
front. This procedure is discussed in the following text.

The definition of seasons for meteorological applications, in midlatitudes particularly, is
usually made with respect to either the astronomical calendar or a division of the calendar
into four three-month periods. Using this approach, seasons are conventionally defined as
shown in Table 5.4.

Table 5.4: Conventional definitions of seasons.

Winter Spring Summer Fall
Astronomical | Winter Spring Summer solstice | Autumnal
definition solstice to spring | equinox to sum- | to autum- | equinox to win-

equinox (on or | mer solstice (on | nal equinox (on | ter solstice (on or

about 22 Decem- | or or about 21 June | about

ber to on or |about 21 March | toon or about 22 | 22 September to

about 21 March) | to on or about 21 | September) on or about 22

June) December)

Calendar December, Jan- | March, April, | June, July, | September, Oc-
definition uary, February May August tober, November

Unfortunately, these definitions are arbitrary and independent of geostrophic latitude,
and thus, are not very informative concerning actual meteorological seasons. An early, cold
frontal passage in New England in early September, for example, is obviously indicative of
colder season weather, yet using the astronomical definition of season in Table 5.4, one would
presume it is still summer.

With this method we hypothesize that meteorological seasons at a site could be defined
with respect to geographic location relative to the polar front. The synoptic classification
scheme presented previously was used to specify broad meteorological features. Conditions
poleward of the front are assumed to be characteristic of the winter season, and in contrast,
locations equatorward of the front are experiencing the summer season-type characteristics.

Figures 5.5a and b present examples of weather maps in July and December where cold
and warm fronts on the polar front are indicated. Note that the polar front tends to be more
poleward in the summer. Five major synoptic categories are defined using synoptic surface
analyses that have the general characteristics summarized in Tables 5.1 to 5.3. Category 4,
the region corresponding to an equatorward bulge in the polar high with sinking air through
the lower and midtroposphere is a winter characteristic air mass which is beginning the
process of mixing with the warmer air at the lower latitudes. Of course this is the mechanism
by which the general circulation of the earth seeks (but does not reach) a thermal equilibrium.
Category 5 is associated with the western periphery of a subtropical ridge. The subtropical
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Figure 5.5: (a). Synoptic classification scheme illustrating a typical summer pattern.
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Figure 5.5: (b). Synoptic classification scheme illustrating a typical winter pattern.
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ridge results from the descending portion of the Hadley Cell. Since, in general, over the
United States high pressure regions (i.e., where the surface isobars are anticyclonic) cover
larger areas than low pressure circulations (i.e., where the surface isobars are cyclonic), it
is expected that Categories 4 and 5 situations geographically should be more common than
Categories 1, 2, and 3. Category 4 is most common poleward of the polar front; Category 5
is most common for tens of degrees of latitude equatorward of the front.

Using upper-air synoptic analyses (e.g., 700 mb for temperature advection; 500 mb for
vorticity advection), the synoptic classification could be refined further. Figure 5.5¢ illus-
trates how the categories could be further classified using typical locations of cold and warm
advection, and positive and negative vorticity advection. In the absence of conveniently avail-
able upper-air data, however, the surface map alone can be used effectively in a synoptic
climatological analysis.

The classification of surface weather maps can be performed subjectively. In the studies
listed in the next two paragraphs, the maps were analyzed once a day although more frequent
evaluations are straightforward. In order to estimate the reproducibility of the categorization
technique, at least two, and occasionally three individuals independently classify a sample set
of weather maps for the area and time period of interest. In the eastern United States, there
is agreement about 90 percent of the time. Disagreements occur either because the pattern
is ill-defined or a location is in transition between categories and there is ambiguity as to
which classification to place a location. In the mountainous western United States, because
of the requirement to reduce pressure from terrain height to sea level using an arbitrary
specification of temperature lapse rate, the degree of agreement between analysts reduces
to about 80 percent. In several of the analyses (e.g., Yu and Pielke 1986), an undefined
category was identified for the situations in which it was not straightforward to identify a
synoptic class.

As mentioned above, several investigations have used this synoptic categorization to an-
alyze local climatology. In Yu and Pielke (1986), for example, the frequency and duration of
these synoptic classes for a five-year period between October and May in southern Utah were
determined as part of an air quality study. Pielke et al. (1986) used these synoptic categories
and subclasses related to surface synoptic geostrophic wind speed and direction within each
category to estimate worst case air pollution dispersion situations over southern Florida.
Garstang et al. (1980) and Lindsey (1980), where this synoptic classification procedure was
first introduced, determined the daily frequency of the different synoptic categories for a
10-year period along the Atlantic and Gulf coasts of the United States. Lindsey and Glantz
(1984, 1986) used this approach to characterize local meteorology at nuclear facilities.

Figures 5.6 through 5.14 from Garstang et al. (1980) and Lindsey (1980) illustrate the 10-
year average variation of the five synoptic categories during the year for several geographic
locations. The data was produced for 52 stations from a 10-year record of twice daily
observations with 9 representative sites presented in these figures. The data was smoothed
using a 25-day running average.

An obvious result of this type of analysis is that it is straightforward to interpret seasons
in terms of frequency of time that a location is poleward and equatorward of the polar front.
Categories 2, 3, and 4 occur poleward and Categories 1 and 5 are situated on the warm side
of the front. Therefore, meteorological seasons can be defined as:

123




2a

warm advection
positive vorticity 2b
odvection warm advection
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Figure 5.5: (c). Schematic as to how temperature and vorticity advection patterns could be
used to refine synoptic classification scheme. ‘
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Figure 5.6: 25-day weighted average frequency distributions of synoptic categories for Port-
land, Maine stations: 1 January 1955 — 31 December 1964, from Garstang et al. (1980), and
Lindsey (1980).
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Figure 5.7: 25-day weighted average frequency distributions of synoptic categories for New
York City, New York stations: 1 January 1955 — 31 December 1964, from Garstang et
al. (1980), and Lindsey (1980).
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Figure 5.8: 25-day weighted average frequency distributions of synoptic categories for Hamp-
ton, Virginia stations: 1 January 1955 — 31 December 1964, from Garstang et al. (1980),

and Lindsey (1980).
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Figure 5.9: 25-day weighted average frequency distributions of synoptic categories for Cape
Hatteras, North Carolina stations: 1 January 1955 — 31 December 1964, from Garstang et
al. (1980), and Lindsey (1980).
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Figure 5.10: 25-day weighted average frequency distributions of synoptic categories for
Charleston, South Carolina stations: 1 January 1955 — 31 December 1964, from Garstang et

al. (1980), and Lindsey (1980).
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Figure 5.11: 25-day weighted average frequency distributions of synoptic categories for Mi-
ami, Florida stations: 1 January 1955 — 31 December 1964, form Garstang et al. (1980), and
Lindsey (1980).
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Figure 5.12: 25-day weighted average frequency distributions of synoptic categories for Mo-
bile, Alabama stations: 1 January 1955 — 31 December 1964, from Garstang et al. (1980),

and Lindsey (1980).
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Figure 5.13: 25-day weighted average frequency distributions of synoptic categories for New
Orleans, Louisiana stations: 1 January 1955 — 31 December 1964, from Garstang et al. (1980),
and Lindsey (1980).
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Figure 5.14: 25-day weighted average frequency distributions of synoptic categories for
Brownsville, Texas stations: 1 January 1955 — 31 December 1964, from Garstang et al. (1980),
and Lindsey (1980).
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e winter: highest frequency of Category 2, 3, and 4 occurrences,
e summer: highest frequency of Category 1 and 5 occurrences,

with fall and spring being the transition to the more constant frequencies found during the
winter (cold) and summer (warm) seasons.

To quantify this definition, the following procedure, originally reported in Lindsay (1980)
and Garstang et al. (1980) was used. The cumulative changes in frequency of occurrence of
Categories 2, 3, and 4, defined as AS, were calculated and plotted, as shown in Figs. 5.15
through 5.23. AS for day n is defined as:

AS, = AS,_1 + (C20 — C2u_1) + (C3n — C3n1) + (Cn — Cdny) (5.1)

where C'N,, is the 25-day weighted average of the frequency of occurrence of category N on
day n and,

ASO = 0.

The slope of the AS plots or A%S plots, was used to provide a quantitative definition of
seasons for any station as follows: A2?S is measured across 91 days to eliminate short-term

fluctuations. Thus, A%S for day n is:
Azsn = ASn_45 - ASn+45; n= 1, ..... y 365 (52)

(Since AS is based on 10 years of data, A2?S can be taken across the end of the calendar
year.) When AZS has been calculated for each day of the calendar year, a positive cut-off
value, f3, is selected, and the value of A2S for each day is compared with 3. 1 January is
defined as winter; as long as the value of A%S remains greater than or equal to —f3, each
succeeding day is classified as winter. When A%2S < —f3, then the first day of spring is
defined. As long as this condition is met, each succeeding day is classed as spring. Similarly,
the condition for summer is |A2S| < 8, and for fall is A%S > 8. Thus,

winter : A28 > -p
spring: A2S < -0
summer : |A%S| < B
fall : A%S >

A problem arises in defining the last days of spring and fall because in many cases A%S
changes from spring to summer and then back to spring conditions again, and similarly for
fall-winter-fall. This problem is met by defining the first day of summer as the last time A2S
changes from spring to summer conditions and the first day of winter as the last time A%S
changes from fall to winter conditions.

Since the AS plots show a great variation in range (maximum AS — minimum AS), the
cut-off value was made a function of the range of AS for each station. A Fortran program was
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Figure 5.15: Changes in frequency of synoptic categories 2, 3, and 4 for Portland, Maine —
1955-1964 using Fig. 5.6.
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Figure 5.16: Changes in frequency of synoptic categories 2, 3, and 4 for New York City, New
York — 1955-1964 using Fig. 5.7.
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Figure 5.17: Changes in frequency of synoptic categories 2, 3, and 4 for Hampton, Virginia
— 1955-1964 using Fig. 5.8.
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Figure 5.18: Changes in frequency of synoptic categories 2, 3, and 4 for Cape Hatteras,
North Carolina — 1955-1964 using Fig. 5.9.
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Figure 5.19: Changes in frequency of synoptic categories 2, 3, and 4 for Charleston, South
Carolina — 1955-1964 using Fig. 5.10.
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Figure 5.20: Changes in frequency of synoptic categories 2, 3, and 4 for Miami, Florida —
1955-1964 using Fig. 5.11.
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Figure 5.21: Changes in frequency of synoptib categories 2, 3, and 4 for Mobile, Alabama —
1955-1964 using Fig. 5.12.
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Figure 5.22: Changes in frequency of synoptic categories 2, 3, and 4 for New Orleans,
Louisiana — 1955-1964 using Fig. 5.13.
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Figure 5.23: Changes in frequency of synoptic categories 2, 3, and 4 for Brownsville, Texas
— 1955-1964 using Fig. 5.14.
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used to calculate seasons for each representative station using seven cut-off values between
0.4 x range and 0.7 x range. Each of these seasons were drawn on the 25-day average
synoptic frequency and AS plots, and the best one (shown on Figs. 5.15 through 5.23) was
selected for each station. The criteria of selection were as follows.

On the AS plots lines were drawn connecting the intersections of the AS line with
the seasonal demarcations. These connecting lines should be as flat as possible for winter
and summer, and as steep as possible for spring and fall. On the 25-day average synoptic
frequency plots, spring and fall should include most or all of the rapid changes in frequency
of individual categories from their summer to winter levels.

When all of the best fitting seasonal plots were compared, it was discovered that the
coefficient by which the ranges were multiplied to get the best fits is itself an approximate
inverse function of latitude, ¢. That is, if each range is multiplied by (90° — ¢) x 0.0105,
the cut-off obtained is close to the selected best fit. All of the seasons displayed in Figs. 5.15
through 5.23 and in Table 5.5 are based on cut-offs determined by this formula. The ranges,
latitudes, cut-offs, and seasonal dates for each of the selected stations are shown in Table
5.5.

In going from the most northerly to the most southerly station, one might expect spring
and summer to begin earlier, and fall and winter to begin later. Although there is a clear
progression to earlier summers between Portland and Miami, the first days of summer for
Mobile, New Orleans, and Brownsville are not consistent with this trend. Furthermore,
none of the other seasonal starts show consistent trends with latitude. For example, fall
begins earlier at Hatteras than over New England. This is because the seasons are defined as
periods of comparatively constant synoptic conditions (winter and summer) or of transition
(spring and fall). They are not selected according to meteorological measurements such as
temperature, or length of growing season (although there should be some correlation) so that
winter in Brownsville does not indicate the same conditions as found for winter in Portland,
but rather the period when the poleward front tends to move to its most equatorward
position.

Thus, Brownsville winters are dominated by cold core highs that move southward in the
wake of polar front lows that have moved eastward north of that site. Portland’s winter
weather is dominated by a progression of extratropical lows that generally move to its south
and east resulting in the frequent change from Categories 2 to 3 to 4, and back to 2.

The analysis also suggests that the latitudinal movement of the front is not a steady,
smooth progression but occurs as rapid and substantial changes in average position. This
result should not be too surprising since after the spring equinox the northern latitudes of
the United States can warm rapidly because of long daylight, thereby reducing or eliminating
the horizontal temperature gradient which is required to support the polar front within the
contiguous United States. Therefore, the polar front reestablishes itself further north. In
the fall the rapid cooling in northern latitudes of the United States permits a strong polar
front to develop with vigorous extratropical storm development. These storms advect cold
air (and therefore, the polar front) southward over the country in their wake bringing a
relatively rapid transition to fall even in the southern latitudes.

This evaluation suggests that on the average, winter lasts from late October or early
November to late March or early April over the Atlantic and Gulf of Mexico coastal regions

144



Table 5.5: Determination of seasons.

Station Range | Latitude | Cut-off First day of

Spring | Summer | Fall | Winter
Portland, Maine | 27.67 43.65 13.56 | 4/11 6/14 |9/26| 11/5
New York City, | 37.76 40.65 19.64 | 4/13 6/10 |9/30] 10/30
New York
Hampton, 45.76 37.08 25.63 | 3/30 6/6 8/24 | 11/4
Virginia
Hatteras, North | 57.33 35.27 32.68 | 3/31 5/27 | 8/26 | 10/26
Carolina
Charleston, 68.34 32.78 41.00 | 3/29 5/23 | 8/31| 10/26
South Carolina
Miami, 61.22 25.80 41.02 | 3/30 5/13 | 9/16 | 11/23
Florida
Mobile, 78.77 30.68 48.84 | 3/28 5/25 9/5 | 11/8
Alabama
New Orleans, 80.91 29.95 50.97 | 3/29 5/26 9/7 | 11/7
Louisiana
Brownsville, 75.03 25.92 50.27 | 3/31 5/27 |9/11| 11/7
Texas
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of the United States. Summer is from late May to early June until late August or late
September.

Whether this type of analysis has utility elsewhere in the midlatitudes still needs to be
examined, however, the term “midlatitudes” itself is often used by meteorologists subjectively
to describe regions which are equatorward on average with respect to the polar front in
the summer, but frequently in its vicinity during the colder season. Over Europe, similar
definitions should hold with northern Europe having less frequent incursions of polar air
during the warmer season, and southern Europe being predominantly influenced by the
subtropical ridge well south of the polar front, during the summer.

These notes discuss the application of a synoptic classification scheme to define frequency
of occurrence of major weather features as related to the polar front, and to use the frequency
of times a location is poleward of the front to meteorologically define seasons. An example of
the use of this technique is presented using 10 years of data from the Atlantic and Gulf coasts
of the United States. While the frequency of the specific types of major synoptic weather
features vary with latitude, the meteorological definitions of season are comparatively in-
variant with latitude (differing by no more than a month) for this geographic area. Using a
meteorological definition, the average winter occurs from late October or early November to
late March or early April. Summer is from late May to early June until late August or late
September.

The application of synoptic climatological categories within geographic regions also per-
mits more economical analyses of available climate data. In the original study (e.g., Garstang
et al. 1980) from which this material was derived, 52 stations along the Atlantic and Gulf
Coasts were available for analysis. By using the climatological categorization, however, rel-
atively homogeneous climate regions could be defined so that only one representative site
within each region needed to be analyzed. Thus, the 52 stations could be represented by the
nine sites listed in Figs. 5.6 through 5.15.

The analysis presented here suggests that public awareness on a day-to-day basis could
be enhanced by knowledge of their relation to the polar front. In the astronomical summer,
for example, the period a short time after the passage of a cold front is referred to as “fall”
weather, as individuals perceive the transition to an air mass of polar origin. Similarly, in
the astronomical “winter”, the period after a warm frontal passage is referred to as “spring”
weather (particularly if the sun shines). Thus, in a meteorological sense, on a day-by-
day basis, a region can transit from meteorological winter (interpreted as “fall” conditions)
back to meteorological summer (interpreted as “spring” conditions). When the transitions
between meteorological winter and summer become infrequent or occur with a more-or-less
constant frequency, one of the two main meteorological seasons (i.e., winter or summer)
has arrived. When the frequencies are changing substantially with time, the time of year
corresponds to one of the transit seasons (i.e., fall or spring).

Changes in climatic conditions do not occur as just a gradual change in temperature
or in the amount of precipitation but rather in the frequency with which a given region is
subjected to the dominant synoptic systems, such as defined in these notes. The net result
of the aggregation of synoptic systems yields climate. If the aggregation changes, climate
changes.
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5.3 Colorado Climate

The National Weather Service portions Colorado into 17 zones as illustrated in Fig. 5.24.
The reason, of course, is that each of these zones either has unique terrain characteristics
which markedly influence local weather, and/or cover an area which is small enough that
the synoptic-scale influences are assumed to be reasonably uniform over the area.

In this section, examples of local weather patterns for Zone 11 (the Front Range) are
presented. An adequate discussion of the entire state would require a book in itself. Zone
11 was chosen: (1) because the most extensive meteorological studies in the state have been
made for this area; and (2) the Department of Atmospheric Science at CSU is located in
Zone 11 and interest among students is almost always highest regarding local weather.

5.3.1 Summer Weather

The generally expected surface flow pattern in Zone 11 on a synoptically undisturbed day is
illustrated in Fig. 5.25, reproduced from Toth and Johnson (1985).

Forecasting of the maximum temperature on synoptically undisturbed summer days can
be performed effectively using the value of the convective temperature. Once this value
is exceeded, the convective condensation level will have been reached and cumulus clouds
will begin to develop. Particularly if they have significant vertical development, most of the
energy from the sun is used to generate clouds rather than raise the temperature of the layer.
Also, clouds shade the ground reducing the surface heating.

A rule of thumb is that if the sky is hazy, the thermodynamic stratification is rather
stable and the vertical growth of any cumulus clouds which can develop will be slow. Thus,
surface temperatures will be higher. In contrast, if the sky is blue the atmosphere is less
stable, the cumulus clouds grow rapidly, and hence the depth of mixing will be higher and
the increase of surface temperature will slow or stop.

The minimum temperatures at night under synoptically undisturbed days can be pre-
dicted using the dewpoint temperature as the lower value. Although dew formation will
permit cooling below that value, the rate of decrease of temperature usually slows once dew
occurs. In addition, if dewpoint is close to the temperature at sunset, cooling through a
deep enough layer may permit fog to develop.

In Zone 11, a dewpoint depression of less than about 10°C would indicate the strong pos-
sibility of fog, particularly in low-lying areas. Such low-lying areas permit the accumulation
of cooler air — Greeley is a preferred low-level location for the cooler morning temperatures.
In contrast, areas along slopes have higher minimum temperatures than either the ridges or
valleys because the cooler air flowing downhill keeps the atmosphere more mixed.

5.3.2 Winter Weather

The temperature attained after precipitation begins from stratiform clouds will tend to
approach the wet bulb temperature. If this temperature is below freezing, even if the actual
temperature before precipitation begins as above freezing, the temperature will fall rapidly
below 0°C and ice can form quickly. This occurrence often explains why roads ice over
quickly in Colorado when precipitation commences since during the winter the wet bulb
temperature is usually below freezing.
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Figure 5.25: Surface streamline analyses for July 1981 (a) 0200 MST; (b) 0500 MST; (c)
0800 MST; (d) 1100 MST; (e) 1400 MST; (f) 1700 MST; (g) 2000 MST; and (h) 2300 MST.
Plotted winds are in meters per second (one full barb =1 m s™).
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Figure 5.25: Continued.

150



Snowfall rate depends on both the magnitude of ascent and the cloud physics properties
of the clouds. Jiusto and Weickmann (1973) presented a discussion of the seeder-feeder
concept in which ice crystals falling from a mid- or upper-tropospheric cloud (the seeder
cloud) provides the embryo on which supercooled water present in a lower tropospheric cloud
(the feeder cloud) grows. When one of these clouds is absent, the precipitation efficiency for
the same ascent rate is reduced.

In addition, the greatest rate of snow crystal growth in the lower cloud (if the temperature,
of course, is less than 0°C) will occur when the difference in the saturation pressure between
ice and supercooled liquid water is the largest (at about ~16°C where rapid dendritic crystal
growth can occur).

Figure 5.26 illustrates an atmospheric sounding in which a 2" snowfall in Ft. Collins
occurred. This event occurred even without a seeder cloud because the cloud layer had a
deep layer near —10°C.
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Figure 5.26: An example of an atmospheric sounding in which a 2” snowfall occurred in Fort

Collins, Colorado.
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Appendix A — Radiosonde and upper wind reports

A-1



A=2
Syzbolic form for Rawinsonde Code for use at pressures highes than 100 mb.

Code forms are the same at lover Pressuces buc data processing indicacors
TICC, 770D, PPDD, etc. ace used.

MAvdaTory TTAA YYGGId II444 99P°P°P° T°T°Ta°D°D° dodcfofofo OO0hhh TTT‘DD ddffs

§5hhh ITTaDD ddfff 70... S0... 40... 30... 25... 20... 1s... 10...

]
88P=P:P: T:T:T:D:D: dtdtfcft°: 77(oz 66) ?mpnpm.dmdnfmfmfu "

This formaf is used for the zandatory levels.

'”7Y1Fﬁaﬁ7 TI3B TYGG/ ITdise 00?°P°P° ITT DoDollPPP IT‘DD 228Pp TTTaDD :

“* of

AFicaJT  PPEB TYGCa, 9t uyu,u, 4 £ 8,5 4 alafof f, dad f 2 f 9t

wind

2 0 ao
330-0 44'0‘ 55000 66.0. 77.-0 88-.0 990'0 11.'. 220.- ¢

Continues to 100 mb; mandatory levels are included, but trested the
8ame as significant levels. Also, TTBB is used for the beginning of
the UX reports, but the format i{s that of the TTAA section. If you
can read the rest of the code, you'll be able to read the UX Dessages.

373%3%3 TEp8uyu, .

ses eco @ In additiom, abbreviated PPAS winds usirg the same basic
code are imcluded in UC Sessages Ior mandatory levels.

General Subsczipes:
© surface data
t tropopause data

B nariaum wind level

Explanacion of syubols:

YT gives the day of observation. Subtrace 50 from the number to get
the day.of the month.

GG the time of observacion to the nearest whole hour.

Id coded indicatsr of the last standard isobaric surface for which the
wind group is facluded in TTA (usually used i Practica).

II  block nuzber.
i1 stacion number.
99 whem 4t appears ia iTAA indicates tha: surface data followvs.

7P? pressure {a mbs.




A-3

ot when printed within a message sec2ion, 4andicates tenpera:u:é in
degrees Cesius.

mhh height of a pressure surface; given i3 mecers (with thousands digic
dropped) up to 500 =b, and in decamecters beyoud.

T the apércxima;e :enths value of the tezperature and the siga of the
tesperature. It is decoded as follows:

'

Code figure Sigm of temm. Tenths value of tezm.
0 + 0.0 or 0.1
. 3 - - 0.6 er 0.1
2 + 0.2 or 0.3
3 - 0.2 or 0.3
4 + 0.3 or 0.5
3 - 0.4 or 0.5
6 + . 0.6 or 0.7
7 - - | 0.6 or 0.7
8 + 0.8 ex 0.9
9 - 0.8 or 6.9

for example: =17.6°C is coded as 177 for TTT‘.

DD ° Depression of the dew point texperature.
Note: When the devressicn is 5°C or less, the unirs and teaths figures
are reported. When the derression is more than 5°C, the teams
and units digits are repor:ted. :

Examples: 01 = 0.1°C
32 = 3.2°C
80 + 5.,0°C to 5.4°C inclusive
§1 to S5 are not used
86 =« 6°C (56 - SO0 = 6)
91 = 21°C (71 = 50 = 21)

dd tens and hundreds of deg-ees of wind directicn.

fis wvind velocity in kmots or ia kmots plus 200.
Vote: 1If 500 is added zo S£f, add 3° to the wird dizecsion iz é<.

e.g. 1) code 29662 =~ wind speed of 162 %z at 295°
2) code 291562 = wind speed of 162 &t at ed-1ohd




A=4

00, 83, in TTAA section, rtefers to :anda:cr§ pressure levels 1000 =b,
70,...10 850 ab, 700 =b, ... 100 mb.

88 in TTAA sezcion, indicates tropopause data follows.

77 (er

66) indicates level of maxim= wiad velceity.

77999 indicates maximum wind level not observed.

¢ nzssagé sepaéa:ian signal; icdicates end of a section.
00 in TT3B section iadicates surface data follows.

11, 22, idn TTSB section nrmbers the significant levels successively;
ee. 99, npote that 00 {s not used here aiter the surface report.

1l'boo
a, coded indicator for type of wind measuring equipmeat (mot
usually important).
9 vhen it leads 2 coded sct iz the Wind Group, indicates beginning
of wind data.
tn tens digit for teas of thousands of leet.
e.g. 0 = 1000 to 9000 feet
2 + 20,000 zo 29,000 feet
uy units digit of thcusands of feet for the fizst ddfZZ group
following.
u, and similar to u,, but for second and third éd£if gooups following,
respectively’
u
3
Txawole: 91468 23056 24560 25070 gives wiads frem 230 at 50 ke,
245 at 60 kt and 250 at 70 ke for 14,000, 16,000, and
18,000 feet respectively.
Notes:

1) Significant levels are determined by changes {rem linearicy in the lapse
tate .f tecperature and relative humidircy.

2) The solidus, or slash, is used to indicate a2 missing elemenr. In the case
of dew point texperature this means that the air is too dry for accurate
seasurement of humidity. This phenomemon is called =otortoatizg. When
used ia the place of a wind level indicator, the appropriate coTTespondin
data groups are omitced.

1) For =2ndacory levels occucing below the ground, cnly heights are comsuted
and sear. Solidi aze toansmizzed for other groups. If the 10C0 =b suriac”
4s below sez level, 500 is added to the value %o indicate the negative.




Therefore, certzain etations will

¢ are given Ya M L heights.
4rst level above the ground.

4) Wind report
the 5000 ft wind as their £

gend, S$aY,

) SUPER is inserced tO highlighes supefadiabatic lavers.

The accompanying Bap shows the North American Radiosond stations.
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“DAILY WEATH

WEEKLY SERIES

ER MAPS”

BEPRINTED BY PERMISSION OF

U.S. DEPARTMENT 05 CommeERce
ENVIRONMENTAL SCIENCE SERVICES ADMINISTRATION
Sarvica

-

Eavionments! Dets

EXPLANATION OF THE WEATHER MAP

T he charts in this publication are a
continuation of the principal charts
of the Weather Bureau publication,
Daily Weather Map. They include the
Surface Weather Map, the 500-Millibar
Chart, the Highest and Lowest Temper-
atures Chart, and the Daily Precipitation
Chart. All of the charts for one day are
arranged on a single page of this pub-
lication. They are copied from oper-
ational weather maps prepared by the
National Meteorological Center, Weather
Bureau. The symbois used on the
Surface Weather Map and the 500
Millibar Chart are the same as those
used previously in Daily Weather Map.
(The seven maps for & week are issued
in_ 8 single booklet mailed to sub-
scribers by Superintendent of Docyu-
ments, G. P, 0., Washington, D. C.
20402)

The Surface Weather Map presents
station data and the analysis for 7:00
a.m./e.s.t. The tracks of well-defined

low pressure aress are indicated by
chains of arrows; the locations of tnese
centers at times 6, 12, and 18 hours
preceding map time are indicated by
small black squares enclosing white
crosses. Areas of precipitation are
indicated by shading. The weather
reports that are printed here are only
a fraction of those that are included in
the operational weather maps, and on
which the analyses are based. Occa-

- tional apparent discrepancies between

the printed station data and the analyses
result from those station reports that
cannot be included in the published
maps because of lack of space.

The 500-Millibar Chart presents the
height contours and isotherms of the
500-millibar surface at 7:00 am./e.s.t.
The height contours are shown as con-
tinuous lines, and are labeled in feet
above sea level. The isotherms are
shown as dashed lines, and are labeled
in degrees Celsius. The arrows show

the wind direction ang speed st the
500-millibar level.

TheHighest and Lowest Temper-
atures Chart presents the maximum
and minimum values for the 24-hour
period ending at 1:00 a.m./e.s.t. The
names of the reporting points can be
obtained from the Surface Weather
Map. The maximum temperature is
plotted above the station location, and
the minimum temperature is plotted
below this point.

The Precipitation Areas and Amounts
Chart indicates by means of shading
the areas that had precipitation during
the 24 hours ending at 1:00 a.m.
Amounts in inches to the nearest
hundredth of an inch are for the same
period. Incomplete totals are under-
lined. “T* indicates a trace of precipi-
tation. Dashed lines show the depth
of snow on the ground in inches as of
7:00 a.m. of the previous day.

Weather maps showing the developmentand movement of westhep
Sysiems are among the principal tools used by the weather forecaster.
Of the several types of maps used, some portray conditions near the
suriace of the earth, while others depict conditioas &t various heights in
the stmosphere. Some cover the entire® Northern Hemisphere, while

Both the code and the statioa mode

I are bused oa imernations) agree-
sed vse of sumersls and symbols, a
use the weather reports and wenther

- others cover only local aress

a8 required for special purposes. The
maps used for daily forecasting by the Westher Buresu are similar ia
many respects lo the printed Dally Westher B2p. At Weather Buresu
offices, maps showing conditions st the earth’s surface are drawn four
times daily. Maps of upper level temperature, pressure;, and hus idity
&re prepared twice each day. A more detailed explanation of westher

PRINCIPAL SURFACE WEATHER MAP
Lo PYRTACE WEATHER MAP

To prepare the surface map and presemt the information guickly and
gictorially, two actions are recessary: (1) Weather cbeervers ag |any

A great desl of information is coatained in & brief coded weather
aessage. 1f each item were named and described in plain e, 8
very lengthy message would be fequired; and it would be confusing to
tesd and difficult totransier oo a map. Useefacodepermits the
meseage o be condensed to g few five-figure sumera) groups, each
Hgure of whieh has & meaning depending on its posttion th the fessage,
Persons trained in the use of the code caa read the message as easily

as plaia language. 1

The location of the Feporting station is printedoathe map as a small
eircle (the station circle), A definite arrangement of the datg arnynd
the sation eirele, called the station model, is used (see bloek§ ).
When the report 15 plotted 1a these f iz ed positions arcund the statiun
eirele oa the westher Bap, many of the code figures are trangeritved
eRactly as sent. Entries ia the statice model which are not made in
code figures or actual values found is the message arz useally i the
form of symbols which graphically represent the element concerned.
In some cases, certain of the dsta T3y of may act be reported by the
observer, depending on local weather conditions. Precipitation and
tlouds are examples. In such cases the sbsence of an estry on the map
ie interpreted as BoA-CCtuUrrence or son-chservasce of the phenomeas,

Westher codes Rre, ia effect, an internationa) language meking possible
complete interchange and use of worldwide weather reports so easential
in present-day activities,

The interastionsl eode form for Burisce reports esed by the Westhe
Buresu begianing January 1,1955, is shown fa abridged form is block
together with & corresponding 88 m ple messege. Also included are the
Eymbolic station model used on the printed map, a sample statioa mode]
entered {rom the sample message, and an explanation of the symbols
with remarks on map estries 1a blocuo

HMaey of the elements i the plotting model are entered in velees whick
€an be interpreted directly, However, some require reforence o _code
tables, These tables are given in the numbered blocks €) tarough {1) to
the right of the station model 28d explanation of symbols and MAP enifies.
Those who wish 3 more complete explanation of the code are referred
o the Manual for Synoptic Code (WBAN) which is for sale by the Super.
intendent of Docements, U. 8. Goverament Printing Office, Washingtos
25, D.C. Specify “Federal Meteorological Hanabook No. 2, Synoptic
Code™ (Latest Edition). .

FRONTS AND AIR MASSES
e i D,

The boundary between two different air masses is called 8 *front,*
Important changes 18 weather, temperature, wing direction, and ciouds,

of fron.. The side on which the symbols are placed indlcates the
direction of frostal movement, The boundary of relatively cold atr of
polar origin advancing into an area occupled by warmer air, oftes of
tropical origin, 48 called & “cold front.”* The boundary of relatively
warm ai ¢ advancing intoanerea Occupied by colder atr iscalled &
“warem front.” The line along which & cold fromt has overtaken 2 warm
fromt at the ground is called an “oceluded freat. A betweea
too sir masses, which ebows at the time of observation little tendency
o advance iato either the warm orcold areas, is ealled & “‘stalionary
fromt.'* Alr mass boundaries & ¢ e knowsn g3 *guriace froats’ whea they
iatersect the ground, and as “upper air froms' whea they éo ack.
Surface froats are drawe 1 solid black, froats alslt are drawa in cetline
ealy,

Froat symbois are gives below:

4t b Cold froat (surfece) i Statioaary frost (ssrisce)
dbHBi Werm (ront (surlace) DONL Warm frost (alof)
@i b Occivded fromt (surface) AAAA Cold fromt (alof)
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.fgn which {8 disappearing of is wesk and decrensing in intensity is
oeled Froatolysis.”

4 froat which 18 formiag is labeled “*Froatogesesis.”

A *'squall line** is & line of thunderstorms or squalle esually sccom-
aied by heavyshowers and shifting winds, and is lndlcated as

ae s wHERe - GHED © ¢ R ©

- The paths foliowed by individual disturbances are called storm tracks

and are Shown 83 «d» «o= . The symbols B indicate past positioas of
the low pressure ceater at 6-hour intervals,
“HIGH" (M) and “LOW'" (L) Indicate the centers of high and low
barometric pressure.
Solid lines are Lsobars and connect points of equal ses level barometrie
pressure. The spacing and orientatioa of these iL.c3 ea weather maps
are an indication of speed and directioa of wind flow. in geners), wind
direction is parallel to these lines with low pressure to the jeft of
observer looking dowawind. Speed is directly proportional o the elosge
ness of the lines (termed pressure gradient). Isobars are lebeled ia the
metrie unait, millibars, and may be converted to inches ef mereery by
use of the scale ia block Q
Isotherms are lines connecting points of equal temperstere. Two
isotherms are drawn on the large surface weather map whes applicable.
‘The freezing or 32° F. isotherm is drawn as a dashed line (===}, the0° F.
isotherm 15 6rawe as & €ash-dot (=-=-=-<} line.
Masses of air are classified to indicste their origin and besie charse.
teristics. For example, the letter P (Polar) denotes relatively cold atp
froln sorthern regions, and the letter T (Tropical) denotes relatively
warm air from southerly regions. Letters placed before P and T
wndicste 8ir of meritime characteristics (m) oF continental charaeters
istics (c). Latters placed after P and T show that the air mass is colder
(k) or warmer (w) than the surface over which 1t s moviag. A plus sign
(+) between two air mass symbols indicates mixed alp masges, and as
arrow «s between lwo symbols indicates atrensitional air mess
ehanging [rom one type 1o the other. Two 8ir mass symbols, one above
the other and separated by a line, indicate one air mass aloft and Bao
other at lower levels. Air mass symbols are formed by combinstions of
the following letters: :

® o Maritime; ¢ < Comtinemtal; A « Aretic; P «Polar, Ts Tropical;
E o Equatorial; $ s« Superior (2 warm, dry air mass having its
origin aloft); )
k& o eolder, and w =« warmer than the surface over which the 8ir mass
is Mmoving.
(‘u where precipitatioa is pccurring ot the time of cbservation are
-»d.

neaETT BB 3 BRT

0\

SYMBOLIC FORM OF MESSAGE
ili Ndatf VVwwW PPPTT NhCLhC.C“ 'I;’l;opp 7RRRts

Hate: Tius Abridged Code Shows Oaly Dats Normasily Plstied oa Pristed Maps

405 83220 12716 24731

SAMPLE CODED MESSAGE

67292 30228 74542

SYMBOLIC STATION

MODEL

{ &
T T C,PPP

VVww

h RR

tppa
Tl CNLWR,

SAMPLE PLOTTED
REPORT

3IN\g 247
3 ¥ %
30---6 o4

2 45

+28 /

-

Py

EXPLANATION OF SYMBOLS AND 0
MAP ENTRIES

&
< L
f is Explanstica of symbols
c8 '!' and decese of example
;fz shove Remarks oa coding aad plettiag
&2
ili Station sumber Usually prinisd oa mesuserigt maps below
408 «» Washington station cirele. Omitted on Dally Weathsr
Map in faver of printed ststice sames.
N Total amount of €loud  Observed in tenths of cloud cover and coded
8 = completely covered 5 Oktas (eighths) sccording to code table in
biock 3. Plottedin symbols shown in same
table.
dd True direction from Coded in tens of degrees and plotted a8 the
which wind is blowing shaft of an arrow extending {rom the station
32 . 320° « NW circle toward the direction {rom which the
wind i8 blowiag.
ff Wind speed in kaots Coded in knots (nawmtical miles per hour) and
20 o 80 knots plotted as feathers and ball-feathers repre~
senting 10 sad § knots, respectively, ea the
shaft of the wind éirectioa srrow. See
block .
) Decoded and plotted ta miles aad fractioas
vV :’:‘“’"“7 lamiles 888 4540 3 1/8 mijes, Vistbilities sbove $ 1/8
actions miles but less then 10 miles sre piotted to

12:12/16 or 3/4 miles (e pearest whoie mile. Values higher thaa

10 mules are omitted from the map.

r‘ Present wenther Coded 1n ligures taken from the “ww' table
k . 71 = continucus slight (block {)) and plotted tn the eorresponding
saow symbols same block. Emries for code
figures 00, 01, 02, and 03 are caitied from

this map,
W  Pust weather Coded 1n figures taxen from the *“W* table
8 v ratn {block | and plotted in the corresponding

symbols same block. No esiry made for
code figeres 0, 1, or 3.

PPP

Sarometric Pressure
(s millibars) peduced
to sea~level

247 o 1024.7 mb,

Curreat air temper-
atere
31 e 31°F,

Fraction of sky covered
by low or middle eloud
6 <« 7 or 8 tenths

Cloud type

7'a Fractostratus asd/
or Fractocumulus of
bad weather (scud)

h Height of base of elowd

2 © 300 1o 509 feet

Coded and plotted In tens, units, and tenths
of millibars. The (nitial © or 10 and the
decimal point are omitted. See block @

Coded and plotted in actual value in whole
degrees F. See Nou@

Observed and coded ia tenths of cloud
eover. Plotted on map 8s code figure ta

message. See bloeko.

Predom:nating clouds of types ia C, table
{block ) ) are coded from that tsble and
plotted 1a corresponding symbols.

Observed i feet and coded mnd plotted as
eode (ipures aceording to code tsble ia
Nocko.

C,, Somawee o SeeCy ubietsbiocs ©.
M ehaotic aky
c ;:wtm See C ,; table in block §).
« Dense elrres ia
H patches
T, T, Temperatare of Coded and plotted 18 sctusl value i» whole
dewpoint degrees F.
d d 30« 30°F.
Fharseteriotic of Coded according to table in block ({)and
a : mh::." or plotted 1a correspoading symbols,
. L] Mly
wasteadily
PP :nu-neh.mu Coded and plotted ia eaits and temths of
bours preceding @illibars.
chservation
28 . 3.8 millibars
7 Indlestor ligure Hot platted.
RR Amom! slprecipitation  Coded ang plotted 15 inches to the searest
4$ « 0,45 Lehes busdredih of as iach.
Rf Time precipitatica Coded antd plotied ta figures fres table in
begea or eaded block @3
¢ = 3 to ¢ hours ago
€ Depth slsmowongronad Biet plosted.

N
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EY TO AVIATION WEATHER REPORTS . .......

HOAA/PA 77

étégélféc;é WEVA'XS’LBE”#;YND Sea.LEVEL | TEMPERATURE . CODED
";JEf -, | S«Y AND CEILING o?%r?/:‘.)sclgb?m PRESSURE Dm{«ﬁ;%“” WIND ‘g‘é‘#ﬁé“ RUNWAY VISUAL RANGE SIREPS
MEKC|150M256| 1R-K | 132 |/58/56|/1807|/993/ | RP4LVR20V40| /UAEOS:
VISIBILITY RUNWAY VISUAL RANGE (RVR)

SKY AND CEILING

Sky cover symosis are in ascencing

orcer. Figures orececing symbols are

heights in hunzi-ecs of feet above station.

Sky cover $ymacis are

O Clear: Less than @.1 sky cover.

O Scatterec: €.1 t6 .5 sky cover.

D Broken: 2.5 to 2.3 sky cover.

@ Overcast: More than 3.9 sky caver.

= Thin {(Wher prefixed to the above
sympois.)

X Partial obscurznon: $.1 to less than
1.8 sky miogen by precipitation or
ebstructien to wisicn (bases at surface).

X Obscuration: 1. sky hidden by pre-
cipitation or obstruction to vision
(bases at surface).

Letter prececing height of layer identifies

ceiling layer anc ingicates how ceiling
height was obtained. Thus:
. A Alrcraft R Rader
B (8.":0.1 o W lndefinite
ceiling, pilot. i
or raci0sance ;gln:-g:'c’:;uly
bailasns numerical
E  Estmared valve,
hesgre ingicates @
Meassres varadle
coing.

Recarted in statute rmies and frazisms,
(v=Variable) The symoaci inscates
greater than that being reportec.
WEATHER AND OBSTRUCTION TO VISION SYMBOLS
A Wk 13 (IR IREEPILY H $°3e

80 Biowing Guet  F ce ‘ag 33w Growng
3%ze pebiets

visibility

8N Bdwing sand 1P tce Sel-ety

BS Blowing snow  IPW  1ze pedle! thowers S 3°is tACaery

o Oust ] Smsne T “auAzenniarms

F Fog L Orzzte T S0 @26 INLACE TR
GF  Grounc fog &  fun 2L .

] Hate W Rain sacwers ZR

Precipitation intensities are indicatecd thus:

- —Very Light; —Light: (no sign) Mocerate; + Heavy
WIND

Direction in tens of degrees from 2rue nmorth, speed
in knots.. P993 indicates calm. G incicates gusty.
Peak speed of gusts follows G or Q when gusts or
squall are reported. The contraction WSHFT foliowed
by GMT time group in remarks indicates wingshift
and its time of occurrence. (Knots X l.l15=statute
mi/hr.) .

3627=360 Degrees. 27 knots;
3627G40=36C Degrees, 27
knots Peak speea in gusts
40 knots.

. EXAMPLES:

ALTIMETER SETTING
The first figure of the actual altimeter setting is

RVR is reported from some stations, Extreme values during ’
minutes prior 3 obser.ation are gi.en n hundcreds ot fec..
Runway idennfication precedes RVR report.

CODED PIREPS 4
Pilot reports of clouds not visible from ground are coded witn
ASL height data prececing and/or foliswing sky cover symd~*
to indicate cloud bases and/or tops. respectively. UA precec
ail PIREPS.

DECODED REPORT

Kansas City: Record observation, 1530 feet scattered ciouc .
measured ceiling 25C% feet overcast, visizaility 1 mule, light
rain, smoke, sea-level pressure 1013.2 millizars, temperaty
58°F, dewpcint 36°F, wind 18@° 7 knots. aitimeter setlifg
29.93 inches. Runway €4 left, visual range 2030 feet variab!»
to 4039 feet. Pilot reports-top of svercast S50 feet.

STYPE OF REPORT

The omission of type-of-report data identifies 3 schedul
record observation for the hour sgecified in the sequenc.
heading. An out-of-sequence, special observation is identifire
by the letters "SP* following station identificaticn and a ©
hour clock time group. e.g.. “PIT SP $715 —XM1&." A speciai

always omitted from the recort.

report indicates a significant change in one or mcre elemen’”

U.S5. DEPARTMENT OF COMMERCE— NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION — NATIONAL WEATHER SERVICE — REVISED 1374

‘SIGMET or AIRMET messages warn airmen in flight of pctentially
hazardous weather such as squall lines, thunderstorms, fog. icing.
and turbulence, SIGMET concerns severe ancd extreme ccnditions
of importance to all aircraft. AIRMET concerns less severe con-
ditions which may be hazardous to some aircraft or to relatively
inexperienced pilots. Both are broadcast by FAA on NAVAID
voice channels. .

WINDS AND TEMPERATURES ALOFT (FD) FORECASTS are 12-hour
forecasts of wind direction (nearest 10° true N) and speed (knots)
for selected flight leveis. Temperatures aioft (*C) are included for
8!l but the 3009-foot level. .

EXAMPLES OF WINDS AND TEMPERATURES ALOFT (FD) FORECASTS: :

FD WBC 121745
BASED ON 121200Z DATA
VALID 130000Z FOR USE 1800-0300Z. TEMPS NEG ABV 24000

FT
3000 6000 9000 25000 30000 34000 35000

BOS :
3127 342507 3420-11 3421-16 3516-27 3512-38 311649 292351 283151

JFK

3026 332708 3324-12 3322.16 3120-27 2923-38 283248 285150 285749
At 6000 feet ASL over JFK wind from 330° at 27 knots and
temperature minus 8°C

TWEB (CONTINUOUS TRANSCRIBED WEATHER BROADCAST)—
individual route forecasts covering @ 25 nautical mile zone
either side of a course line for the route. By requesting a specific
route number, detailed en route weather for an 18-hour period
plus a synopsis can be obtained.

z:’“ “VIATION WEATHER FORECASTS . . . .

N~

ERMINAL FORECASTS contain information for specific airports on expected
csiling, clcuz he:ghts, cloud amounts, visibility, weather and obstructions to
vision and surface wind. They sre issued 2 times/day and are valid for 24
hours. The las: six hours of each forecast are covered by 8 categorical statement
indicating whether VFR, MVFR or IFR conditions are expected. Terminal fore-
easts will he wntten in the following form:

CEILING: Icentified by the letter “'C*”

CLOUD WEIGHTS: In hundreds of feet above the station
(greund) .

CLOUD LAYERS: Stated in ascending order of height

VISIBILITY: In statute miles but omitted if over & miles

WEATHER AND OBSTRUCTION TO VISION: Standard
weather and obstruction to vision symbols sre used

SURFACE WIND: In tens of degrees and knots; omitted when
tess than 10

12000 18000

EXAMPLE OF TERMINAL FORECAST

DCA 222323-DCA Forecast 22nd day of ceiling 8 hundred feet sky obscured. visi-
month-—valid time 232.23Z. bility 1 mile in light snow showers.

: 1227 C54® 3312G22-At 12Z becoming ceil.
1O CIEGSSW--3315625 OCNL CBX1SW~ ing 5000 feet broken, surface wind 330
Scattered closds 2t 1020 feet. ceiling

degrees 12 knots Gusts to 22,
1809 feet broven, visibihty 5 miles, ve 17Z MVFR BCMG VFR AFT 21Z—Last 6
light snow showers. surface wind 34%

hours of FT at 17Z marginal VFR condi-

degrees 15 knots Gusts to 25 knots, OCNL  tions becoming VFR after 21Z.

AREA FORECASTS are 13-hour sviation forecasts plus a 12-hour categorical
outlook precared 2 times/day giving general descriptions of cloud cover, weather
and frontal conditions for an area the size of several states. Heights of cloud
tops. and icing arc re‘erenced ABOVE SEA LEVEL (ASL); ceiling heights, ABOVE
GROUND LEVEL (A5.): bases of cloud layers are ASL unless indicated. Each
?lGMET or AIRMET atfecting an FA area will also serve to amend the Area

orecast, ’

U.S. DEPARTMENT OF COMMERCE=~ NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION — NATIONAL WEATHER SERVICE — REVISED 1974
‘or sale by the Superintendent of Documents, U.S. Government Printing Office, Washington, D.C., 20402. Price 25¢; $2.50 per hundred. Stock Number 0318-000%4
@ CPO : 1874 O - 532-88¢

PILOTS , . . report In-flight weather to nearest FSS. The latest
surface weather reports are available by phone at the nearest
pilot weather briefing office by calling at H4-10.

C~7
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Appendix D — Fahrenheit/Celsius conversion
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Appendix E — Lab Exercises
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Fall 1987

Exercise # 1
AT 540

Reference Material (Can be obtained from Dallas, Room 221)

1. Lecture notes. Required

2. CASL manual. Required

3. “The use of the Skew T, Log P Diagram in Analysis and Forecasting.” Air Weather
Service. pgs. 1-1 to 3-2. Recommended

Exercise

1. Using GMPACK, plot the Denver sounding for today, 12z (0500 MST) on the CRT
and make a hard copy on the laser printer. Write up the computer commands you
used to make this plot.

2. Print out radiosonde transmission for Denver for 12z today using the FAA604 file.
List in tabular form and hard plot on a thermodynamic chart.
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Fall 1987

Lab Exercise # 2
AT 540

Recommended “The Use of the Skew T, Log P Diagram in Analysis and Forecasting.”
Air Weather Service. pgs. 4-1 to 4-19;

Reguire& Lecture notes.

Assignment
1. Using the sounding plotted in Lab Exercise #1, compute:

(a) mixing ration - w

(b) saturation mixing ration - w,

(¢) relative humidity - R.H.

(d) vapor pressure - e

(e) saturation vapor pressure - e,

(f) potential temperature - 6

(g) wet bulb temperature - T,

(h) wet-bulb potential temperature - 6,,
(i) equivalent temperature - Tg

(J) equivalent potential temperature - §5
(k) virtual temperature - 7T,

(1) tropopause

at 1000 mb, 900 mb, 800 mb, 700 mb, 600 mb, 500 mb, 400 mb, 300 mb, 200 mb
and 100 mb (except for the tropopause)

2. Compute from surface values, or other values as necessary.
(a) convection condensation level - CCL
(b) convection temperature - 7,
(c) Lifting condensation level - LCL
(d) mixing condensation level - MCL
(e) level of free convection - LFC
(f) equilibrium level - EL
(g) heights and pressure depth of layers of positive buoyancy - p;, piy1, Ap
(h) K index - KT
(i) Lifted Index - LI
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Fall 1987
Lab Exercise # 3
AT 540
Recommended Facsimile Products. National Weather Service, pgs. 6-39 to 6-55.

Required Lecture notes, Chapter 3.

Assigx_lment

1. Using the FAA 604 sounding that you obtained for the Lab Exercise #1
(a) obtain the reported 700 mb, 500 mb, 300 mb and 200 mb heights

(b) use the temperatures in the sounding information to calculate the 500 mb, 300
mb and 200 mb heights assuming that the 700 mb height is known. Compare
with heights given in the sounding.

2. Use the appropriate station model and plot on a blank sheet of paper the surface,
700 mb, 500 mb, 300 mb and 200 mb observation for Denver for the sounding time
used in #1.

3. Use GMPAK to plot the 700 mb, 500 mb and 200 mb fields over the United States

(a) contour by hand the
i. heights (60 m intervals)
ii. temperature (5°C intervals)
iii. dew point temperature (5°C intervals)
(b) use graphical subtraction to obtain the 700 mb - 500 mb thickness at 60 m
intervals.
(c) use GMPAK to plot the 700 mb - 500 mb thickness and compare with (b).

4. On your 700 mb analyses, color in red areas of temperature advection greater than
1° /hour; color in blue areas of temperature advection less than -1°/hour.

5. Draw the 500 mb and 700 mb winds in a vector format. Superimpose the winds
and calculate the wind shear between these two layers. Contour the wind shear
by drawing lines parallel to the wind shear vectors. Compare this result with the
thickness calculation performed in #3(b). For Denver and Seattle, compute the
thickness gradient from this analysis and from the thickness analysis in #3.

You will need tracing paper to perform these analyses.
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Fall 1987

Lab Exercise # 4
AT 540

Required Lecture Notes (Chapter 5)

Assi gnment

1.

Obtain from GMPACK in hard copy, surface observations over the contiguous U.S.
Any time period is okay.

. Analyze the

(a) isobaric field at 4 mb intervals

(b) temperature field at 10°C intervals

(c) dew point temperature field at 10°C intervals

(d) frontal locations (justify on a separate sheet of paper).

. Calculate the geostrophic and gradient winds at Denver. Compare with the observed

surface and 700 mb winds.

. Use the surface field to infer what the vorticity and temperature advection patterns

and diabatic heating terms are at Washington, D.C.

Label synoptic categories on your surface map (use tracing paper if you wish).
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Fall 1987

Lab Exercise # 5
AT 540

Recommended Cahir, J.J. et al., 1976: New tools for forecasters: real-time cross
sections produced in field. BAMS, 1426-1433.

Required Lecture notes (Chapter 3).

Assignment

Obtain sounding analyses for the cross section given in class which are
(a) parallel to the general flow
(b) perpendicular to the general flow
Using the stations along each cross section, your thermodynamic diagrams and trac-
ing paper:
e plot and contour # and fg at 5°C intervals for each cross section. Use separate
sheets for # and 0g.
e calculate and contour relative humidity in intervals of 10%, 30%, 50%, 70%,
and 90%. Shade in green, values of relative humidity greater than 70%.

e use your § analysis where R.H. < 70%, and your g analysis where R.H. > 70%

to compute trajectory lines on a separate sheet of tracing paper.

e superimpose the observed winds on your analysis and evaluate vertical velocity
at those locations using the adiabatic method. Contour in red, areas of vertical

motion greater than 1 cm s~! and in blue areas less than -1 cm s™?.



Fall 1987

Lab Exercise # 6
AT 540

Readings (on reserve)

1. Recommended Brandli, N.W., 1976: Satellite Meteorology. AWS-TR-76-264.

2. Recommended Anderson, R.K., et al., 1974: Application of meteorological satellite
data in analysis and forecasting. ESSA Technical Report NESC 51.

3. Recommended Mesoscale Cloud Interpretation from NOAA-2 High Resolution Vis-
ible and Infrared Imagery. Eastern U.S., January 29, 1973.

4. Recommended Tropical Cyclone Intensity Analysis using Satellite Data. NOAA
Technical Report NESDIS 11, 1984.

5. Recommended A Technique for the Analysis and Forecasting of Tropical Cyclone
Intensities from Satellite Pictures. V.F. Dvorak. NOAA Technical Memorandum
NESS 45.

Assi@ment
Select

1. a hemispheric image
2. a western U.S. sector
of your choice and interpret the major cloud and clear air features in terms of our discus-

sion of weather patterns in class. Write up your discussion and attach relevant synoptic
analyses.




Fall 1987
Lab Exercise # 7
AT 540
NWP Models and MOS
Readings

1. Facsimile Products, pgs. 1-1 to 1-7, 2-1 to 2-24, and 8-43 to 8-75.

2. Anthes, R.A.,1983: Regional models of the atmosphere in middle latitudes (Review).
Mon. Wea. Rev., 1306-1335.

3. Guaraldi, J. and L.F. Bosart, 1985: An assessment of the skill of the NMC 6-10
temperature and precipitation outlook. Bull. Amer. Meteor. Soc., 68, 831-839.

4. Glahn, H.R., 1985: Yes, precipitation forecasts have improved. Bull. Amer. Meteor.
Soc., 66, 820-830.

5. Klein, W.H., 1982: Statistical weather forecasting on different time scales. Bull.
Amer. Meteor. Soc., 170-177. '

6. Bosart, L.F., 1981: A preliminary assessment of the state of the art of thunderstorm
probability forecasting. Bull. Amer. Meteor. Soc., 62, 790-792.

7. Charba, J.P. and W.H. Klein, 1980: Skill in precipitation forecasting in the National
Weather Service. Bull. Amer. Meteor. Soc., 681, 1546-1555.

8. Policy Statement of the American Meteorological Society on Weather Forecasting.
Bull. Amer. Meteor. Soc., 1385-1387.

Assignment

1. Using GMPACK, obtain the surface, 700 mb, and 500 mb analyses for a specific
time period. Contour the surface map for isobars at 4 mb intervals and insert fronts.
Contour the 700 mb and 500 mb analyses at 30 m and 60 m intervals, respectively.

2. Obtain the LFM or NGM 12 hour, 24 hour, 36 hour, and 48 hour forecasts corre-
sponding to the time analyzed in #1 for the surface, 700 mb, and 500 mb levels.
Discuss the degree of agreement between the predictions and your analyses.

3. Obtain the spectral 72 hour 500 mb simulation corresponding to the corresponding
time in your analysis. Discuss the degree of agreement between the predictions and
your analysis.
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Fall 1987
Lab Exercise # 8
AT 540
Mesoscale
Readings

1. Pielke, R.A., 1984: Mesoscale Meteorological Modelling, pgs. 455-508.
2. Browning, K.A., 1982: Nowcasting, pgs. 149-166 and 207-221.

Assi@ment

1. Using the terminal, plot and analyze the fields of T, Tp,#,and V from the PROFS
data for two separate time periods. (Discuss the patterns in relation to the synoptic
atmospheric structure.) Qutline areas of terrain-forced ascent and descent (a figure
with the PROFS network and an example of PROFS output are attached).

2. Obtain the Grand Junction (GTJ) Sounding for a situation with westerly 700 mb
flow. Lift the GTJ sounding to 2.7 km above GTJ. Assume that the entire sounding
lifts uniformly. Then descend the sounding assuming;: |

(a) 0% rainout
(b) 20% rainout
(c) 50% rainout
(d) 100% rainout

and compare with the Denver sounding (DEN). If the precipitation is dropped out
uniformly over a 100 km distance, what would be the amount of precipitation at the
surface per unit area?




E-9

EXIEXRS
c0°0
00°0
00°0
00°0
00°0
00°0
oc°o
0G°0

cCC!CCCCCC.CCC.CCCCCCCICCCC.CO’..QCCCCCC'

oe° e
00°0
00°0
00°0
¢o0°0
co°0
Lu°o0
00°0
02°0
06°GC
00°0
00°0
00°0
vsasven
c0°0
€0°0
60°0.
Go°‘o
1]+ Bl ]
1o R
oc*C
pc°d
i)
c§234d

X XXX X2 )
29°202
pocest
tz=°894
17°198
15°6v1
26°0L1)
g6°S91
fu°ssl

t9°vse
g1° 20l
oL°2s
gL°L82
13 e % T
tgei9
oy°092
oL°sie
206°9¢2
95992
[ B 4 ¥4
3°see
22°€£Ss
I x X222 4
$8°092
€§°982
v Ad 44
pse8¢ge
29°922
25°164
g2 622
21°%61

(vsw/n)
PEY 09

[ X XXX XX J
$9°¢6
2€°08
0l°9¢
¥$°26
66°9L
(Y aF Y}
90°5¢
98°101

25 sl
tereey
0y°9¢
0L°€Ei
?9°10!
21751
60°¢01
£$°100
89°021i
19°s1i
gecozt
92°5S01
11°9s1
FYTYYYY
16°42i
1%L
92°¢0l
sL°021L
TL°LEE
25°18
2Lt
L6°20}

(tsu/r)
per JoH

I XXX X
Go°t
(4 A4 9
68°S
LS
L
£6°Y
PA A J
1 St

99°$
yo°t
9"
0L
69°Y
1971,
0s°§
27
0s°y
gL
4 Bl
61°0
e9°¢
YT YL
Ly
91°9
98°¢
99°Y
138 Y
92"y
9L°Yy
66°1L

(s1%)
paacs A

yyo00
1¢°9¢
10°¢22
99°sse
£6°02
00°s9
25°42
20°65¢
96°L%

e (XXX R 24 9303808 [ EX XXX 2}
gL°02e ee"lc $1°9%
2y-ase 06°t¢ €e°9s
0L °cy9 £6°12 LGS
ge°029 $0°42 26°99
28° ¢t 00°6¢ €$°99
08°yY? te°s¢ §2°219
LG°LLS 89°62 $L°s9
S6°LEH $y°se £65°69

S0£22055s 7 tenuTpojdad

‘CCCCCCCICACICCCCCUCCCCC‘QCC..CO.

(2c)

$8d3d¢
00s2205€8 1 cwnuTpogddd
e ssuOIBIS 40 Jacmny

21 291147 29CTEPOIIGTHOT NN
sa3nuie ¢ tpopdasd 3N} 2Q

Csel se stb=- d6°ci
Z§eb ib°sCi- (2068
2482 28°SCl- 2£°CY
e%47 89°sCl- Ceé¢
1254 C$s°yCL=- 4D°09
gESt 21°SCi- 21°0Y
1S4 08°904~ CO°CY
€CotL  STosCl- CT0Y
€991 O1°S0l- E2°6%

C0.0CCCCCCCQCCCC.CCCU.OCOCC.C

12139
'O RS A
2I¥d3
IV
TN
QIR
)13
tINe
TIANY |}

PR B ah it

SRV NNRIIISIFISIEY

31E2 221w 22
3790595148
aryn

. 1B3E1E 2)ENI s

2033 12
2)0de O

NYScOW o503 2IWid BY

A3733¥8

WuAN 2INDN T

YrCeny 22u0¢ S
SN1T103 4204
SYIAE TIIAE €I
eNYI2A0T 2I2AV 2

AV 4L

23834 ¢

371IAE14¥6 22104 44

$9xlaaS CHVOD
NOLZ41IT 2INLT
GCCR3 XYY 22%¥)

2eve S3I1ST TIxdd

2yes1 L

ITITASAINI08 22710

avmow
1€

oog2L08cE 14

SL 353143 4G JICUPN
BujFu3
tpojdoc 14 EURISLAS

CCeCEUESE $POtdde VM

CCoLL0E8E

6

]

¢

9

SENESINIIN ZIENN S
L4

£

4

!

G) “vOVACY

ucpIedc

HY UM Y

ANORENOT TIW
NCiHDIat 22103
360 23hu3

TIAYY

rueN

CCOC..C..C‘.C
v L3ND53d v
.CCCCCCCC‘CC.






E-11

AT 540 Basic Information
Fall 1994

Office hours:

e Dr. Roger Pielke: Tuesdays and Thursdays, 3-4 pm, Room 220
e Pier Luigi Vidale: Mon, Wed, Fri, 1-2 pm in the Riehl Conf. Room, 1st floor.

Computer access in the Weather Lab:

¢ GEMPAK, Mosaic.

e Use the Weather Lab workstations (mirage, eclipse) or your own terminals.

¢ Log on as:
user : at540
passwd: pler213 (keep this confidential)

Manuals, references:

Copies of the GEMPAK manuals are available online and as hard copy in the Weather Lab. Copies
of the rest of the reference materials are on reserve in the ATS Library.

Please notify Dallas (room 221, dallas@europa.atmos.colostate.edu) and me of your e-mail address,
so that we can have the whole group on our mail list.

TA: Pier Luigi Vidale
e-mail: vidale@entropy.atmos.colostate.edu
phone: 1-8425
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Exercise #1
AT 540 WEATHER LAB
Fall 1994

Reference Material (can be obtained from Dallas, Room 221)

1. Lecture notes - REQUIRED
9. GEMPAK manual - Located in Weather Lab

3. “The use of the Skew T, Log P Diagram in Analysis and Forecasting.” Air Weather Service,
pgs. 1-1 to 3-2 — Recommended (on reserve in library).

Exercise

1. Decode the radiosonde transmission (attached) for Tampa Bay (TBW) for 12z (0500 MST)
today (08/23/94). List in tabular form and hard plot on a thermodynamic chart (attached).

2. Use GEMPAK, after Steve Finley’s presentation, to plot the Tampa Bay (TBW) sounding
for today (08/23/94) at 12z on the CRT and make a hard copy on the laser printer. Write
up the computer commands you used to make this plot. The basic commands you need are
SNLIST and SNPROF. Make abundant use of the HELP command in GEMPAK, save often
and use gpend before you log out.




Appendix F — Exams
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Fall 1983 AT 540
Mid Term Test - Part I
Open book
You have been given the 500 mb, 700 mb and surface data for 00Z
on October 25, along with concurrent IR and visible satellite
photographs. Perform the following analysis
a) plot the data for the three surfaces
b) anélyze the following fields
i) 500 mb
temperature at 5° ¢ intervals; height at 30m intervals
ii) 700 mb
temperature at 5° C intervals; height at 30 m intervals
iii) surface
isobaric pattern at 4 mb intervals, front
c) compute
i) 500-700 mb thickness at 30 m intervals using whatever
analysis procedure you wish. Superimpose velocity change
vector on the analysis field and make sure it is consistent.
If not, say why next to the wind vector which is different.
ii) 500 mb vorticity advection pattern; label significant
areas of positive vorticity advection in red, negative

areas in blue.

iii) 700 mb temperature advection pattern; label significant
areas of warm advection in red, cold advection in blue.

iv) forced topographic ascent/descent using the surface
analysis; label significant areas of forced upward motion
in red; downward motion in blue

v) regions of significant diabatic heating/cooling. Label
substantial deduced upward regions in red.

d) discuss each cloud area with respect to the four reasons for
vertical motion listed above.



4.

o

7.

F~fl

The mean height of the 500 mb surface over Fort Collins in July

is

The mean height of the 500 mb surface over Fort Collins in January

is

Below is a station model for a location in the central United States.
Fill in the following question (include dimensions).

1)
ii)
iii)

temperature e
dew point

pressure SV 0I5

wind speed L e T . . o
wind direction S ﬁ»'-/.' N ~ti-1. -
sky cover

comment (in plain english)

Indicate which of the following are correct expressions of the
geostrophic wind relation (could be more than one)

a) Vg=
b) Vgs=
c) Vg=
d) Vvg=

1

k x to P

t X g vz
f p

t X % Vé(CpT + gz)
e

k x - v,f

e) none of the above

Which of the following values of precipitable water are reasonable
in an arctic high

a)
b)
c)
d)
e)

2.00 inches

1.00 inches

.20 inches

.0001 inches s
none of the above

A necessary condition to define a“front is

a)
b)
<)

d)
e)

the existence of a horizontal surface temperature gradient
the existence of a gradient.of percent of cloud cover

the existence of a horizontal thickness gradient in the
lTower troposphere

the presence of precipitation

winds in the cold air normal to the front




10.

11.

Assume that the layer between 500 and 1000 mb is isothermal.
R=.287 X 107 ergs gm1 K"1 while g = 103 r:ms-2 and In 2 = .69.
What is the thickness if the temperature of the layer is 0°¢c

(1st column) and if the temperature of the layer is 25°¢ (2nd column)?

a) 4260

m a) 4172 m
b) 4780 m . b) 4830 m
c) 5430 m c) 5420 m
d) 5820 m d) 5928 m
e) 6130 m e) 6520 m
f) none of the above f) none of the above

Which of the following surface indications are useful in delineating
a frontal location

a) location of a pressure trof

b) a wind shift line

¢) a horizontal dew point gradient
d) the pressure tendency

e) a horizontal temperature gradient
f) none of the above

The intensity of a front is most closely related to

a) the horizontal dew point gradient

b) the intensity of the surface wind shift at frontal passage

c) the vertical shear of the horizontal wind

d) the magnitude of the pressure

e) the strength of surface winds in the cold air behind the front.
f) none of the above

Sketched below are the heights of a 1000 mb and a 500 mb pressure
surface. Draw in and label in decameters the values of the thickness

(contours at 60 m intervals)

A

PUBIESRISIIG—————lc e e m )\‘-'(:'

Iuvvrwt-ﬁ“L?“J'“-n



12.

13.

14.

p- &

Indicate by an arrow the direction towards which the front would
be expected to move given the surface wind pattern indicated by
the station model. Indicate the type of front. The values h,,

hgyeoon s are lines of constant thickness wher h > h, etc.
2 \g l 2 3
X 2 A
y, \
° N \
s 7 4 L\ A
-, \

\
Ve R

R
o
X

The concept that winds backing with height implies cold advection
and winds veer1ng with height indicates warm advection was derived
from

a) the first law of thermodynamics

b) the hydrostatic equation and geostrophic wind relation
c) the gas law

d) the second law of thermodynamics

The radar analysis depected as

,(m

Rpws-/NC \X

(4 ,@ 26

iqdicates

a) an area of thunderstorms and 1ight rain showers with
bases at 26000 feet moving west-southwest at 35 kts.

b) an area of thunderstorms and light rain showers with tops
at 26000 feet moving east-northeast at 35 kts.

c) an area of light rain with between .6 to .9 coverage
with individual cells moving east at 35 kts.

d) an area of rain with the melting level at 26000 feet
moving east-northeast and intensifying.




15.

Which of the following cloud types is indicative of strong vertical

mixing in the lower troposphere

a)
b)
c)
d)
e)
f)

cirrus
cirrostratus
altocumulus
stratus
cumulonimbus
“none of the above
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Fall 1983 ATS540

Mid Term Test - Part II

16. What is the mean 200 mb wind over Fort Collins in

January ms

July ms

17. What is a representative height of
a) the polar tropopause km
b) the tropical tropopause km

18. What is the mathematical criteria for dynamic instability in
straight 1ine flow on the anticyclonic side of a jet stream?

19. 1In Figure 10.17 of Palmen and Newton, delineate where the
trajectories are cyclonic and where they are anticyclonic east
of the 500 mb trof axis. You will have to xerox the Figure to
show this, and attach Figure to the test.

20. What is a reasonable value in watts m.2 of heat gained as a cold
outbreak traverses warm ocean water

watts m 2

21. Give representative (i.e. realistic) values of the following
quantities. You must provide the correct dimensional units.

1) relative vorticity on the synoptic scale
ii) Coriolis parameter at 40° N
i11) 1000 - 500 mb thickness at 30° N in the summer
iv) 200 mb wind speed in the center of the jet stream
v) sea level maximum pressure associated with a cP high

Good luck on the test!

Bonus question (worth 3% on top of your grade)
Predict the 12 Noon temperature at Fort Collins on Monday.
If you are equal or are closer than my prediction, you earn
a bonus of 3%. Your prediction must be made and given to me

by 3:00 P.M. today.

prediction:
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Midterm
Fall 1984

AT 540
(take-home; open book)

1. Give the heights in meters and temperature in ®C for the pressure
surfaces listed below for Denver at 0500 MST today. Use the FAA604
circuit, if necessary

height (m) 1(°C)
1000 mb
850 mb
700 mb
500 mb
300 mb

200 mb

2. Determine the following thicknesses for Denver at the same time
as in 1., and determine the layer mean temperature in "C.

Thickness (m) T(°c)
1000 mb - 850 mb
850 mb - 700 mb
700 mb - 500 mb
1000 mb - 500 mb




3. Given the 850 mb to 500 mb geostrophic wind changes drawn below,
calculate the thickness gradient, and equivalent layer-mean
temperature gradients. Draw the orientation of the lines of
constant thickness. Indicate whether cold, neutral or warm ad-

vection is occurring and indicate the direction of the horizontal
temperature gradient.

N
N N
&
850 ” >
mb 500 mb
a) b)

500 mb

A 4

850 mb

c)

v T
Vp(AZ)

a)
b)
c)
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4. From todays 12z analyses and from tomorrows LFM forecast, determine
the following for Fort Collins. Give units

today ~tomorrow

i) absolute vorticity advection at 500 mb

ii) -relative vorticity advection at 500 mb

iii)  temperature advection at 500 mb

iv) sign and relative magnitude of diabatic
effects at 500 mb

v) estimated vertical velocity at 500 mb

5) Give representative values for the following situations

1000-500 mb thickness

i) average rain-snow line for Denver
ii) average rain-snow line for New York City

iii) maximum value normally expected in Denver
in the summer

iv)  minimum value normally expected in Denver
in the winter ‘

500 mb temperature

i) maximum value normally expected in Denver
in the summer

ii)  minimum value normally expected in Denver
in the winter

700 mb temperature

i) maximum value normally expected in Denver
in the summer

ii)  minimum value normally expected in Denver
in the winter
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6) Derive an expression relating 500 mb height to 1000-500 mb thick-
ness.

Forecast

Forecast the maximum and minimum temperature and precipitation
total (melted) at the Fort Collins Weather Station for the following
day. The forecasts must be to me no later than 5 P.M. each day of the
week (except Saturday and Sunday). I will also forecast using the same
guidelines. The forecast verification period is 7 A.M. to 7 A.M. (as at
the weather station).
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AT 540 FINAL EXAM
Fall 1986

Open Book

1. Of the following, circle only the lapse rates (between 1000 mb to 900 mb
and with a 1000 mb temperature of 30°C) which are convectively neutral
or unstable (3 pts.).

2. Circle

the assumptions involved in deriving the adiabatic lapse rate (S
pts.).

hydrostatic relation ideal gas law

1st law of thermodynamics equation of motion

conservation of mass

3. Circle all 500 mb temperatures which are reasonable for Denver between
April 1 and October 1 (5 pts.).

0°c -s°c  -10°c -15°c  -20°c -25%¢c

O
-35°c  -40°c  -45°c -s0°c -s5°c -s0°C

4, For a 500 - 1000 mb thickness of 5520 meters, calculate the mean
temperature in . If the surface temperature is 10°C, calculate a

linear lapse rate consistent with this thickness, and the resultant
500 mb temperature. Show your work (10 pts.).

T = AL | e /km
Al ‘

Ts00 mb = - €



5.
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Calculate the virtual temperature for a temperature of 3503, a dew point

temperature of 25°C and a pressure of 1000 mb. Show your work (5 pts.).

T °

v

1

For an observed horizontal wind from 2350 of S0 ms = at S00 mby, from

305° of 10 ms"1 at BSO mb, and a mean B850 mb - 500 mb thickness of
3020 m, calculate: (Assume a linear change of wind speed and direction
with height. Show your work.) (135 pts.)

i) wvertical wind shear of the horizontal wind ms.1 km_1

ii) mean horizontal advection of temperature in the layer
%c/hr

mean horizontal advection of the 850 mb - SO0 mb thickness
m/hr

iii)
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7. A portion of a gridded 500 mb height field in decameters is sketched
below. Calculate the absolute and relative vorticity for points A and
B. Show your work (10 pts),

558 558 558 558 558

A 41°N
552 552 552 ss2 552

B 40°N
ss8 558 558 558 558

8. If 20/ 32 = -1°C/100 my, what is the velocity of a parcel at 1 km above
the surface if it starts from rest at the surface and is given an

initial upward push of 1 ms-l? Assume a mean environmental temperature
in the lowest 1 km of 300°K. Show your work (5 pts.).-

-1
ms
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9 Calculate the gradient wind speed and direction if the geostrophxc wind

is 30 ms from the west for

i) a low center with a radius of curvature of S00 km

1 o]
ms from

ii) a high center with a radius of turvature of 500 km

1 o]
ms from

Show your work (7.5 pts.).



F=r15

10. Listed below are observed weather conditions. Write them up using the
synoptic radiosonde transmission code for the standard levels which are
given (7.5 pts.).

LEVEL PRESSURE TEMP DEW POINT WIND DIRECTION HEIGHT
% TEMP T SPEED (m)
-1
(ms )
Surface 1018 mb - 2.3 = 2.4 2 NW -
1000 mb - 1.9 0.0 o] NNW 120
850 mb - - §.1 - 8.6 io W 1520
700 mb - -15.6 -28.6 ie2 s 3106
500 mb - -21.7 -31.5 25 SSE 3650
400 mb - -27.5 -36.5 30 NE 7180
300 mb - -4&4 ,0 M as NNE 150

200 mb - -55.0 M 40 N 11700
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11. For the previous (Question 10) data, calculate the mixinq.condensatjon
level for a well mixed, mechanically forced boundary layer, whose top
is at 850 mb. Show your work (2.5 pts.).

BONUS

Forecast the temperature at 1 pm MST tomorrow at the cities listed
below. If you are equal or closer than my forecast, you will obtain +1% on
your test score for each more accurate forecast.

BWI HNL MSP PHX
MIA DEN BOS
LAX SEA CHI

Good luck on the test. 1 enjoyed having you in class and wish you success
in your program. :

Roger A. Pielke
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AT 540  FINAL EXAM

gl ]

Fall 19864

Open Book

1. Of the following, circle only the lapse rates (between 1000 mb to 900 mb

and with a 1000 mb temperature of 30°C) which are convectively neutral
or unstable (5 pis.). :

o 20w o ) 2 T o, 30E _ .o
32 = 1 C/1 km 37 = 1 C/1 km 37 = -1 C/km Nz - 1°C/km
2, Circle the assumptions involved in deriving the adiabatic lapse rate (5
pts.).
hydrostatic relation ideal gas law
ist law of thermodynamics equation of motion

conservation of mass

3. Circle all 500 mb temperatures which are reasconable for Denver between
fpril 1 and October 1 (35 pts.).

sPc. o°c -s°c -10°¢ -15°¢ -20°C -25°¢
s30°c -3°c -40’c -4s°c -50°c -ss°c -e0°C
4., For a 500 - 1000 mb thickness of 35520 meters, calculate the mean

temperature in °c. If the surface temperature is IOOC, calculate a
linear lapse rate consistent with this thickness, and the resultant
500 mb temperature. Show your work (10 pts.).

- AT _ 0 L= )
T 2 _ C/km T500 b = —— >
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5; Calculate the virtual temperature for a temperature of 3505, a dew point

temperature of 25°C and a pressure of 1000 mb.

Show your work (5 pts.).

T °c

For an observed horizontal wind from 235o of 50 mé~ at 500 mb, from

305D of 10 . m'.=.”1 at B30 mby; and a mean B850 mb - 500 mb thickness of
3020 m, calculate: (Assume a linear change of wind speed and direction
with height. Show your work.) (13 pts.)’

i) vertical wind shear of the horizontal wind ms—l km—1

ii) mean horizontal advection of temperature in the layer

oC/hr

mean horizontal advection of the 850 mb - 500 mb thickness
. m/hr

iii)




7. A& portion of a gridded 500 mb height field in decameters is sketched
below. Calculate the absolute and relative vorticity for points A and
B. Show your work (10 pts).

558 558 558 558 558

A 41°N
552 552 552 552 s52

B 40°N
558 558 558 558 558

8. If 30/ 82 = -1°C/100 m, what is the velocity of a parcel at 1 km above
the surface if it starts from rest at the surface and is given an

initial wupward push of 1 ms-l? Assume a mean environmental temperature

in the lowest 1 km of 300°K. Show your work (5 pts.).-

-1
ms
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9. Calculate the gradient wind speed and direction if the geastrophic

is 30 ms-1 from the west for
i) a low center with a radius of curvature of 500 km

~1 o
ms from

ii) a high center with a radius of curvature of 300 km

-1 s}
ms from

Show your work (7.5 pts.).

wind
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10. Listed below are observed weather conditions. Write them up using the
synoptic radiosonde transmission code for the standard levels which are
given (7.3 pts.).

LEVEL  PRESSURE  TEMP DEW POINT WIND DIRECTION  HEIGHT

°c 1EMPC SPEED (m)

(ms—l)

Surface 1018 mb - 2.3 - 2.4 e NW -
1000 mb - 1.9 0.0 5 NNW 120
850 mb - - 1.1 - 5.6 10 W 1520
700 mb - -15.6  -28.6 12 S 3106
500 mb - -21.7  -31.5 25 SSE 5650
400 mb - -27.5  -36.5 30 NE 7180
300 mb - -44.0 M 35 NNE 9150

200 mb - -55.0 M 40 N 11700




11. For the previous (Question 10) data, calculate the mixing condensation
level for a well mixed, mechanically forced boundary layer, whose top
ic at B850 mb. Show your work (2.5 pts.).

BONUS

Forecast the temperature at 1 pm MST tomorrow at the cities listed
below. If you are equal or closer than my forecasty you will obtain +1% on
your test score for each more accurate forecast.

BWI HNL MSP PHX

MIA DEN BOS
LAX SEA CHI

Good luck on the test. I enjoyed having you in class and wish you success
in your program.

Roger A. Pielke
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AT S40 FALL 1986
MIDTERM
(Open book - open notes)

Using single station analysis,; compute the following for the
requested station. Using a transparency of your soundings and a
work sheet, you are to make a S-minute presentation of this
information. VYour clarity of presentation and completeness will
contribute to your grade.

LCL

CCL -

LFC

EL

Area and magnitude of positive buoyancy
Area and magnitude of negative buoyancy

T
W

MCL (assume a PBL height of 1 km)

Precipitable water

Lifted Index

K-index

1000 - S00mb thickness and mean temperature

1000 - 850mb thickness and mean temperature

850mb -~ 700mb thickness and mean temperature

1000 - S0O0mb thermal wind and mean temperature advection

1000 - 850mb thermal wind and mean temperature advection

850mb - S00mb thermal wind and mean temperature advection

BONUS: Forecast the temperature in Fort Collins 48 hours from
now, as given on the digital read-out in the foyer and
earn 3% on top of your midterm grade. Good Luck!
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AT 540 FINAL EXAM

FALL 1987

Open Book

i. Of the following, circle only the lapse rates (between 1000 mb to 900 mb

and with a 1000 mb temperature of ao°t) which are convectively neutral

or unstable (S pts.).

38 = »© 3By _ ,0 3T _ _,0 38 _ 40
—= 2°¢c/1 km “‘Laz 2°¢/1 km —5 = -2°C/km —ag— = -2°C/km

2. Circle the assumptions involved in deriving the adiabatic lapse rate (5

pts.).

hydrostatic relation ideal gas law
ist law of thermodynamics equation of motion

conservation of mass

3. Circle all S00 mab temperatures which are reasonable for Denver between
October 1 and April 1 (S pts.).

159 1°¢ Le o°c -¥c -1°c -15c  -2°c -25°c

%

-3°c -3¢ -4’c  -4fc  -s0°c  -s9°c  -s0°C  -eC  -70°C
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4. For a 3500-1000 mb thickness of 5700 meters, calculate the mean
temperature in ‘.

If the surface temperature is 30°t. calculate a

lapse rate consistent with this thickness, and the resultant S00
mb temperature. Show your work (10 pts.).

linear

T =

e o
C/km T500 ab = c

5. Calculate the virtual temperature for a temperature of ao°c. @ dew point
temperature of 20°C and a pressure of 900 mb. Show your work (5 pts.).
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an observed horizontal wind from 180°C of 70 ms-1 at 500 mb, from

! at 8350 mb, and a mean 850 - S00 mb thickness of 3140 m
linear change of wind speed and direction with

6. For
90° of 20 ms
calculate: (Assume a

height. Show your work.) (15 pts.)

a) vertical wind shear of the horizontal wind

b) mean horizontal advection of temperature in the layer
o
C/hr

mean horizontal advection of the 850 mb - S00 mb thickness

c)
om/hr
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A portion of a gridded 500 mb height field in decameters is sketched

7.
below. Calculate the absolute and relative vorticity for points A and
B. Show your work (10 pts.) Assume a linear change of wind from points
A to B.
558 558 558 558 358
A 41°N
Sb4 S64 S64 S64 5966
B 40°N

558 558 358 558 558
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8. Calculate the gradient wind speed and direction if the geostrophic wind

is 10 ms ° from the west for

a) a low center with a radius of curvature of S00 km
m-.'m1 from

b) a high center with a radius of curvature of 500 km
ms_l from _____ 0

Show your work (7.5 pts.).
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9. Listed below are observed weather conditions. Write them up using the
synoptic radiosonde transmission code for the standard levels which are

given (7.5 pts.).

LEVEL PRESSURE TEMP DEW_POINT WIND DIRECTION  HEIGHT
o 1Emp % SPEED (m)
ms™h
Surface 1018 mb - 2.3 -2.4 8 Su -
1000 mb - 6.9 0.0 13 SsuW 120
850 mb - -11.1 -15.6 20 W 1520
700 mb - -16.6 -28.6 2s N 3106
500 mb - -30.0 -31.5 30 NNE S650
400 mb - -27.5 -36.5 3s NE 7180
300 mb - ~44.0 M 40 W 9150

200 mb - ~33.0 H 30 WNW 11700
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10. Given the observed surface winds and thickness gradient outlined below,
indicate what type of front occurs and whether it is an ’active’ of

'inactive’ front. Use standard symbolism for frontal types (4 pts.).

11. List four meteorological parameters that are forecast by NMC using the
method of model output statistics (MOS). (2 pts.)




12.

s
O
&,

“.SD ﬂw J'q)'

13.
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For the cross section of equivalent potential temperature sketched

below; shade in red the regions of layer instability. (3 pts.)

For the crose section of potential temperature sketched below; estimate
the magnitude and sign of vertical metion at point #. Assume adiabatic
motion and use a wind speed in the plane of the page of 20 & s—l. Show

calculations and formula used. (& pts.)

c® s-l {formula used)

ot (}/‘zohf’
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FALL 1987

FINAL

AT 540 Re-Exam
Open Book/Open Notes - Keep Analyses attached

1. Given the attached Eonnding, decode the following information.

Mandatory Wind Wind
Levels Speed Direction T(° C) T4(®° C) Z (m) p (mb)
Surface
1000 mb
850 mb
700 mb
500 mb
300 mb
200 mb
Significant Levels T(° C) T4(° C)
(Choose two)
(mb) °C °C
(mb) °C °C




72407 TTAA 70122 72407 99015 03204 12012 00140 02809 12020
85461 07215 21049 70046 00415 24050 S0568 13743 ///// 40734
25350 ///// 30937 403// 25570 25058 511// 24098 20200 &21//
26641 88999 646140 26700 462// 51515 10164 00008 10194 14034
24553= .

72407 TTBB 7012/ 72407 00015 03204 11898 02413 22842 07415

33771 05219 44500 13743 S5301 39956 &6220 S87// 77172 &81//
88159 &83//= )
PPBB 70120 72407 0012 12012 12528 15032 $0346 16534 18542
22551 90789 24054 25056 25556 $123/ 25551 26539 9268/ 25562
24550 93057 25069 24105 246589 94023 27148 26448 24700=

64700328
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2. Given the attached plotted sounding, calculate the following information using surface values. Show work
on a separate sheet.

ICL
CCL
EL a) using T,

b) using observed T

I.

Ow

be

3. Given the attached 500 mb analysis, calculate the following at location A. Show work on a separate sheet.

geostrophic wind speed

geostrophic wind direction

gradient wind speed

gradient wind direction

relative vorticity (use geostrophic wind)

absolute vorticity (use geostrophic wind)

absolute vorticity advection (use geostrophic wind)
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4. Given the attached 700 mb analysis, calculate the following at point B. Show work on a separate sheet.

geostrophic wind speed

geostrophic wind direction

temperature advection (use geostrophic wind)

5. Given the Figures below, write in the letter of the definition which most closely relates the two.

inactive stationary front

active stationary front A Ceol = Cold =»

T 77777

inactive warm front

active warm front B w % -

AW Aawd
inactive cold front 7

active cold front

C -
i ) <
cold occlusion et S s

. Wl er
D Cold ~ "<_¢..00l_77q

warm occlusion

N Sy ANy SN AN A AN AR §




d

\UQT .. ~d\f~\\+fa .‘L.IJ.—:QWH‘ vQ “y \.-\Jﬂ(bﬁ&lcq:»l
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6. Given the 1000 mb and 500 mb geostrophic winds drawn below, and Zj000 = 30 m and Zsoo = 5520 m,
calculate the following for 43° N.

thermal wind (m s~!) at A

1000 - 500 mb thickness (m) at A

1000 - 500 mb thickness advection (m/hr) at A

1000 - 500 mb mean layer temperature (°C) at A

1000 - 500 mb mean layer temperature advection (°C/hr) at A

lcm:lo"‘/s

Sleco v
3Sed

7. Plot the surface station model for the following observations at a location at 40°N. Temperature = 80°F;
dew point temperature = 70°F; visibility = 5 miles; wind = 10 knots from the southeast; obscured, light
thunderstorms; mean sea level pressure = 1020 mb; pressure falling and then steady over the past 3 hours;

pressure change is minus 0.3 mb.
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8. Plot the 500 mb station model for the following observations at a location at 40°N. Temperature = -25°C;
dew point temperature = -29°C; wind = 35 knots from the south; a height of 5320 meters; and a 12 hour
height change of minus 120 meters.

9. Give representative values of temperature and dew point temperature for the following air mass types in the
summer.

Summer

ml T=________ = 1Tp=

mP T=_______ '~ Tp=

cP = Ip=

cA T= RS ———— TD =
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10. Given the attached NGM forecast model out, what are the values of the following variables at peint A. Give'
units.

700 mb height

700 mb relative humidity

500 mb height

500 mb absolute vorticity

surface pressure

1000 - 500 mb thickness

vertical motion at 700 mb
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~Fall 1987

FINAL

AT 540

PART 1: SOUNDING PLOTTING AND INTERPRETATION (Optional, upon request;
graded separately.)

From the coded data provided, fill in the following form. Be sure to include units. In some cases, missing
is an acceptable answer.

PRESSURE TEMPERATURE DEW POINT HEIGHT WIND SPEED WIND DIRECTION

1000 mb

850 mb

700 mb

500 mb

300 mb

200 mb

For the surface, list the following:

e pressure

e temperature
¢ dew point

e wind speed

e wind direction
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Fill out the following information for 5 significant levels which are not mandatory levels and which are
below 700 mb.

PRESSURE TEMPERATURE DEW POINT

Give the wind speed and direction for the following heights:

HEIGHT WIND SPEED WIND DIRECTION
1000 ft.
3000 ft.

6000 ft.

9000 ft.

15000 ft.

20000 ft.

27000 ft.




RACER
ENTER STATION ID NUEER
STATION: 72407 -
ENTER TTAA FOR MANDATORY
LEVEL :

Tterrupt

SELECTION: RAOET

ENTER & FOSITION STATION
STATION: 72407

ENTER DAY OF MONTH (e.q.
DATE: 1,

Enter @7 TIME (e.g. 12)
TIrE: 12

F- 45

OR TTER FOR SIGMIFICANT LEVELE

O7 TTAA  S1121 72407 99997 OZ040 ZR0O0T7 OQUS0Z2 ////7 11777

835307 OFE7 20318 70559 04

25558 S0S4T 20720 2ETIE 40703

TETE0 24575 TORO0 4ES// 24354 ZH0ZR 4&7// ZD0ETS 20169 487//
24567 189757 S31//7 Z5077 10615 559/ /7 23044 BEIZ1 46TS//7 24042
77148 ZZ077 40830 51515 10164 014 10194 T1019 Zedao=

T2407 TTRE S112/ 72407 O0797 03040 11994 OT455 229464 OIZ2I9

ITET2 01356 44811 01062
83870 09157 F7T94 11780
44400 T2IS0 SEIST 40163
FFER S1120 72407 0012
ZB0RT7 FOLTE 27559 26TEY
ZEET0 9187/ 25031 27074
2E06S 24564 4570 24570
SI04G=

SELECTION:

5781 OB6E &67E5T OI8O 77644 07780
11981 187280 Z2557 187867 1529 18180
6621 46S// T716T 457//7 8B100 SF5/ /=
25007 TO0Z2 TZDET 9OI4AS 3018 3517
2T|I7 9OR// ZD5EE F1245 8055 S5031
GR0T7 23TI8 2E0TT7 24039 QIOIT £45357
077 R47// 24T T/, ZITTO
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Plot the following sounding on the SKEW-T Log-P diagram.

PRESSURE (mb) TEMPERATURE (C) DEW POINT (C)

1016

1000

970

950

941

850

700

673

500

471

454

400

319

300

250

213

200

158

150

133

100

9.4

8.4

8.6

12.4

12.6

7.4

0.0

0.0

-15.5

-19.1

-22.3

-27.7

-39.9

-43.7

-53.5

-62.1

-60.3

-59.3

-61.7

-65.1

-68.7

8.8
76
7.1
10.8
11.0

5.8

-19.0
-23.0
-30.3
-36.7

-45.9



“From this sounding, obtain the following values at 1000, 700, and 500 mb. Give a one or two sentence
explanation on how each was determined. Show all your work on the tracing paper given. Use one piece
for each level.

1000 700 500

LCL

Tg

>

w

Tw

From this sounding, answer the following questions. Show all work and briefly explain how each question
is answered.

1. At what pressure is the tropopause?
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2. If a parcel at the surface is lifted to 200 mb assuming that all water which condenses immediately
falls out of the parcel, give the following values for the parcel at 200 mb.

Temperature
Dew point
Mixing ratio

If the parcel originally has 2.0 kg of dry air, how much water fell out of the parcel assuming no
entrainment?

3. Assume the surface heats to 29° C and that the dew point is 8.8° C (the same as in the sounding),
up to what pressure will the parcel be positively buoyant?

4. What surface temperature is needed to get a surface parcel with an equilibrium level of 250 mb?
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5. A warm front is in the vicinity. At what pressure is the top of the warm front?

6. This sounding is for a November day at 12Z at Atlantic City, New Jersey. The weather there most
likely is:

a) mostly clear
b) cloudy with rain

c) cloudy with thunderstorms
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PART 2: CALCULATION OF PHYSICAL VALUES (Optional, upon request; graded sepa-
rately.)

This part of the exam is designed to see if you understand the physical meaning of the mathematical values
and to give you insight into the structure of weather systems. Included are two maps with gridded data
at 500 mb and 700 mb with hand drawn contours.

Using only the gridded data set, you will calculate for 1 to 3 stations:

- o geostrophic wind at 500 mb and 700 mb
e 500 mb to 700 mb thermal wind
¢ 500 mb to 700 mb thickness
e 500 mb to 700 mb mean layer temperature
e 500 mb geostrophic relative vorticity
¢ 500 mb geostrophic absolute vorticity
e 500 mb to 700 mb mean layer temperature advection

¢ 500 mb geostrophic vorticity advection

Assume a constant f = 10~%. The contours are provided to help determine if the answers are reasonable.
The gridded data along the x and y axis suggest an easy way to calculate the values (I'll glve hints in the
fexam). Assume a uniform spacing of 100 km between grid points.

The stations are underlined grid values on the maps. One is near Williamsport, Pennsylvania (PA); one is
near Dallas, Texas (TX), and one is east of Lake Tahoe, Nevada (NV).

The heights for these stations are:

500 mb 700 mb

PA 5489 2895
TX 5603 3025

NV 5641 3060
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1. GEOSTROPHIC WINDS AT 500 MB AND 700 MB. Filling in the following table may help (HINT).
Be sure to show the equations and values used.

For 500 mb:

Components of the Wind
tg vy

wind speed wind direction

PA

TX

- NV

For 700 mb:

Components of the Wind

wind speed wind direction

PA
TX

NV

The following diagram may help:

/’V\Q-'\‘J"*:‘ (U&;‘r\f;y/*

OO

) ¥= sccher (22
~ By U%
8 O - 10
9
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2. THERMAL WINDS. Fill in the following table. There is an easy was to calculate the thermal wind
using the x and y components. Use the same hints as in question 1. As always, be sure to show the
equation and values used.

Components of the Wind
Uy v, wind speed wind direction

PA

TX

NV

3. THICKNESS. Calculate the 500 mb to 700 mb layer thickness.

Thickness

PA

TX

NV

4. MEAN LAYER TEMPERATURE. Give the 500 mb to 700 mb mean layer temperature for the three
stations. Show the equations and values used.

Mean Layer Temperature

PA

TX

NV
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5. RELATIVE GEOSTROPHIC VORTICITY. Show that on a constant pressure surface with f being
constant that:

C9=E°Vxﬁgzgvgz=g<

0222 822)
f f

927 T oy

A Laplacian can be approximated by: <.
e D¢l
V2y v Il +2i 14 2is1 F 2] ~42;
Al A e 2{_.‘_'
A:z:Ay:A ,2;-'1 E‘_
¢
25

Writing the relative vorticity equation in natural coordinates shows that there are two components
to vorticity. Write the relative vorticity equation in natural coordinates and state what the terms
are. Indicate when each term gives a positive and negative contribution to vorticity.

10
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We have shown that there are two ways to express vorticity. Using the Laplacian form of the vorticity
equation, make up “typical” height values at 500 mb to show how each component of the natural
form contributes to positive or negative relative vorticity. Use the diagram below.

F\ st Co mponsat

Sa.caa cl Coﬁpar\a»\'\'

O
S ® ® [ ® IS @
|
T
| . .
v 2
2~
£ vg_ ~ V;Zx
N . .
E
Ky . .
q-' ® [ ® [ ]
T t
\ ® .
v
E|%per V2

Using the approximation for the Laplacian, calculate the relative geostrophic vorticity. Remember
to show all your work.

Relative Geostrophic Vorticity

PA

X

NV

11
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6. ABSOLUTE GEOSTROPHIC VORTICITY. Using values from part 5, give the absolute geostrophic
vorticity for the three stations. (Make up reasonable values for relative vorticity if you didn’t get

answers for part 5).

Absolute Vorticity

PA

X

NV

7. MEAN LAYER TEMPERATURE ADVECTION. Give the 500 mb - 700 mb mean layer temperature
advection for the three stations. Show the equations used and the values put into the equations. Is
advection alone causing a mean temperature increase or decrease?

This problem can be easily done if you calculate the x and y components of the advection, then add -
them together.

Mean Layer Temperature Advection Increase or Decrease?

PA
TX

NV

8. GEOSTROPHIC VORTICITY ADVECTION. For ONLY Williamsport (PA), calculate the advection
of the geostrophic vorticity at 500 mb. Show the equation used and the values used. Look at problems

5 and 7 for hints.

Geostrophic Vorticity Advection

PA

12
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-PART 38: Required

1. Refer to the satellite photo posted on the blackboard. Indicate the most likely explanation for the
specified clouds.

A.

m Y o w

2. Given the extratropical cyclone and observed winds, infer as best you can, what type of front and
whether it is active or inactive at the locations indicated:

- ~——

"‘. S~

I
3 -
- - =~ . S~
4 7’ .- - ~
’ - ~
’ ' S
~ . — — -

C.

3. Write the form of the geostrophic wind in an isentropic coordinate system. Show your work.

V=

13
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4. Given the pressure distribution below, draw a balance of forces that would result in a non-accelerating
wind velocity at points A and B.

5. Given a southward moving 10 ms™! parcel with constant horizontal velocity shear and curvature of
trajectory, calculate the change of the lapse rate as the parcel moves from 50°N to 40°W. Assume a

beta-plane centered at 45°N, and an initial lapse rate of %Q,Low = 10°C/100 mb.

9% _
op 40°N

°C/km

Using this information, assuming w = 0 at the ground, and the wind is a constant up to 100 mb
above the surface, estimate vertical motion in cm s~! at 300 mb above the surface.

w= cm s~!

6. Properly connect the left and right sides.

ITCZ region of extremely low thickness

northeast trades upper branch of Hadley cell

polar front | low level convergence of trade winds

arctic high - demarcation between tropical and polar origin air
subtropical jet lower branch of Hadley cell

14




7. Referring to the surface weather map for 12Z today, indicate what synoptic category occurs at the
points listed below.

A.

B
C
D.
E

8. Give the meaning of the following acronyms. For the ones that are models, also give their number of
vertical levels and approximate horizontal grid intervals at 45°N.

LEVELS Horizontal Grid Resolution
(if applicable) (if applicable)
NGM: .

LFM:

RAFS:

MRF:

MOS:

DIFAX:

MFM:

15



F-61

9. Define in a few sentences, each of the following two concepts:

Perfect Prog:

Method of Model Output Statistics:

Finally, for a 5% bonus on top of your course grade, forecast the temperature on the foyer thermometer
at 1 p.m. Friday. If you equal or are closer to my forecast, you earn the 5%.

Good luck! I enjoyed having you in class this fall!

R.A. Pielke

16
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Fall 1987

Test
AT 540 (3 hours)

Using the attached 500 mb and 700 mb analyzed maps, perform the following calculations
for

¢ Denver -
e Chicago
e Washington, D.C.
e Phoenix

Their locations are indicated on the maps. The answer sheet is attached. Tracing paper
is added for convenience in your calculations.

compute the geostrophic and gradient winds

compute the 700 mb to 500 mb thermal wind

compute the 700 mb to 500 mb thickness

compute the 700 mb to 500 mb mean layer temperature
compute the layer-mean temperature advection
compute the geostrophic relative vorticity at 500 mb
compute the absolute vorticity at 500 mb

© NP ok

compute the 500 mb absolute vorticity advection

Use f = 104 sec™?! for each city. Show your equations and your work. Make sure you give
dimensional units.

BONUS: Forecast the temperature on the digital thermometer in the foyer at 1 p.m., 48
hours from today. If you are equal or are closer than my forecast, we will add 5% to your
grade.

attachments: answer sheet, and height analyzed 500 mb and 700 mb fields



Name:
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Fall 1987
AT540
(Answer Sheet)

Denver Chicago

Washington, D.C.

Phoeniy

geostrophic wind

gradient wind

700 mb to 500 mb

. thermal wind

700 mb to 500 mb
" thickness

700 mb to 500 mb

mean layer temperature

layer mean temperature advection

500 mb geostrophic relative vorticity

500 mb absolute vorticity

500 mb absolute vorticity advection

Temperature Forecast

500 mb
700 mb

500 mb
700 mb







N
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AT 540

Thermodynamic Test - 2 Hours

1. Attached is a plotted thermodynamic diagram. Obtain the following values from the sounding.

850 mb 700 mb 500 mb 300 mb

2. Using 1000 mb as your lower level, compute the LFC and the EL using

LFEC
i) the given value of Tp and T

Tp

LCL

(from the stated pressure)

i) the given value of Tp and T +5°C

iii) the given value to T and Tp =T

iv) the value of T using the value of w at Tp
to represent the moisture up to the CCL

Give the value of T¢o =
and CCL =
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3. Given the attached raw data, provide the following values

height(meters) wind(knots)

Zgsomb o 5,000 feet
Zroomb 10,000 feet
Zsoomb — 15,000 feet
Z300 mb o 20,000 feet
Z200mb o 25,000 feet

pressure(mb) temperature (°C) dew point temperature(°C)
for 5 significant levels that are pot standard levels
and that are lower than 300 mb

Remember to include units. Good luck on test.
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6. Given the 1000 mb and 500 mb geostrophic winds drawn below, and Zipo0 = 30 m and Zsgo = 5520 m,
calculate the following for 43° N.

thermal wind (m s™1) at A

1000 - 500 mb thickness (m) at A

1000 - 500 mb thickness advection (m/hr) at A

1000 - 500 mb mean layer temperature (°C) at A

1000 - 500 mb mean layer temperature advection (°C/hr) at A

| / V3 tooo
Y5

v
A foo

lem=10™k -

7. Plot the surface station model for the following observations at a location at 40°N. Temperature = 34°F; |
dew point temperature = 20°F; visibility = 7 miles; wind = 15 knots from the northwest; overcast, light -
snow; mean sea level pressure = 1013 mb; pressure rising and then steady over the past 3 hours; pressure
change is plus 1.3 mb. i
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8. Plot the 500 mb station model for the following observations at a location at 40°N. Temperature = -15°C;
dew point temperature = -17°C; wind = 75 knots from the east; a height of 5520 meters; and a 12 hour
height change of plus 70 meters.

9. Give representative values of temperature and dew point temperature for the following air mass types in the
summer.

Summer
mlT T=___________ Tp=
mP T=_ Tp =
cP =____ e TITp=
cA T= Tp =
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10. Given the attached NGM forecast model out, what are the values of the following variables at point A. Give
units.

700 mb height

700 mb relative humidity

500 mb height
500 mb absolute vorticity

surface pressure

1000_- 500 mb thickness

vertical motion at 700 mb
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F-3E5
Fall 1987

Atmospheric Dynamics

1. (a) Derive the vorticity equation from first principles after making the following
assumptions

e the ideal gas law applies
e density fluctuations are ignored except when multiplied by gravity

(b) From the derived vorticity equation, write out the vertical component and phys-
ically explain each term in the resultant equation. Use a sketch where appropriate,
to illustrate how each term causes a change in vertical vorticity.
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Fall 1987

Weather Systems

1. Given the following thermodynamic diagrams, plot a representative
e sounding that you would expect in Fairbanks, Alaska in December
e sounding that you would expect in Fort Collins, Colorado in July
e sounding that you would expect in Miami, Florida in July

Temperature, dew point temperature, and wind as normally plotted on these dia-
grams should be included.

Write on each sounding, using surface values, the values of
e LCL
e Ty
e LFC
e EL

o w

Finally, in a paragraph, describe your rationale for the illustrative sounding.

attachment: 3 skew-T’s
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Fall 1988

FINAL

AT 540 Re-Exam
Open Book/Open Notes - Keep Analyses attached

1. Given the attached sounding, decode the following information.

Mandatory Wind Wind

Levels Speed Direction T C) Ta(° C) Z (m) p (mb)
Surface

1000 mb
850 mb
700 mb
500 mb
300 mb
200 mb

Significant Levels T(° C) Ta(° C)
(Choose two)
(mb) °C °C

(mb) °C ' °C
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7 )4 TTAA 70121 72304 99015 14407 19004 00130 {9401 20019
85515 11408 21540 70114 02841 25042 S0575 11980 26049 40743

22180 25544 30948 37957 26545 25070 489// 27567 20213 625//
/2777 15388 675// 27598 10631 715// 27555 88160 &73// /////
77158 27401 4//12 51515 101464 00003 10194 21084 23041=
22304 TTBB 7012/ 72304 00015 14407 11000 19401 22998 19811
33837 10408 44833 08050 55831 08438 64827 04842 77812 10449
88774 08261 99771 08270 11666 00058 22438 02721 33608 05912
44597 04941 55559 11513 44557 11525 77553 10180 88541 08180
99400 22180 11351 29980 22335 31547 33289 39957 44200 625//
PPBB 70120 72304 $0012 19006 21032 21537 90344 21037 21039
22542 90789 23042 23040 24040 91024 24541 24539 25541 916//
25552 92056 25051 25547 25547 93025 26545 24546 27567 945//
27401 95013 27590 27589 27556=
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2. Given the attached plotted sounding, calculate the following information using surface values. Show work
on a separate sheet. '

LCL

CcCL

EL a) using T

b) using observed T’

)

3. Given the attached 500 mb analysis, calculate the following at location A. Show work on a separate sheet.

geostrophic wind speed

geostrophic wind direction

gradienf wind speed

gradient wind direction

relative vorticity (use geostrophic wind)

absolute vorticity (use geostrophic wind)

absolute vorticity advection (use geostrophic wind)
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4. Given the attached 700 mb analysis, calculate the following at point B. Show work on a separate sheet.

geostrophic wind speed

geostrophic wind direction

temperature advection (use geostrophic wind)

5. Given the Figures below, write in the letter of the definition which most closely relates the two.

inactive cold front

r Wes
active cold front - rm
ool ~» - Cold —»

T T7I7 7

cold occlusion

warm occlusion

w_“_:‘% -

inactive warm front B
in fr e

active warm front

inactive stationary front - c warm
' © Co‘d_'é

s L Ll 77 S

: Wl e )
.‘“ D CO‘J - C.oO' "_7

¢

=77 77 ¢ 7 7 [/

F a\&

AR A A A S e a o

G Cold ;X"\ walm

VAN G A Sy B R A A

active stationary front
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Fall 1988

FINAL

AT 540 Re-Exam
Open Book/Open Notes - Keep Analyses attached

1. Given the attached sounding, decode the following information.

Mandatory Wind Wind
Levels Speed Direction T(° C) Ta(° C) Z (m) p (mb)
Surface
1000 mb
850 mb
700 mb
» 500 mb
300 mb
200 mb
Significant Levels T(° C) T4(° C)
(Choose two) .
(mb) °C °C
o (mb)y ______°C - °c
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72407 TTAaA 70122 72407 99015 03204 12012 00140 02809 12020
85441 07215 21049 70046 00419 24050 50568 13743 ///// 40734
25350 ////7 30937 403// 23570 25058 S11l//7 26098 20200 &21//
26641 B899 64160 28700 462// 51515 10164 00008 10194 16034
24553=

72407 TTBB 7012/ 72407 00015 03204 11898 02413 22842 07415
33771 05219 44500 13743 55301 39958 66220 3587// 77172 é81//
88159 &83//=
PPBB 70120 72407 90012 12012 12528 15032 90344 16534 18542
22551 90789 24004 25056 25556 9123/ 205551 26539 9268/ 25562
24550 93057 25069 246105 26589 94023 27148 246448 246700=

64700328
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2. Given the attached plotted sounding, calculate the following information using surface values. Show work
on a separate sheet.

LCL —_—
CcCL
EL a) using T,

b) using observed T'

TI.

)

3. Given the attached 500 mb analysis, caléulate the following at location A. Show work on a separate sheet.

geostrophic wind speed

geostrophic wind direction

gradient wind speed

gradient wind direction

relative vorticity (use geostrophic wind)

absolute vorticity (use geostrophic wind)

absolute vorticity advection (use geostrophic wind)
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4. Given the attached 700 mb analysis, calculate the following at point B. Show work on a separate sheet.

geostrophic wind speed

geostrophic wind direction

temperature advection (use geostrophic wind)

5. Given the Figures below, write in the letter of the definition which most closely relates the two.

inactive stationary front

A Wer M
. . cool = Cold =
active stationary front e T 777/

inactive warm front

ti . :
active warm front B %

inactive cold front

active cold front

c e d
. © col
cold occlusion ——— 7777

W wlm
D cold - cool ==
= 4

P
E : Colgl -y _::’_:.:,\

—7 7 7 77 [/

Cold ®

PR AN S i

G Cold \>>\ Walem
7’

H Walm
Cold & o]
7/

warm occlusion
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6. Given the 1000 mb and 500 mb geostrophic winds drawn below, and Z;p00 = 30 m and Zspo = 5520 m,
calculate the following for 43° N.

thermal wind (m s™1) at A

1000 - 500 mb thickness (m) at A

1000 - 500 mb thickness advection (m/hr) at A

1000 - 500 mb mean layer temperature (°C) at A

1000 - 500 mb mean layer temperature advection (°C/hr) at A
| W
lem=lo™s

3
loow v
} SSe )
7. Plot the surface station model for the following observations at a location at 40°N. Temperature = 80°F;
dew point temperature = 70°F; visibility = 5 miles; wind = 10 knots from the southeast; obscured, light -
thunderstorms; mean sea level pressure = 1020 mb; pressure falling and then steady over the past 3 hours; -

pressure change is minus 0.3 mb.




F-90

8. Plot the 500 mb station model for the following observations at a location at 40°N. Temperature = -25°C;
dew point temperature = -29°C; wind = 35 knots from the south; a height of 5320 meters; and a 12 hour

height change of minus 120 meters.

9. Give representative values of temperature and dew point temperature for the following air mass types in the
summer.

Summer
ml T=______ Tp=
mP T= —— Ip=
cP = Tp =
cA T= . Ip=
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10. Given the attached NGM forecast model out, what are the values of the following variables at point A. Give
~ units.

700 mb height
700 mb relative humidity
506 mb height
500 mb absolute vorticity

surface pressure

1000 - 500 mb thickness

vertical motion at 700 mb
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Fall 1988

FINAL

AT 540 Re-Exam
Open Book/Open Notes - Keep Analyses attached

1. Given the attached sounding, decode the following information.

Mandatory Wind Wind
Levels Speed Direction T(° C) Ta(° C) Z (m) p (mb)
Surface |
1000 mb
850 mb
700 mb
500 mb
300 mb
200 mb
Significant Levels T(° C) T4(° C)
(Choose two)
(mb) °C o C
(mb) __ °Cc °C
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7.<13 TTAA 70121 72213 99007 18433 18012 00103 18419 18017
85491 13412 23538 70105 04862 23049 S0577 10180 23558 40746
21380 23562 30951 37349 25069 25075 477// 25593 20219 559//
25101 15398 &51// 25565 10839 749// 24570 88999 77189 25113
42048 51515 10164 00002 10194 21036 23542=

72213 TTBB 7012/ 72213 00007 18433 11972 14809 22943 18017
33787 10830 44724 04037 55490 05080 48643 04080 77583 04980

88557 08341 99553 07980 11540 04380 22451 13580 33400 21380
44365 27345 55353 28541 646285 39956 77218 SS5i// 88100 749//=
PPBB 70120 72213 90012 18012 19031 20040 90344 21540 23038
24039 90789 24041 23541 23544 91234 22059 22080 22560 9167/
23561 23562 92056 23058 23543 23563 929// 25076 93024 25074
25568 25591 9358/ 25592 24107 94014 25097 25113 246548 9503/
25575 24571=
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<,

S

2. Given the attached plotted sounding, calculate the following information using surface values. Show work
on a separate sheet.

ICL

CcCL

EL a) using T,

b) using observed T

)

. 3. Given the attached 500 mb analysis, calculate the following at location A. Show work on a separate sheet.
i’" geostrophic wind speed
geostrophic wind direction
gradient wind speed
gradient wind direction
relative vc;rticity (use geostrophic wind)
absolute vorticity (use geostrophic wind)

absolute vorticity advection (use geostrophic wind)
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4. Given the attached 700 mb analysis, calculate the following at point B. Show work on a separate sheet.

geostrophic wind speed

geostrophic wind direction

temperature advection (use geostrophic wind)

5. Given the Figures below, write in the letter of the definition which most closely relates the two.

. Wl M
cold occlusion
cool ~> Cold ~>

IR a4

warm occlusion

inactive cold front

B w%@

7 s L S

active cold front
active warm front

inactive warm front : c warm
® [o4?) Id —>

VAV T Ao ereea

inactive stationary front

active stationary front , W wlm
' D cold — S Cool —>
7 Pd

We-faq
E ColJ —y =

r A AT T erae

3 ak\:

LA A A Ay G e of

A A aaw v ar e av & 4

H celd &
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6. Given the 1000 mb and 500 mb geostrophic winds drawn below, and Zyopo = 30 m and Zspo = 5520 m,
calculate the following for 43° N.

thermal wind (m s™!) at A

1000 - 500 mb thickness (m) at A

1000 - 500 mb thickness advection (m/hr) at A

1000 - 500 mb mean layer temperature (°C) at A~

1000 - 500 mb mean layer temperature advection (°C/hr) at A

v
Jlooo

A

7. Plot the surface station model for the following observations at a location at 40°N. Temperature = 23°F;
dew point temperature = 10°F; visibility = 6 miles; wind = 30 knots from the southwest; partly cloudy,
light snow; mean sea level pressure = 1002 mb; pressure rising over the past 3 hours; pressure change is plus
2.6 mb.
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8. Plot the 500 mb station model for the following observations at a location at 40°N. Temperature = -10°C;
dew point temperature = -25°C; wind = 115 knots from the west; a height of 5460 meters; and a 12 hour
height change of plus 10 meters.

9. Give representative values of temperature and dew point temperature for the following air mass types in the
summer.

Summer
mT T= — Ip=
mP T= e Ip=
cP = TIp=
cA T= —— Ip=
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10. Given the attached NGM forecast model out, what are the values of the following variables at point A. Give
units.

700 mb height

700 mb relative humidity
500 mb height

500 mb absolute vorticity
surface pressure

1000 - 500 mb thickness

vertical motion at 700 mb
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" Fall 1988
FINAL

AT 540 Re-Exam
Open Book/Open Notes - Keep Analyses attached

1. Given the attached sounding, decode the following information.

Mandatory Wind Wind _
Levels Speed Direction T(° C) Tq(° C) Z (m) p (mb)
Surface
1000 mb
850 mb
700 mb
500 mb
300 mb
200 mb
Significant Levels T(° C) Ts(° C)
(Choose two)
| (mb) ° C °C
(mb) °C °C




22402 TTAA 75121 72402 99015 042

26 18008 QR134 04427 22010

85445 01456 19522 70011 05904 21041 50541 16913 23073 40725
28554 24112 30926 415// 22135 25047 521// 22644 20188 601//
~n148 15385 &01// 25811 10617 6537/ 24072

. 166

2402 TTBB 7512/ 72402 00015 04226 11000 044

33967
88553
44317
?2100
PPBB

19523
23067
25084

681// 24669

096467 448649
11703 99449
38756 55222
653/ /=

75120 72402
90478 21021
92058 23579
23087 95013

02660
20518
583//

90012
21024
23625

23589

55837
11451
66166

isooe
21028
22126
24587

01219
22756
617/

27513
?09//
930S/

24071=

66681
22407
77150

24011
21035
22134

07304
28556
&601//

90345
91246
22644

27 22988 06859

77661 05302
33350 32550
88109 &19//

21014 20519
22058 23057
94269 24683
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2. Given the attached plotted sounding, calculate the following information using surface values. Show work
on a separate sheet.

LCL _—
CcCL
EL a) using T,

b) using observed T

)

3. Given the attached 500 mb analysis, calculate the following at location A. Show work on a separate sheet.

geostrophic wind speed

geostrophic wind direction

gradient wind speed

gradient wind direction

relative vorticity (use geostrophic wind)

absolute vorticity (use geostrophic wind)

absolute vorticity advection (use geostrophic wind)
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4. Given the attached 700 mb analysis, calculate the following at point B. Show work on a separate sheet.

geostrophic wind speed

geostrophic wind direction

temperature advection (use geostrophic wind)

5. Given the Figures below, write in the letter of the definition which most closely relates the two.

warm occlusion Wealrm
A Cool = Cold =2
cold occlusion T 7777/

inactive cold front

Iy P

active cold front
active warm front
Wwaufm
c . C ) cold =
inactive stationary front v Ar A A A e AR

active stationary front

W el e
D cold — cool =2
= 7

we
E Coll_y < ';

— 7’ 7 7 [/

F QN&

PN AN AN AT AN AR Ay ere

G Cold k\ Wl

S TTITT T el 7l

H Walem
cCold & ©
7 7
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6. Given the 1000 mb and 500 mb geostrophic winds drawn below, and Zipo0 = 30 m and Zsoo = 5520 m,
calculate the following for 43° N.

thermal wind (m s™!) at A

1000 - 500 mb thickness (m) at A

1000 - 500 mb thickness advection (m/hr) at A

1000 - 500 mb mean layer temperature (°C) at A

1000 - 500 mb mean layer temperature advection (°C/hr) at A

 —
lem=ioM A
v
3
“3560 {ve0

7. Plot the surface station model for the following observations at a location at 40°N. Temperature = 20°F;
dew point temperature = 15°F; visibility = 8 miles; wind = 5 knots from the north; scattered clouds, snow
showers; mean sea level pressure = 938 mb; pressure falling over the past 3 hours; pressure change is minus
1.3 mb.
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8. Plot the 500 mb station model for the following observations at a location at 40°N. Temperature = -20°C;
dew point temperature = -31°C; wind = 55 knots from the north; a height of 5580 meters; and a 12 hour

height change of minus 80 meters.

9. Give representative values of temperature and dew point temperature for the following air mass types in the
summer.

Summer

mT T=  Tp=

mP T= P ‘TD =

cP = Tp =

cA T= ____ TIp=
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10. Given the attached NGM forecast model out, what are the values of the following variables at point A. Give
units.
700 mb height
700 mb relative humidity
500 mb height
500 mb absolute vorticity
surface pressure

1000 - 500 mb thickness

vertical motion at 700 mb
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AT 540 FINAL EXAM

Fall 1991 S
boe 1270 %

2z 1gms ©
VR

1. Circle the assumptions involved in deriving the adiabatic lapse rate (5 pts).

hydrostatic relation ideal gas law
1st law of thermodynamics equation of motion
conservation of mass

2. Circle all 700 mb temperatures which are reasonable for Denver between April 1 to October 1 (2 pts).

10°C 5°C 0°C -5°C -10°C -15°C -20°C -25°C
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4. Calculate the virtual temperature for a temperature of 20°C, a dew point temperature of 20°C, and
a pressure of 1000 mb. Show your work (3 pts).

T, °C

5. For an observed horizontal wind from 270° of 50 m s~! at 500 mb, from 305° at 20 m s~* at 850 mb,
and a mean 850-500 mb thickness of 3000 m, calculate: (Assume a linear change of wind speed and
direction with height. Show your work.) (9 pts).

(a) vertical wind shear of the horizontal wind m s~ km™?

(b) mean horizontal advection of temperature in the layer °C/hr

(c) mean horizontal advection of the 850 mb — 500 mb thickness °m/hr
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6. Calculate the gradient wind speed and direction if the geostrophic wind is 50 m s~! from the west
for
(a) a low center with a radius of curvature of 1000 km

m s~! from °

(b) a high center with a radius of curvature of 1000 km

m s~! from °

Show your work (5 pts).

7. Given the observed surface winds and thickness gradient outlined below, indicate what type of front
occurs and whether it is an ‘active’ or ‘inactive’ front. Use standard symbolism for frontal types (4

pts).
l’)] > t\3
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8. For the cross section of equivalent potential temperature sketched below, shade in red the regions of
layer instability (5 pts).

//F\ 95
95

A
ES

//'\

2

X —>

SN
) @Elb @% > @a{

9. For the cross section of potential temperature sketched below, estimate the magnitude and sign of
vertical motion at point *. Assume adiabatic motion and use a wind speed in the plane of the page
of 20 m s~1. Show calculations and formula used (5 pts).

Cms™ //ﬂm&m,()
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10. Given the attached NGM forecast model output, what are the values of the following variables at
point A. Give units (7 pts).

700 mb height

700 mb relative humidity

500 mb height

500 mb absolute vorticity

surface pressure

1000 — 500 mb thickness

vertical motion at 700 mb

11. Give the meaning of the following acronyms. For the ones that are models, also give their number of
vertical levels and approximate horizontal grid intervals at 45°N (5 pts).

Levels Horizontal Grid Increments
(if applicable) (if applicable)

NGM:

LFM

RAFS

MRF

MOS

DIFAX

ETA

WSFO

NMC

NCAR

Finally, for a 5% on top of your course grade, forecast the temperature on the foyer digital thermometer
at 1 p.m. Friday, December 6th. If you equal or are closer to my forecast, you earn the 5%.

Roger A. Pielke
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F120
AT 540 MIDTERM

Fall 1993

1. The subtropical jet stream is evident in satellite imagery as an anticyclonically curved cirrus band.
The existence of the jet

(a) can be explained in terms of the topographic forcing.

(b) cannot be explained in terms of the thermal wind relationship.
(c) can be explained in terms of the thermal wind relationship.
(d) can be explained as an anomalously far south polar jet.

(e) none of the above.
2. Large values of thickness

(a) always imply relatively warm surface temperatures.

(b) usually imply relatively warm surface temperature but occasionally the surface can be quite
cold.

(c) usually imply relatively cold surface temperatures but occasionally the surface can be quite
warm.

(d) always imply relatively cold surface temperatures.

3. In which of the following coordinate system does the geostrophic wind inversely depend on density?

(a) pressure
(b) sigma
(c) isentropic
(d) height
4. Which of the following levels is defined as the level at which moisture condenses due to forced lifting
of a parcel?

(a) level of free convection
(b) lifting condensation level
(c) mixing condensation level
(d) equilibrium level

5. Which of the following quantities (one answer) is conserved during moist ascent

(a) saturation mixing ratio

(b) mixing ratio

(c) potential temperature

(d) equivalent potential temperature

(e) none of the above




10.

11.

12.

F121

The wet bulb temperature is

(a) always equal to the dewpoint temperature.

(b) always greater than or equal to the dewpoint temperature but less than or equal to the temper-
ature.

(c) always equal to or greater than the temperature.
(d) always equal to the potential temperature.

The dewpoint temperature of a parcel as it ascends

(a) is constant with height.
(b) decreases slowly with height.

(¢) increases slowly with height.

A front at the surface moves in the direction of movement of

(a) the warm air.

(b) the cold air.

(c) the 200 mb trof axis.

(d) the thermal wind maximum.

Cold advection occurs when

(a) the wind speed increases with height.
(b) the wind veers with height.
(c) the wind backs with height.
(d) the wind speed decreases with height.

The symbol L represents

(a) light rain.

(b) sleet.

(¢) hail.

(d) drizzle.

(e) graupel.

On an upper air analysis, a star at the base of a wind barb (or a star alone) indicates the data came
from a (an) :
(a) aircraft.

(b) radiosonde.

(c) ship.

(d) satellite.

The Omega equation is derived from the equation of motion plus (one answer)

(a) the conservation law for water vapor.
(b) the radiative flux divergence equation.
(c) the first law of thermodynamics.

(d) the incompressible continuity equation.



13.

14.

15.

16.

17.

18.

19.

F122

East of an upper level ridge and west of an upper level trof one generally expects to find

(a) sinking air in the midtroposphere.
(b) ascending air in the midtroposphere.

(c) no substantial vertical motion.
During the occluded stage of an extratropical cyclone,

(a) the upper low and surface system are almost vertical.

(b) the upper low has disappeared.

(c) the 500-1000 mb thickness contours are at a large angle to the height contours associated with
the upper low.

(d) the thickness gradient has disappeared.
Baroclinic instability at a given latitude and static stability becomes more likely

(a) as the geostrophic wind shear increases.

(b) as the geostrophic wind shear decreases.

(c) the wavelength of the disturbance becomes less than several hundred kilometers.
(d) in the spring season.

The geostrophic wind for a given pressure gradient as you approach the equator

(a) increases.
(b) remains constant.

(c) decreases.
Vorticity is a measure of

(a) wind strength.
(b) circulation.
(c) thermodynamic instability.

(d) vertical wind shear.
The dimensional units of vorticity is

(a) length per second.

(b) per second.

(c) per length.

(d) length squared per second.

The vertical vorticity equation is derived by

(a) differentiating the u-equation of motion by y and the v-equation by z and subtracting the second
from the first.

(b) differentiating the u-equation of motion by z and the v-equation of motion by y and subtracting
the second from the first.

(c) integrating the u-equation of motion with respect to y and the v-equation of motion with respect
to z and subtracting the second from the first.

(d) integrating the u-equation of motion with respect to z and the v-equation of motion with respect
to y and subtracting the second from the first.




20.

21.

22.

23.

24.

F123

As an air parcel moves from a ridge axis to a trof axis, its relative vorticity

(a) becomes more cyclonic.
(b) becomes more anticyclonic.
(c) becomes more nondivergent.

(d) remains unchanged.
Cloudy, rainy (or snowy) weather on the synoptic scale occurs most frequently
(a) east of the 500 mb ridge but west of the 500 mb trof.

(b) west of the 500 mb ridge but east of the 500 mb trof.

(c) under a 500 mb ridge.

(d) well removed from the polar jet stream.
During the development of an extratropical cyclone there is (one answer)

(a) surface pressure rises in its center.
(b) midtropospheric descent east of its center ahead of the warm front.

(c) ageostrophic wind is convergent at low levels towards the low center.

(d) ageostrophic divergent upper level winds generate cyclonic relative vorticity which develops the

trof downstream from the surface low center.

Given a temperature of 20°C, a dewpoint temperature of 10°C, and a pressure of 1000 mb, what is

the relative humidity?

(a) 10%
(b) 25%
(c) 40%
(d) 55%
(e) 70%
(f) 85%
(g) none of the above (give value)

For the above problem, calculate the wet bulb temperature.

(a) 10°C
(b) 12°C
(c) 14°C
(d) 16°C
(e) 18°C
(f) 20°C
(g) none of the above (give value)
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25. Which of the following atmospheric variables almost always increase with height in the middle and
upper troposphere?

(a) wet bulb temperature
(b) mixing ratio

(c) pressure

(d) temperature

(e) density

(f) potential temperature

26. The atmosphere is potentially unstable when

(3) 14 <Y<Tm

(b) Ym <Y <74

c) %= >0

(@) §>0

) ¥ <o
where 7 is the environmental lapse rate, vm is the moist adiabat lapse rate, v, is the dry adiabat
lapse rate, # is potential temperature, and 0 is the equivalent potential temperature.

27. Which of the following atmospheric systems decreases in intensity with height?

(a) an extratropical cyclone.
(b) a tropical cyclone.

(c) a subtropical ridge.

(d) an arctic high.

(e) a cold front.

(f) a warm front.

(g) none of the above.

98. What is the dimension of g/Cp where g is the gravitational acceleration and Cp is the specific heat
at constant pressure? Show work.
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29. The prevailing wind direction at 20°S near the surface is from the

(a) NE
(b) E
(c) SE
(d) 8
(e) SW
Hw
() N\W
(k) N

30. The specific heat of dry air at constant pressure is

31. In the tropics, thunderstorms generally reach to a higher level than in midlatitudes during the summer
because

(a) the tropopause is higher.

(b) the surface temperatures are much higher.
(c) the wind shears are less.

(d) the moisture values are greater.

32. The tops of cumulonimbus clouds are capable of rising higher than their level of neutral buoyancy
because of

(a) their high water content.
(b) their excess temperature.

(c) their low vertical wind shear.

(d) their inertia.
33. Virga is
(a) falling precipitation which does not reach the ground.
(b) an optical phenomena when the sun or moon shines through an ice cloud.
(c) drifting dry snow.
(d) a heavy shower of graupel.




F126
34. Clouds which have glaciated tops and anvils are called

(a) altostratus.

(b) cirrocumulus.

(c) nimbostratus.

(d) stratocumulus.

(e) cumulonimbus.

(f) none of the above (give type).

35. An atmosphere in which a horizontal gradient of thickness exists is said to be

(a) baroclinic.

(b) barotropic.

(c) conditionally unstable.
(d) conditionally stable.
(e) convectively unstable.
(f) hydrostatic.

(g) isothermal.

(h) none of the above.

36. If the horizontal pressure gradient near the surface is 4 mb per 200 km, the density of the air is 1 kg
m™3 and the gravitational acceleration is estimated as 10 m s =2, the horizontal gradient of the 1000

mb surface should be around

(a) 0.4 m per 200 km.

(b) 1.0 m per 200 km.

(c) 4.0 m per 200 km.

(d) 10.0 m per 200 km.

(e) 40.0 m per 200 km.

(f) 100 m per 200 km.

(g) 400 m per 200 km.

(h) none of the above (give value)

37. Given that the specific humidity is 10 grams per kilogram and the temperature is 27°C calculate the
virtual temperature.

(a) 23°C
(b) 25°C
(c) 27°C
(d) 29°C
(e) 31°C
(f) none of the above (give value)
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38. Given that T = 10°C, p = 850 mb, and Tp (the dewpoint) = 0°, calculate 0.

(2) 290
(b) 295
(c) 300
(d) 305
(e) 310
(f) none of the above (give value)

39. Given that the earth rotates once per day (27 /day), calculate the Coriolis parameter at the equator
and at the north pole.

Equator

(a) zero sec™?

(b) 1.45 x1076 sec™?
(c) 7.25 x1078 sec™!
" (d) 1.45 x1075 sec™?
(e) 7.25 x107° sec™!
(f) 1.45 x10~* sec™?!
(g) none of the above (give value)

North Pole

(a) zero sec™!

(b) 1.45 x1076 sec™!
(c) 7.25 x107 sec™!
(d) 1.45 x1075 sec™!
(e) 7.25 x1075 sec™!
(f) 1.45 x10~* sec™!
(g) none of the above (give value)

40. Given the radius of trajectory of an air parcel is 200 km, the Coriolis parameter is 10~4, and the
wind speed is 10 m s~1, calculate the centrifugal acceleration.

(a) 5x107* ms~?
(b) 5x 1073 m s™2
(c) 5x1072 ms~2
(d) 5x 107! ms~?
(e) 5 ms~?

(f) none of the above (give value)

41. Give a representative value of the sea level surface pressure in millibars and in the equivalent S.I.
units.
mb Give units.

42. Given a surface temperature of 5°C and a surface dewpoint temperature of —5°C, calculate the wet
bulb temperature and relative humidity if the surface pressure is 950 mb.

°C %
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43. Which of the following quantities are conserved with respect to the motion of dry air (i.., air in
which saturation does not occur)?

(a) T

(b) Tw
(¢) R.H.
(d) Tp

(e) P

(f) ¢

(g) 0=

44. Which of the following quantities are conserved with respect to the motion of saturated air.

(@) T

(b) Tw
(¢) R.H.
(d) Tp

(e) P

{6

(g) OE

45. Match the name of the wind with the balance of forces which are involved in its definition.

Forces
gradient pressure gradient; Coriolis
geostrophic  pressure gradient; Coriolis, centrifugal
cyclostrophic pressure gradient; centrifugal
friction pressure gradient; Coriolis; centrifugal; friction

46. Convert the quantities listed below to S.I. units.

10 miles hour~! = ms™!
20°F = °C= K
80°F = °C = K

47. Given that you are on an airplane flying at 200 mb and the outside temperature is —70°C, calculate
the temperature inside the plane if this air was drawn inside and compressed to 1000 mb (show work).

T = °C = °F
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48. Given the weather conditions: overcast, T = 32°F, Tp = 20°F, p = 986 mb, and the wind is
northeasterly at 10 knots, draw the station model.

49. What type of front is sketched below

S\

(a) active warm front

(b) active cold front

(c) active stationary front
(d) active warm occlusion
(e) active cold occlusion

50. Given a westerly geostrophic wind of 10 m s—1 at 1000 mb, calculate the wind at 250 mb assuming
a south to north thickness gradient of ~120 m per 100 km, f = 104! and ¢ = 10 m s™2.

10
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51. You are driving a car and the temperature outside is 4°C and the dewpoint is —8°C. It begins to rain.
Should you become concerned that the rain will turn to snow or not, and if the road will become
icy? You must give a brief physical explanation for credit.

52. If you are standing outside and the wind is from the northwest, in what direction relative to you do
you expect the low pressure system to be?

53. To approximately what height does the troposphere extend in the tropics?

54. The thickness equation was derived using which of the following concepts (circle correct answer(s)).

(a) the hydrostatic equation

(b) the cyclostrophic wind equation
(c) the second law of thermodynamics
(d) the ideal gas law

(e) the gradient wind equation

(f) the condensation equation

(g) the Coriolis effect

(h) the moist adiabatic relation

55. Circle the following properties that are not conserved during the lifting of saturated air.

(a) potential temperature
(b) equivalent potential temperature

(c) dewpoint temperature

11
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(d) mixing ratio
(e) saturation mixing ratio
(f) relative humidity
(g) wet bulb temperature
(h) temperature

56. The dewpoint at 1000 mb is 10°C and the temperature is 20°C. Compute the following directly or
from a thermodynamic diagram and explain how each are computed.

(a) potential temperature (K)

(b) equivalent potential temperature (K)

(c) wet bulb temperature (°C)

(d) specific humidity (kg/kg)

(e) lifting condensation level (mb)

(f) relative humidity (percent)

57. A climber sets his altimeter to the correct reading at the beginning of a hike during which he climbs
from sea level to an altitude of exactly 500 m over a 3 hr period. During this same time interval the
sea level pressure drops 10 mb due to the approach of a storm. Estimate the altimeter reading at the
end of the hike. Assume the mean temperature in the layer is 0°C throughout the entire time and
assume the sea level pressure was 1000 mb at the start of his hike. Show your work.

12
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AT 540
Weather Lab - FINAL - Fall 1993

- 1. Which of the synoptic-scale trofs below would be expected to be deepening over time. Assume

gradient wind flow. Solid lines are 700 mb height and dashed lines are 1000-500 mb thickness
values. AZ1 < AZ;. Zy < Z,.
- % g
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2. Given a 1000-500 mb rain-snow thickness of 5400 meters, the requirement that temperatures
at the surface be less than 5°C, and a uniform lapse rate of (a) 6T/8z = —1°C/100 m and (b)
8T/8z = —0.5°C/100 m, calculate the elevation above sea level above which snow will occur.
Assume sea level at 1000 mb. Show your work.

(a) z¢g = meters

(b) z¢ = meters

3. Given a westerly wind of 20 m s~ at 500 mb and zero winds at the top of the boundary layer
(BL), compute the direction and magnitude of the top of the BL to 500 mb thickness gradient
in (a) units of meters per 100 km and (b) units of °C per 100 km. Use f = 10~* s~ and
assume PBL top at 1000 mb. Show your work.

(a) m/100 km
(b) °C/100 km




F-134

4. Given a westerly wind speed on a potential temperature surface of 20 m s~! which has a slope
towards the east of 0.001, calculate the vertical velocity in cm s~!. Show your work.

w = cm s~}

5.. Circle below what satellite signature to look for to identify deep cumulonimbus convection.

a comma cloud cold infrared image

open convective cells sheared cloud streets
bright visible image cyclonic vorticity advection
cold visible image | fibrous .clouds

~ 6. If you see sunglint in the satellite image it means:

(a) clouds are present and the sunlight is reflecting off of them.
(b) calm water is present and the sunlight is reflected off of it.
(c) snow is present and the sunlight is reflected off of it.

(d) bare soil is present and the sunlight is reflected off of it.

7. What is the threat score (TS) value if you observed 100 events, predicted 200 events, and
correctly predicted 50 events? Show formula and work. What is the forecast bias?

(a) TS =
(b) bias =
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8. If the temperature is 10°C and the dewpoint temperature is —~5°C, what is the wet bulb tem-
perature at (i) 1000 mb, and (ii) at 850 mb. Also calculate the wet bulb potential temperature
at these two levels.

T, = - °C at 1000 mb 0, = K at 1000 mb

Ty = °C at 850 mb 6, = K at 850 mb

9. Which of the atmospheric systems listed below are warm core.

extratropical cyclones warm front

tropical cyclones anticyclone vorticity center
subtropical ridge | thermal ridge

arctic high jet stream

10. Circle the assumptions involved in deriving the adiabatic lapse rate.
hydrostatic relation ideal gas law
1st law of thermodynamics equation of motion

conservation of mass
11. Calculate the virtual temperature for a temperature of 20°C, a dewpoint temperature of 20°C,
and a pressure of 1000 mb. Show your work.

T, = °C
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12. Given the observed surface winds and thickness gradient outlined below, indicate what type of
front occurs and whether it is an active or inactive front. Use standard symbolism for frontal

types.

13. Given the attached NGM forecast model output, what are the values of the following variables
at point A. Give units.

700 mb height

700 mb relative humidity

500 mb height

500 mb absolute vorticity

surface pressure

1000 - 500 mb thickness

vertical motion at 700 mb
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14. Which of the following surface indications are useful in delineating a frontal location.
(a) location of a pressure trof
(b) a wind shift line
(c) a horizontal dewpoint gradient
(d) the pressure tendencies
(e) horizontal temperature gradient
(f) none of the above
15. If the winds veer with height between 850 mb and 500 mb, but back between 500 mb and 300‘
mb,
(a) the analysis must be incorrect because such a situation cannot occur.
(b) the jet stream must be strongest at 500 mb.
(c) there is cold advection in the lower level but warm advection higher up.
(d) there is warm advection in the lower level but cold advection higher up.
(e) none of the above.
16. The dewpoint temperature of a parcel as it ascends
(a) is constant with height.
(b) decreases slowly with height.
(c) increases slowly with height.
17. The symbol L represents
(a) light rain
(b) sleet -
(¢) hail
(d) drizzle
(e) graupel
18. The dimensional unit of vorticity is
(a) length per second
(b) per second
(c) per length
(d) length squared‘ per second
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19. The difference between the saturation vapor pressure over a plane surface of pure water (e,)

and over a plane surface of pure ice (es) (e, — €si) at ~14°C is
(a) greater than zero
(b) zero
(c) less than zero

920. Which of the following geographic locations has never been observed to have a tropical cyclone
development? (Note: “southern” means south of the equator; “northern” means north of the

equator.)

(a) the western, northern tropical Atlantic
(b) the western, southern tropical Atlantic
(c) the western, northern tropical Pacific
(d) the western, southern tropical Pacific
(e) the southern tropical Indian Ocean

(f) the northern tropical Indian Ocean

(g) the eastern, northern tropical Pacific

91. For an ideal gas, which of the following is the correct relationship between the specific heats
at constant pressure and volume, and the gas constant?

(a) R=Cy+Cp
(b) Co=Cy+R
(c)0=R+C,+C,
(d) Co=C.+R
() R=C, xCy

(f) none of the above
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22. The type of fog which forms when air blows upslope and is cooled adiabatically is called
(a) radiation fog
(b) advection fog
(c) arctic sea smoke
(d) funnel clouds
23. Most deaths in hurricanes are caused by
(a) debris blown by strong winds
(b) the flooding of large rivers
(c) flash floods
(d) storm surge
(e) tidal waves
(f) other (give cause)

24. If the pressure field is curved anticyclonically (e.g., around a high pressure region) the rela-
tionship between the geostrophic wind, V;, and the gradient wind, V,,, is given by

(a) V3 > Ver
(b) V, < Vyr
(©) Vy = Vi
25. Number the sequence of formation of warm rain. Leave out those components that are involved

solely with cold rain processes.

condensational growth collision-coalescence

aggregation deposition
riming heterogeneous nucleation
melting

26. What is the value of the latent heat of condensation in S.I. units.

27. What is the most abundant gas in the earth’s atmosphere (give its chemical form).




F-141

98. Order air with the least number of aerosols to that air mass with the most.
continental
marine
urban polluted
29. Blue sky occurs because
(a) blue is preferentially scattered relative to other wavelengths.
(b) blue is preferentially absorbed relative to other wavelengths.
(c) blue is preferentially emitted by the sun relative to other wavelengths.
(d) blue is preferentially reflected from the earth’s surface relative to other wavelengths.

30. Properly connect the left and right sides.
ITCZ region of extremely low thickness
northeast trades upper branch of Hadley cell |
polar front low-level convergence of trade winds
arctic high - demarcation between tropical and polar origin air

subtropical jet  lower branch of Hadley cell

31. Supercooled water has a temperature
(a) below 0°C
(b) 0°C
(c) between 0°C and 100°C
(d) above 100°C
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32. Of the following conditions, snowflake growth is greatest

(a) when the temperature of the air is 0°C and the mixing ratio is highly supersaturated

with respect to ice.

b) when the temperature of the air is 0°C and the mixing ratio slightly supersaturated with
g

respect to ice.

c¢) when the temperature of the air is —~15°C and the mixing ratio is highly supersaturated
g p

with respect to ice.

(d) when the temperature of the air is -15°C and the mixing ratio is slightly supersaturated

with respect to ice.
33. The growth of ice crystals by the freezing of supercooled water oﬁ its surface is called
(a) deposition
(b) aggregation
(c) riming
(d) condensation
(e) other (give answer)
34. Which of the following types of electromagnetic radiation has the shortest wavelength?
(a) X-rays
(b) ultraviolet
(c) visible
(d) infrared
(e) microwave
35. The earth primarily radiates energy in'the
(a) X-ray wavelengths
(b) ultraviolet wavelengths
(c) visible wavelengths

(d) infrared wavelengths

10
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36. Blackbody irradiance is proportional to
(a) the first power of temperature
(b) the second power of temperature
(c) the third power of temperature
(d) the fourth power of temperature
(e) the fifth power of temperature

37. The presence of a cloud cover tends to favor higher nighttime temperatures at the ground

level because
(a) it absorbs the infrared radiation from the ground and re-emits it downward.
(b) it releases heat of condensation which is transferred to the ground.
(c) conduction from the cloud layer to the ground cools the surface layer.
(d) stronger winds always occur with a cloud layer.

38. Order the following forms of electromagnetic radiation in order from the short wavelength to

longest.
radio

visible
infrared
X-ray

ultraviolet .
39. Order the following depths, in a given layer of soil, as to which has the larger diurnal temper-
ature variation. Label 1 for the largest variation; 4 for the least.

1l cm
10 cm
100 cm

1000 cm

11



40.

41.

42.

43.

Fl44

The “greenhouse” effect is an incorrect analogy to the manner in which longwave radiation
tends to be trapped by the earth’s atmosphere. Greenhouses are relatively hot compared to

areas outside it primarily because
(a) the glass is heated by electricity.

(b) the glass lets in solar heating but prevents heated air from rising and leaving the enclo-

sure.
(c) the glass is made opaque to visible light. ,
(d) the glass is heated substantially by the sun and this heat is conducted into fhe greenhouse.
The earth is closer to the sun in
(a) July
(b) September
(c) January
(d) March
(e) it is equidistant at all times.

Sleet occurs

(a) when rain falls through a subfreezing layer near the ground and freezes into ice pellets.
(b) when wet snow, which is almost melted, strikes the ground.
(c) when rain is being converted into snowflakes.
(d) most frequently in thunderstorms.
(e) none of the above (state when it occurs).
The majority of carbon near the earth’s surface is in
(a) the atmosphere
(b) the ocean
(c) the biosphere
(d) rocks
Fronts move
(a) in the direction of the thermal wind.
(b) in the direction of the cold air only.
(c) in the direction of the warm air only.

(d) in the direction of cold air for cold fronts and in the direction of warm air for warm fronts.

12
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45. When you emerge from a filled swimming pool, the temperature at your skin surface is ap-

proximately equal to the
(a) dewpoint temperature
(b) frost point temperature
(c) wet bulb temperature
(d) dry bulb temperature
46. Green plants have that color because they
(a) reflect visible colors but green.
(b) absorb visible colors but green.
(c) absorb as a blackbody.
(d) radiate as a blackbody.

(e) radiate with green the wavelength of maximum radiative energy.

BONUS: Forecast the temperature at 1 pm tomorrow at Fort Collins. If you are equal or are closer
than my forecast you earn 5% on top of your grade.

I enjoyed teaching‘you this semester. I wish you success during the rest of your college career.

R. Pielke

13
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MID TERM EXAM - AT 540
Fall 1994

1. Indicate which of the following are correct expressions of the geostrophic wind relation (could be
more than one answer).

(a) I‘Q:Ex# V.p
(b) 17g=13><§ V,2
(c) V'g=1€x-f’r Vo (CoT + g2)
@) V,=kx2 vgf

(e) none of the above

2. Which of the following values of precipitable water are reasonable in an arctic high,
(a) 2.00 inches
(b) 1.00 inches
(c) .20 inches
(d) .0001 inches

(e) none of the above

3. A necessary condition to define a synoptic front is
(a) the existence of a horizontal surface temperature gradient
(b) the existence of a gradient of percent of cloud cover
(c) the existence of a horizontal thickness gradient in the lower troposphere
(d) the presence of precipitation

(e) winds in the cold air normal to the front

4. Assume that the layer between 500 and 1000 mb is isothermal. R = 287 J kg=! K~1 while g=10m
572 and In 2 = .69. What is the thickness if the temperature of the layer is 0°C (1st column) and if
the temperature layer is 25°C (2nd column)? Show work.

4260 m 4172 m
4780 m 4830 m
5430 m 5420 m
5820 m 5928 m
6130 m 6520 m
none of the above (give value) none of the above (give value)



F-147

5. Sketched below .are the heights of 21000 mb and a 500 mb pressure surface. Draw in and label in
decameters the values of the thickness (contours at 60 m intervals).

E——ced 33 D el

17D wde labeled e ™)

6. Indicate by an arrow the direction towards which the front would be expected to move given the
surface wind pattern indicated by the station model. Indicate the type of front. The values hy, hs...
are lines of constant thickness where hy > ha > h3 etc.

— e we S an e e

77
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7. Give representative (i.e., realistic) values of the following quantities. You must provide the correct
dimensional units.

(a) relative vorticity on the synoptic scale
(b) Coriolis parameter at 40°N
(c) 1000 - 500 mb thickness at 30° N in the summer

(d) 200 mb wind speed in the center of the jet stream

(e) sea level maximum pressure associated with a cP high
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8. Given the 850 mb to 500 mb geostrophic wind changes drawn below, calculate the thickness gradient,
and equivalent layer-mean temperature gradients. Draw the orientation of the lines of constant
thickness. Indicate whether cold, neutral, or warm advection is occurring and indicate the direction
of the horizontal temperature gradient. To simplify the number of computations that you need to
make, assume the magnitude of the wind difference between 850 mb and 500 mb for (b) and (c) is
the same as that in (a). Use 1 cm = 25 m s~} with respect to the wind vectors.

&
o
&
&
5,
850 mb 3
500 mb
a ) b )

500 mb

\' 4

850 mb

vp(az) v T

a)
b)_

c)
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00

37 1°C/km

—(?;Zt—v = 1°C/km
-g% = -1°C/km
%L; = -1°C/km

9. Of the following, circle only the lapse rates (between 1000 mb to 900 mb and with a 1000 mb
temperature of 30°C) which are convectively neutral or unstable.

10. Calculate the virtual temperature for a temperature of 35°C, a dewpoint temperature of 25°C and a
pressure of 1000 mb. Show your work.

°C

(a) alow center with a radius of curvature of 1000 km
m s ~! from

(b) a high center with a radius of curvature of 1000 km

11. Calculate the gradient wind speed and direction (show your work) if the geostrophic wind is 30 m
s™! from the west for

m s ~! from
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12. Circle the assumptions involved in deriving the adiabatic lapse rate.
e hydrostatic relation
e 1st law of thermodynamics
e conservation of mass
e ideal gas law

equation of motion

13. Given the pressure distribution below, draw a balance of forces that would result in a non-accelerating
wind velocity at points A and B.

o
N
o
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14. Properly connect the left and right sides.

ITCZ region of extremely low thickness

northeast trades upper branch of Hadley cell

polar front low-level convergence of trade winds

arctic high demarcation between tropical and polar origin air

subtropical jet ~ lower branch of Hadley cell

15. Give representative values of temperature and dewpoint temperature for the following air mass types
in the summer.

Summer
mI T= Tp =
mP T = Tp =
cP T= Tp =
cA T= Tp =

16. Plot the 500 mb station model for the following observations at a location at 40°N. Temperature =
—25°C; dewpoint temperature = —29°C; wind = 35 knots from the south; a height of 5320 meters;
and a 12 hour height change of minus 120 meters.
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17. In which of the following coordinate system does the geostrophic wind inversely depend on density?
(a) pressure
(b) sigma
(¢) isentropic
(d) height

18. Which of the following levels is defined as the level at which moisture condenses due to forced lifting
of a parcel?

(a) level of free convection
(b) lifting condensation level
(c) mixing condensation level
(d) equilibrium level

19. Which of the following quantities (one answer) is conserved during moist ascent?
(a) saturation mixing ratio
(b) mixing ratio
(c) potential temperature
(d) equivalent potential temperature

(e) none of the above

20. The wet bulb temperature is
(a) always equal to the dewpoint temperature.

(b) always greater than or equal to the dewpoint temperature but less than or equal to the temper-
ature.

(c) always equal to or greater than the temperature.

(d) always equal to the potential temperature.

21. The dewpoint temperature of a parcel as it ascends
(a) is constant with height.
(b) decreases slowly with height.

(c) increases slowly with height.
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99. A front at the surface moves in the direction of movement of
(a) the warm air.
(b) the cold air.
(c) the 200 mb trof axis.

(d) the thermal wind maximum.

923. The symbol L represents
(a) light rain.
(b) sleet.
(c) hail.
(d) drizzle.
(e) graupel.

24. The Omega equation is derived from the equation of motion plus (one answer)
(2) the conservation law for water vapor.
(b) the radiative flux divergence equation.
(c) the first law of thermodynamics.

(d) the incompressible continuity equation.

25. East of an upper-level ridge and west of an upper-level trof, one generally expects to find
(a) sinking air in the mid-troposphere.
(b) ascending air in the mid-troposphere.

(c) no substantial vertical motion.

926. The geostrophic wind for a given pressure gradient as you approach the equator
(a) increases.
(b) remains constant.

(c) decreases.

97. The dimensional unit of vorticity is
(a) length per second.
(b) per second.
(c) per length.
(d) length squared per second.



F-155

<o. AS an air parcel moves from a ridge axis to a trof axis, its relative vorticity
(a) becomes more cyclonic.
(b) becomes more anticyclonic.
(c) becomes more nondivergent.
)

(d) remains unchanged.

29. Given a temperature of 20°C, a dewpoint temperature of 10°C, and a pressure of 1000 mb, what is
the relative humidity?

(a) 10%
(b) 24%
(c) 40%
(d) 55%
(e) 70%
(f) 85%
(g) none of the above (give value)

30. For the above problem, calculate the wet bulb temperature.
(a) 10°C
(b) 12°C
(c) 14°C
(d) 16°C
(e) 18°C
(f) 20°C
(g) none of the above (give value)

31. Which of the following atmospheric variables almost always increase with height in the middle and
upper troposphere?

(a) wet bulb temperature
(b) mixing ratio

(c) pressure

(d) temperature

(e) density

(f) potential temperature

10




32.

33.

34.

35.
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The atmosphere is potentially unstable when
(a) 14 <Y< Im
(b) Ym <7 < 7d
a4
(€) 32 >0
88
(d) M >0
86
(e) 3. <0
where v is the environmental lapse rate, Ym is the moist adiabat lapse rate, 74 is the dry adiabat
lapse rate, 6 is potential temperature, and @ is the equivalent potential temperature.

The tops of cumulonimbus clouds are capable of rising higher than their level of neutral buoyancy
because of

(a) their high water content.

(b) their excess temperature.

(c) their low vertical wind shear.
(d) their updraft inertia.

Virga is
(a) falling precipitation which does not reach the ground.
(b) an optical phenomena when the sun or moon shines through an ice cloud.
(c) drifting dry snow.
(d) a heavy shower of graupel.

Clouds which have glaciated tops and anvils and form when 805 /0Z is less than zero are called
(2) altostratus.

(b) cirrocumulus.

(c) nimbostratus.

(d) stratocumulus.

(e) cumulonimbus.

(f) none of the above (give type).

11
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36. An atmosphere in which a horizontal gradient of thickness exists is said to be
(a) baroclinic.
(b) barotropic.
(c) conditionally unstable.
(d) conditionally stable.
(e) convectively unstable.
(f) hydrostatic.
(g) isothermal.

(h) none of the above.

37. If the horizontal pressure gradient near the surface is 4 mb per 200 km, the density of the air is 1 kg
m~3 and the gravitational acceleration is estimated as 10 m s~2, the horizontal gradient of the 1000
mb surface should be around

(a) 0.4 m per 200 km.

(b) 1.0 m per 200 km.

(c) 4.0 m per 200 km.

(d) 10.0 m per 200 km.

(e) 40.0 m per 200 km.

(f) 100 m per 200 km.

(g) 400 m per 200 km.

(k) none of the above (give value).

38. Given that T' = 10°C; p = 850 mb, and Tp (the dewpoint) = 0°, calculate 0.
(a) 290 K
(b) 295 K
(c) 300K
(d) 305 K
(e) 310K
(f) none of the above (give value)

12
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39. Given that the earth rotates once per day (27/day), calculate the Coriolis parameter at the equator
and at the North Pole.

Equator

(a) zero sec™!

(b) 1.45 x107 sec™?
(c) 7.25 x1076 sec™?
(d) 1.45 x1075 sec™!
(e) 7.25 x10~% sec™!
(f) 1.45 x10™* sec™?
(g) none of the above (give value)

North Pole

(a) zero sec™?

(b) 1.45 x107C sec™!
(c) 7.25 x10~C sec™?
(d) 1.45 x107° sec™!
(e) 7.25 x1075 sec™!
(f) 1.45 x10~* sec™?
(g) none of the above (give value)

40. Given that you are on an airplane flying at 200 mb and the outside temperature is —T70°C, calculate
the temperature inside the plane if this air was drawn inside and compressed to 1000 mb.

T = °C = °F

13
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41. Given a westerly geostrophic wind of 10 m s~! at 1000 mb, calculate the wind at 250 mb assuming
a south to north 1000 mb - 250 mb thickness gradient of ~120 m per 100 km, f = 10"%s~! and g =
10 m s=2 (show work).

m s~}

42. You are driving a car in Fort Collins and the temperature outside is 4°C and the dewpoint is —8°C.
It begins to rain. Should you become concerned that the rain will turn to snow or not, and if the
road will become icy? You must give a brief physical explanation for credit.

14
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43. If you are standing outside and the wind is from the northwest, in what direction relative to you do
you expect the low pressure system to be?

44. To approximately what height does the troposphere extend in the tropics?

15
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45. Which of the synoptic-scale trofs below would be expected to be deepening over time. Assume
gradient wind flow. Solid lines are 700 mb height and dashed lines are 1000-500 mb thickness values

(AZz > Azl).

16
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46. Given a 1000-500 mb rain-snow thickness of 5400 meters, the requirement that temperatures at the
surface be less than 5°C, and a uniform lapse rate of (a) 07/9z = —1°C/100 m and (b) 0T/0z =
—0.5°C/100 m, calculate the elevation above sea level above which snow will occur. Assume a surface
pressure of 1000 mb. Show your work.

(a) z¢g = meters

(b) 2g = meters

47. Which of the following geographic locations has never been observed to have a tropical cyclone de-
velopment? (Note: “southern” means south of the equator; “northern” means north of the equator.)

(a) the western, northern tropical Atlantic
(b) the western, southern tropical Atlantic
(c) the western, northern tropical Pacific
(d) the western, southern tropical Pacific
(e) the southern tropical Indian Ocean

(f) the northern tropical Indian Ocean

(g) the eastern, northern tropical Pacific

48. Blackbody irradiance is proportional to
(2) the first power of temperature.
(b) the second power of temperature.
(c) the third power of temperature.
(d) the fourth power of temperature.
(e) the fifth power of temperature.

17
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The presence of a cloud cover tends to favor higher nighttime temperatures at the ground level
because

(a) it absorbs the infrared radiation from the ground and re-emits it downward.
(b) it releases heat of condensation which is transferred to the ground.
(c) conduction from the cloud layer to the ground cools the surface layer.

(d) stronger winds always occur with a cloud layer.

The “greenhouse” effect is an incorrect analogy to the manner in which longwave radiation tends to
be trapped by the earth’s atmosphere. Greenhouses are relatively hot compared to areas outside it
primarily because

(a) the glass is heated by electricity.

(b) the glass lets in solar heating but prevents heated air from rising and leaving the enclosure.
(c) the glass is made opaque to visible light.

(d) the glass is heated substantially by the sun and this heat is conducted into the greenhouse.

The earth is closer to the sun in
(a) July

(b) September

(c) January

(d) March

(e) it is equidistant at all times.

52. Sleet occurs

(a) when rain falls through a subfreezing layer near the ground and freezes into ice pellets.
(b) when wet snow, which is almost melted, strikes the ground.

(c) when rain is being converted into snowflakes.

(d) most frequently in thunderstorms.

(e) none of the above (state when it occurs).

53. The majority of carbon near the earth’s surface is in

(a) the atmosphere.
(b) the ocean.

(c) the biosphere.
(d) rocks.

18
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54. When you emerge from a filled swimming pool, the temperature at your skin surface is approximately
equal to the

(a) dewpoint temperature.
(b) frost point temperature.
(c) wet bulb temperature.
(d) dry bulb temperature.

55. Green plants have that color because they

(a) reflect visible colors but green.

(b) absorb visible colors but green.

(c) absorb as a blackbody.

(d) radiate as a blackbody.

(e) radiate with green the wavelength of maximum radiative energy.
56. Most deaths globally in hurricanes are caused by

(a) debris blown by strong winds.

(b) the flooding of large rivers.

(c) flash floods.

(d) storm surge.

(e) tsunamis.

(f) other (give cause).

57. Number the sequence of formation of warm rain. Leave out those components that are involved solely
with cold rain processes.

condensational growth
aggregation

riming

melting
collision-coalescence
deposition

heterogeneous nucleation

19
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. What is the value of the latent heat of condensation in S.I. units?

. What is the most abundant gas in the earth’s atmosphere (give its chemical formula)?

. Order air with the least number of aerosols to that air mass with the most.
continental
marine

urban polluted

. Blue sky occurs because
(a) blue is preferentially scattered relative to other wavelengths.
(b) blue is preferentially absorbed relative to other wavelengths.
(c) blue is preferentially emitted by the sun relative to other wavelengths.

(d) blue is preferentially reflected from the earth’s surface relative to other wavelengths.

. Supercooled water has a temperature
(a) below 0°C
(b) 0°C
(c) between 0° and 100°C
(d) above 100°C

20
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63. Of the following conditions, snowflake growth is greatest

(a) when the temperature of the air is 0°C and the mixing ratio is highly supersaturated with
respect to ice.

(b) when the temperature of the air is 0°C and the mixing ratio slightly supersaturated with respect
to ice.

(c) when the temperature of the air is —15°C and the mixing ratio is highly supersaturated with
respect to ice.

(d) when the temperature of the air is —15°C and the mixing ratio is slightly supersaturated with
respect to ice.

64. The growth of ice crystals by the freezing of supercooled water on its surface is called
(a) deposition.
(b) aggregation.
(c) riming.
(d) condensation.

(e) other (give answer).

65. Which of the following types of electromagnetic radiation has the shortest wavelength?
(a) X-rays
(b) ultraviolet
(c) visible
(d) infrared

(e) microwave

66. The earth primarily radiates energy in the
(a) X-rays wavelengths.
(b) ultraviolet wavelengths.
(c) visible wavelengths.

(d) infrared wavelengths.

21
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FINAL EXAM - AT 540 (Open Book)
Fall 1994

For all questions that apply, assume 1 knot = 0.5 m s~1. If you find a question that you do not understand,
just explain how you interpret it and then answer it that way.

1. Define the acronyms listed below (11.5 pts)
(a) MRF
(b) NGM
() NMC
(d) LFC
(e) LCL
(f) NWP
(g) CCN
(k) IN
(i) AVN
() CAT
(k) RASS
(1) CLASS
(m) NOAA
(n) NASA
(o) GMT
(p) ITCZ
(1) QBO
(r) RAFS
(s) RDAS
(t) MOS
(u) PVA
(v) L.L
(w) cP

2. Given a 1000-500 mb thickness of 5520 m, calculate the mean layer temperature in degrees C. Show
your work (5 points).
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3. Given a thermal wind in the 1000-500 mb layer of 100 knots, calculate the horizontal thickness
gradient in units of meters per 100 kilometers. Assume a latitude of 40°N. Show your work (5§

points).

For this problem, what is the horizontal gradient of the 100-500 mb layer mean temperature in units
of °C per 100 km? Show your work (3 points). ’

4. For a latitude of 40°N and east-west flow (without any north-south component), what is the absolute
vertical vorticity associated with a 50 knot per 500 km horizontal wind shear. Show your work (5

points).
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5. Given a pressure of 850 mb, a temperature of 30°C and a dewpoint temperature of 0°C, determine .
the following (4.5 points).

(a) the wet bulb temperature =
(b) the saturation mixing ratio =
(¢) the mixing ratio =
(d) the relative humidity =
(e) 0=
(f) bg =
(8) Ow =
(h) the saturation vapor pressure =
(i) the vapor pressure =
6. Which of the following journals are published by the American Meteorological Society (1 point).
(a) Boundary Layer Meteorology
(b) Weather and Forecasting
(c) Monthly Weather Review
(d) Journal of Atmospheric Science
(e) Atmospheric Environment
(f) Quarterly Journal of the Royal Meteorological Society

7. An ensemble set of model output predictions is (give the one best answer based on current NMC
NWP application) (2 points).
(a) a suite of predictive results in which slight changes to initial conditions are made.
(b) a collection of model results which were initialized at different times.
(¢) a group of model results that have used different spatial resolution but the same starting time.
(d) a selection of model results that use slightly different representations of topography.
8. Dynamic cloud seeding involves (2 points) ,

(a) the deliberate conversion of supercooled water to ice in a cumulus cloud using limited quantities
of silver iodide in order to create a few large snow crystal which will precipitate.

(b) the deliberate conversion of supercooled water to ice in a cumulus cloud, using large quantities
of silver iodide, in order to release large quantities of latent heat of fusion from the numerous
small ice crystals so as to enhance the buoyancy of the cloud.

(c) same as (i) but for a stratiform cloud.
(d) same as (ii) but for a stratiform cloud.
9. What is the 50% rain-snow 1000-500 mb thickness for Denver, Colorado (1 point).




10.

11.

12.
13.

14.

15.
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At what electromagnetic wavelength is the atmosphere most opaque to radiation? Values are in
microns (2 points).

(a) 50 - 100

(b) 20 - 50

(c) 12.5- 20

(d) 10 - 12.5

() 8- 10

(f) 5-8 |
What is a realistic value for the albedo (for short-wave radiation) of fresh snow? (2 pbints) '

(a) 0.05

(b) 0.25

(c) 0.55

(d) 0.75

(e) 0.95
The adiabatic lapse rate is equal to _(°C/km). (2 points)
In units of 1013 grams per year, the biological fixation of nitrogen between the atmosphere, and the
ocean and land is about (2 points)

(a) 30

(b) 110

(c) 190

(d) 270

(e) 350
The flux of carbon dioxide into the atmosphere due to fossil fuel combustion and deforestation is
estimated to be (in units of 10'® grams of carbon per year) about (2 points).

(a) 7

(b) 14

(c) 21

(d) 28

(e) 35
The mesopause is at a height of around (1 point).

(a) 20 km

(b) 40 km

(c) 60 km

(d) 80 km

(e) 100 km




16.

17.

18.

19.

20.

21.
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Which of the following meteorological systems are active sensors? (2 points)
(a) radar
(b) lidar
(c) RASS
(d) satellite IR images
(e) satellite visible images
The earth is closest to the sun in (1 point)
(a) January
(b) March
(c) June
(d) September
In the Southern Hemisphere, the Coriolis “force” is (1 point)
(a) at a 90° angle to the left of the wind.
(b) at a 90° angle to the right of the wind.
() in the same direction as the wind.
(d) in the direct opposite direction as the wind.
Snow that melts while falling but then refreezes in the subfreezing stable layer near the surface is
called (1 point)
(a) hail
(b) snow grains
(c) graupel
(d) sleet
At a supersaturation of 1%, the number of cloud condensation nuclei in non-urban continental air is
on the order of (2 points)

(a) 0.5 per cm®
(b) 5 per cm?
(c) 50 per em®
(d) 500 per cm?
(e) 5000 per cm®
The collection of snowflakes as they fall is referred to as (1 point)
(a) riming
(b) aggregation
(c) deposition
(d) contact nucleation
(e) graupel growth




22.

23.

24.

25.

26.
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The growth of an ice crystal at the expense of evaporation from water droplets is greatest at (2
points)

(a) 0°C

(b) -5°C

(c) -15°C

(d) -25°C

(e) -35°C
At a temperature of ~10°C and an ice supersaturation of 15%, the type of ice crysté.l that results is
(2 points) '

(a) dendrites

(b) columns

(c) plates

(d) prisms

(e) needles
The passage of lightning through the air heats the atmosphere to values on the order of (1 point)
(a) 300 K

(b) 3,000 K

(c) 30,000 K

(d) 300,000 K

(e) 3,000,000 K
The current value of the eccentricity of the earth’s orbit is (1 point)

(a) 0

(b) 0.008

(c) 0.016

(d) 0.024

(e) 0.032

(f) 0.040 .
Accom;ing to the Trewartha and Horn climate categories, Colorado has what type of climate? (2
points :
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27. Which of the following are units in the S.I system? (2 points)
(a) meters
(b) joules
(c) ergs
(d) watts
(e) calories
(f) knots
(g) miles
(h) seconds
(i) °C
() newton
98. The new version of the Eta model has how many vertical levels operational in 19947 (1 point)

29. A T126 NMC spectral global model corresponds to what approximate equivalent spatial resolution?
(2 points)

30. If a correctly forecast area of precipitation greater than 1 cm is 1000 km?, the forecast area of this
amount is 2000 km? while the observed area is 3000 km?, what is the Threat Score? Show your work
(2 points).

31. What is the bias in the last question? Show your work (2 points).
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32. What type of cloud out of the following list would you expect if 86 [0z > 0?7
(a) cumulonimbus
(b) stratus
(c) cumulus congestus
(d) cumulus humulus
(e) altocumulus

33. If Ap = 10 mb per 1000 kilometers, the latitude is 40°S, and the surface pressure is 1000 mb, what
is the magnitude of the geostrophic wind? Show your work (2 points). ‘

34. Which of the following are warm core atmospheric features? (2 points)
(2) hurricane
(b) typhoon
(c) subtropical ridge
(d) polar high
(e) extratropical low
(f) warm front
(g) jet streaks :
35. Extratropical cyclone development is described ﬁsing what theoretical concept (choose the best an-
swer)? (2 points)
(a) Richardson number instability
(b) Kelvin-Helmholtz instability
(¢) Baroclinic instability
(d) Barotropic instability
(e) Inertial instability

36. If the mean mixing ratio between the surface (z = 0) and 5000 meters is 2 g kg~!, and there is
negligible water higher up, what is the precipitable water in cm? Assume a reasonable mean density
for the layer between the surface and 5000 meters. Show your work (3 points).
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37. Fort Collins is in what Colorado Zone Forecast Area (1 point)?

Good luck on the test and the remainder of your graduate work.

Roger A. Pielke, Fall 1994




Exercise #7
AT 540 WEATHER LAB
Fall 1995

Readings
1. Facsimile Products, pgs. 1-1 to 1-7, 2-1 to 2-24, and 8-43 to 8-75.

2. Anthes, R.A., 1983: Regional models of the atmosphere in middle latitudes (Review). Mon.
Wea. Rev., 1306-1335.

3. Guaraldi, J. and L.F. Bosart, 1985: An assessment of the skill of the NMC 6-10 temperature
and precipitation outlook. Bull. Amer. Meteor. Soc., 66, 831-839.

4. Klein, W.H., 1982: Statistical weather forecasting on different time scales. Bull. Amer.
Meteor. Soc., 170-177.

5. Policy Statement of the American Meteorological Society on Weather Forecasting. Bull.
Amer. Meteor. Soc., August 1991 issue, 1273.

Assignment

1. Using GMPACK, obtain the surface, 700 mb, and 500 mb analyses for a specific time period.
Contour the surface map for isobars at 4 mb intervals and insert fronts. Contour the 700 mb

and 500 mb analyses at 30 m and 60 m intervals, respectively.

2. Obtain the Eta and NGM 12 hour, 24 hour, 36 hour, and 48 hour forecasts corresponding to
the time analyzed in #1 for the surface, 700 mb, and 500 mb levels. Discuss the degree of
agreement between the predictions and your analyses.

3. Obtain the MRF 72 and 84 hour 500 mb simulation corresponding to the time in your analysis.
Discuss the degree of agreement between the predictions and your analysis.



Exercise #1 (Due Thursday September 7th)
AT 540 WEATHER LAB
Fall 1995

Reference Material (can be obtained from Dallas, Room 220)

1. Lecture notes - REQUIRED

2. “The use of the Skew T, Log P Diagram in Analysis and Forecasting.” Air Weather Service,
pgs. 1-1 to 3-2 - Recommended (on reserve in library).

Exercise

1. Using the data provided to you, plot the Denver sounding for August 24th, 12z (0500 MST).
Tabulate T', Tp, wind speed and direction as a function of p and z as appropriate. Then plot
on the thermodynamic diagram provided to you.




Name

MID-TERM EXAM - AT 540 (Open Book) Fall 1985

*Note: If any question is unclear, write in your interpretation and then answer. Questions 1-37 are worth
one point each. The remaining questions are as indicated.

1. In the Southern Hemisphere, the Coriolis “force” is
(a) at a 90°angle to the left of the wind.
(b) at a 90°angle to the right of the wind.
(c) in the same direction as the wind.
(d) in the direct opposite direction as the wind.

2. Snow that melts completely while falling but then refreezes in the subfreezing stable layer near the
surface is called

(a) hail
(b) snow grains
(c) graupel
(d) sleet
3. The earth is closer to the sun in
(a) July
(b) September
(¢) January
(d) March
(e) it is equidistant at all times

4. For an ideal gas, which of the following is the correct relationship between the specific heats at
constant pressure and volume, and the gas constant?

(a) R=Cy+Cy
(b) Co=Cp+R
() 0=R+Cy+Cy
(d) C,=Cyv+R
(e) R=Cy xCy
(f) none of the above
5. Which of the atmospheric systems listed below are warm core.
(a) extratropical cyclones |
(b) tropical cyclones
(c) subtropical ridge
(d) arctic high
(e) warm front
(f) anticyclone vorticity center
(g) thermal ridge
(h) jet stream



6. The dewpoint temperature of a parcel as it ascends
(a) is constant with height
(b) decreases slowly with height
(c) increases slowly with height
7. Given that T = 10°C, p = 850 mb, and Tp (the dewpoint) = 0°, calculate 6.
(a) 290
(b) 295
(c) 300
(d) 305
(e) 310
(f) none of the above (give value)

8. Given that the earth rotates once per day (27 /day), calculate the Coriolis parameter at the equator
and at the north pole.

Equator

(a) zero sec™!

(b) 1.45 x106 sec—!

(c) 7.255 x107® sec~!

(d) 1.45 x10~5 sec~!

(e) 7.25 x10~5 sec™?

(f) 1.45 x10~* sec™!

(g) none of the above (give value)
North Pole
(a) zero sec
(b) 1.45 x1076 sec™!

(c) 7.25 x1076 sec™!

(d) 1.45 x1075 sec™?

(e) 7.25 x1075 sec~!

(f) 1.45 x10~* sec™!

(g) none of the above (give value)

-1

9. Given the radius of trajectory of an air parcel is 200 km, the Coriolis parameter is 10~4, and the
wind speed is 10 m s~2, calculate the centrifugal acceleration.

(a) 5 x10~4 m s—2
(b) 5 x1073 m s~2
(¢) 5 x1072 m s~2
(d) 5 x1071 m s~2
(e) 5 m 52

(f) none of the above (give value)



10. Which of the following quantities are conserved with respect to the motion of dry air (i.e., air in
which saturation does not occur)?

(a) T
(b) Tw
(c) R.H.
(d) Tp
(e) P
(f) 6
(g) 0
11. Which of the following quantities are conserved with respect to the motion of saturated air.

(a) T
(b) Tw
(c) R.H.
(d) Tp
(e) P
(f) 6
(g) 0r

12. The tops of cumulonimbus clouds are capable of rising higher than their level of neutral buoyancy
because of

(a) their high water content
(b) their excess temperature
(c) their low vertical wind shear
(d) their inertia
13. Virga is
(a) falling precipitation which does not reach the ground
(b) an optical phenomena when the sun or moon shines through an ice cloud
(c) drifting dry snow
(d) a heavy shower of graupel
14. An atmosphere in which a horizontal gradient of thickness exists is said to be
(a) baroclinic
(b) barotropic
(c) conditionally unstable
(d) conditionally stable
(e) convectively unstable
(f) hydrostatic
(g) isothermal

(h) none of the above



15. As an air parcel moves from a ridge axis to a trof axis, its relative vorticity
(a) becomes more cyclonic
(b) becomes more anticyclonic
(c) becomes more nondivergent
(d) remains unchanged
16. During the development of an extratropical cyclone, (one answer)
(a) surface pressure rises in its center.
(b) there is midtropospheric descent east of its center ahead of the warm front.
(c) ageostrophic wind is convergent at low levels towards the low center.

(d) ageostrophic divergent upper level winds generate cyclonic relative vorticity which develops the
trof downstream from the surface low center.

17. Given a temperature of 20°C, a dewpoint temperature of 10°C, and a pressure of 1000 mb, what is
the relative humidity?

(a) 10%

(b) 25%

(c) 40%

(d) 55%

(e) 70%

(f) 85%

(g) none of the above (give value)

18. For the above problem, calculate the wet bulb temperature.

(a) 10°C |

(b) 12°C

(c) 14°C

(d) 16°C

(e) 18°C

(f) 20°C

(g) none of the above (give value)

19. Which of the following atmospheric variables almost always increase with height in the middle and
upper troposphere?

(a) wet bulb temperature
(b) mixing ratio

(c) pressure

(d) temperature

(e) density

(f) potential temperature




. The atmosphere is potentially unstable when
(a) 14 <Y <m
(b) Ym <7 <74
(c) FE>0
) &€>o0
(e) g—% <0
where 4 is the environmental lapse rate, 7., is the moist adiabat lapse rate, v.is the dry adiabat lapse
rate, § is potential temperature, and 0 is the equivalent potential temperatures.
. The wet bulb temperature is
(a) always equal to the dewpoint temperature

(b) always greater than or equal to the dewpoint temperature but less than or equal to the temper-
ature

(c) always equal to or greater than the temperature

(d) always equal to the potential temperature

. A front at the surface moves in the direction of movement of
(a) the warm air

(b) the cold air

(c) the 200 mb trof axis

(d) the thermal wind maximum

. Cold advection occurs when

(a) the wind speed increases with height

(b) the wind veers with height

(c) the wind backs with height

(d) the wind speed decreases with height

. The symbol L represents

(a) light rain

(b) sleet

(c) hail

(d) drizzle

(e) graupel

. On an upper air analysis, a star at the base of a wind barb (or a star alone) indicates the data came
from a (an)

(a) aircraft
(b) radiosonde
(c) ship

(d) satellite



26.

27.

28.

29.

30.

31

32.

The Omega equation is derived from the equation of motion plus (one answer)
(a) the conservation law for water vapor
(b) the radiative flux divergence equation
(c) the first law of thermodynamics
(d) the incompressible continuity equation
East of an upper level ridge and west of an upper level trof one generally expects to find
(a) sinking air in the midtroposphere
(b) ascending air in the midtroposphere
(¢) no substantial vertical motion
Baroclinic instability at a given latitude and static stability becomes more likely
(a) as the geostrophic wind shear increases
(b) as the geostrophic wind shear decreases
(c) the wavelength of the disturbance becomes less than several hundred kilometers
(d) in the spring season
The geostrophic wind for a given pressure gradient as you approach the equator
(a) increases
(b) remains constant
(c) decreases
Vorticity is a measure of
(a) wind strength
(b) circulation
(c) thermodynamic instability
(d) vertical wind shear
The dimensional units of vorticity is
(a) length per second
(b) per second
(¢) per length
(d) length squared per second

The vertical vorticity equation is derived by

(a) differentiating the u-equation of motion by y and the v-equation by z and subtracting the second

from the first.

(b) differentiating the u-equation of motion by z and the v-equation of motion by y and subtracting

the second from the first.

(¢) integrating the u-equation of motion with respect to y and the v-equation of motion with respect

to z and subtracting the second from the first.

(d) integrating the u-equation of motion with respect to z and the v-equation of motion with respect

to y and subtracting the second from the first.



33. Of the following, circle only the lapse rates (between 1000 mb to 900 mb and with a 1000 mb
temperature of 30°C) which are convectively neutral or unstable.

(a) & =1°C/1km
(b) &x =1°C/1 km
(c) & = -1°C/km
(d) %& = -1°C/1km
34. Circle the assumptions involved in deriving the adiabatic lapse rate
(a) hydrostatic relation
(b) 1st law of thermodynamics
(c) conservation of mass
(d) ideal gas law
(e) equation of motion
35. Which of the following cloud types is indicative of strong vertical mixing in the lower troposphere
(a) cirrus
(b) cirrostratus
(¢) altocumulus
(d) stratus
(e) cumulonimbus
(f) none of the above
36. The intensity of a front is most closely related to
(a) the horizontal dew point gradient
(b) the intensity of the surface wind shift at frontal passage
(c) the vertical shear of the horizontal wind
(d) the magnitude of the pressure
(e) the strength of surface winds in the cold air behind the front
(f) none of the above

37. Assume that the layer between 500 and 1000 mb is isothermal. R is .287 x107 ergs g~ K~! while
g = 10% cm 572 and In 2 = .69. What is the thickness if the temperature of the layer is 0°C (1st
column) and if the temperature of the layer is 25°C (2nd column)?

4260 m 4172 m
4780 m 4830 m
5430 m 5420 m
5820 m 5928 m
6130 m 6520 m
none of the above none of the above



38. What is the mathematical criterion for dynamic instability in straight line low on the anticyclonic
side of a jet stream? (2 pts)

39. Give representative (i.e., realistic) values of the following quantities. You must provide the correct
dimensional units. (2 pts)

(a) relative vorticity on the synoptic scale

(b) Coriolis parameter at 40°N

(c) 1000-500 mb thickness at 30°N in the summer

(d) 200 mb wind speed in the center of the jet stream

(e) sea level maximum pressure associated with a cP high

40. Calculate the virtual temperature for a temperature of 35°C, a dewpoint temperature of 25°C, and
a pressure of 1000 mb. Show your work. (1 pt)

Ty °C




41. If you are standing outside and the wind is from the northwest, in what direction relative to you do
you expect the low pressure system to be? (1 pt)

42. You are driving a car and the temperature outside is 4°C and the dewpoint is —8°C. It begins to rain.
Should you become concerned that the rain will turn to snow or not, and if the road will become
icy? You must give a brief physical explanation for credit. (2 pts)

43. Calculate the gradient wind speed and direction if the geostrophic wind is 30 m s~! from the west
for

(a) a low center with a radius of curvature of 500 km

m s~! from °

(b) a high center with a radius of curvature of 500 km

m s~! from °

Show your work (2 pts)



44. For a 500-1000 mb thickness of 5700 meters, calculate the mean temperature in °C. If the surface
temperature is 30°C, calculate a linear lapse rate consistent with this thickness, and the resultant
500 mb temperature. Show your work. (4 pts)

T= = °C/km T500 mb = °C

45. Properly connect the left and right sides. (2 pts)

ITCZ region of extremely low thickness

northeast trades upper branch of Hadley cell

polar front low level convergence of trade winds

arctic high demarcation between tropical and polar origin air
subtropical jet lower branch of Hadley cell

46. Given a parcel moving southward at 10 m s~! with constant horizontal velocity shear and curvature
of trajectory, calculate the change of the lapse rate as the parcel moves from 50°N to 40°N. Assume
a beta-plane centered at 40°N, and an initial lapse rate of g—g-|5ooN = 10°C/100 mb.

00 _

Opl400N
Using this information, assuming w = 0 at the ground, and the wind is a constant up to 100 mb
above the surface, estimate vertical motion in cm s~ at 300 mb above the surface.

°C/km

w = cm 57! (4 pts)

10




47. Relative geostrophic vorticity. Show that on a constant pressure surface with f being constant that:
(4 pts)

- . g 0%z 0%z
G =k Vx5 =5V =%(5;f o)

48. What is the dimension of g/C, where g is the gravitational acceleration and C) is the specific heat
at constant pressure? Show work. (1 pt)

11



49. Match the name of the wind with the balance of forces which are involved in its definition. (2 pts)

gradient pressure gradient; Coriolis

geostrophic  pressure gradient; Coriolis, centrifugal
cyclostrophic pressure gradient; centrifugal

friction pressure gradient; Coriolis; centrifugal; friction

50. Convert the quantities listed below to S.I. units (1 pt)

10 miles hour™! = m s~!
20°F = °C = K
80°F = °C = K

51. Given that you are on an airplane flying at 200 mb and the outside temperature is -70°C, calculate
the temperature inside the plane if this air was drawn inside and compressed to 1000 mb (show work).

(1 pt)

T= °C = °F

52. Given the pressure distribution below, draw a balance of forces that would result in a non-accelerating
wind velocity at points A and B. (4 pts)

12



53. Plot the 500 mb station model for the following observations at a location of 40°N. Temperature =
-95°C; dew point temperature = —.29°C; wind = 35 knots from the south; a height of 5320 meters;
and a 12 hour height change of minus 120 meters. (1 pt)

54. Plot the surface station model for the following observations at a location at 40°N. Temperature
= 80°F; dew point temperature = 70°F; visibility = 5 miles; wind = 10 knots from the southeast;
obscured, light thunderstorms; mean sea level pressure = 1020 mb; pressure falling and then steady
over the past 3 hours; pressure change is minus 0.3 mb. (1 pt)

13



55. Sketched below are the heights of a 1000 mb and 500 mb pressure surface. Draw in and label in
decameters the values of the thickness (contours at 60 m intervals). (2 pts)

56. Indicate by an arrow the direction towards which the front would be expected to move given the
surface wind pattern indicated by the station model. Indicate the type of front. The values hi,hs....
are lines of constant thickness where hy > hy > h3 etc. (2 pts)

14



57. Given the 850 mb to 500 mb geostrophic wind changes drawn below, calculate the thickness gradient,
and equivalent layer-mean temperature gradients. Draw the orientation of the lines of constant
thickness. Indicate whether cold, neutral, or warm advection is occurring and indicate the direction
of the horizontal temperature gradient. The magnitude of the wind at 850 mb in a) is 20 m s™1 (this

provides you the scale of the vectors). (6 pts)

NN &
&
S,
850 mb T
a) b)
500 mb.
R R s,
850 mb
c)
Vp(AZ) va
a)
b)
c)

15



58. Given the attached 700 mb analysis, calculate the following at point @ B. Show work. (2 pts)

geostrophic wind speed
geostrophic wind direction

temperature advection (use geostrophic wind)

16




59. Which of the synoptic-scale trofs below would be expected to be deepening over time. Assume
gradient wind flow. Solid lines are 700 mb height and dashed lines are 1000-500 mb thickness values.

AZy < AZy. Zp < Z. (2 ptS)

\.\ RO S U - P
3 ~ -
A L./ 2
\\ ‘L / -/,. ——— . % o ——— o ——————
v\ /_1 ;’
ST
£
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60. Given the figures below, write in the letter of the definition which most closely relates the two. (2
pts)

inactive cold front

active cold front A

cold occlusion

warm occlusion

inactive warm front

active warm front _ B w%q'

inactive stationary front 77 7 77

active stationary front

c We.fmy .
© cold —>

PV AT ey ey Sy il

W wlen
D cold Ml —

P e e aur aav Y 4

Wil an

E cu\ =13
A A ey ewAen e

G el

[ A ey ere

H w-f\ .
Cold & (o)
7'7‘7:/:;7—7*/ ,

18




AT 540 Final Exam - Open Book
Fall 1995

Answers should be concise. Points will be taken off for poorly written (i.e., verbose) answers. Total

points - 68

1. If the mean 1000-500 mb temperature was 0°C, what is the thickness of the 1000-500 mb layer

(show work)?
meters

What assumptions were used in obtaining this answer (i.e., in the derivation of the thickness
equation and in the calculation of the thickness) (4 pts).

9. What is the thermodynamic condition for a potentially unstable lapse rate? (1 pt)

3. Describe the synoptic situation in which the gradient wind is less than the geostrophic wind
(2 pts).

4. Write out the definition of the geostrophic wind in the coordinate system where potential
temperature is the vertical coordinate (2 pts).



10.

11.

What is the mathematical criteria for inertial instability? Where does this concept apply in
synoptic meteorology? (2 pts)

. What is a necessary condition for a synoptic-scale front? (2 pts)

Briefly describe the concept of baroclinic instability and how this is relevant in synoptic
meteorology (2 pts).

What is a realistic height above sea level of the tropopause over Fort Collins in the fall? (1
pt)

For a wind along a surface of potential temperature of 50 m s~! and a slope of that surface
in the direction of the wind of 100 meters per 100 kilometers, what is the vertical motion? (1

pt)

What is the reason that virtual temperature has been defined? (1 pt)

Write out the expression for horizontal water vapor flux in the layer from the ground surface
to the tropopause (4 pts).



12. Write out the meaning of the acronyms and abbreviations listed below (4 pts).

(a) MOS

(b) NGM

(c) NMC

(d) LFM

(e) MRF

(f) ASOS

(g) ACARS



(h) WSR-88D

(i) WSFO

() CYS

(k) FAI

(1) GTJ

(m) MSL

(n) PVA

(o) mT



(p) GEMPAK

(a) NWS

(r) NOAA

(s) LCL

(t) LFC

(u) MCL

(v) PV

(w) ECMWF



13.

14.

15.

16.

17.

18.

(x) CAPE

What is the 50% chance rain-snow thickness for Denver? (1 pt)

In words, describe what an occluded front is (2 pts).

Discuss briefly what cold air damming is, and why it is relevant for weather along the Colorado
Front Range (2 pts).

What is meant by model resolution? What is the resolution of the ETA model and the MRF
model? (4 pts)

Why is pressure used as the vertical coordinate in a synoptic analyses (e.g., the 850 mb; 700
mb; etc.)? (2 pts)

What is the mathematical definition of warm advection? (define terms; 1 pt)



19.

20.

21.

22.

23.

24.

25.

What is the mathematical definition of positive vorticity advection? (define terms; 1 pt)

What is the mathematical definition of (i) curvature vorticity and (ii) shear vorticity? (define
terms; 1 pt)

What is the mathematical relation between geostrophic vorticity and the height field? (define
terms; 1 pt)

What is the isallobaric wind? (1 pt)

What is the thermal wind? What assumptions are used in its derivation? How is the thermal
wind related to the thickness between pressure surfaces? (4 pts)

What is the distance in kilometers of one degree of latitude? (1 pt)

What is the difference between a streamline and a trajectory? (1 pt)



26.

27.

28.

29.

30.

What is meant by a warm core synoptic feature? Give two examples of a synoptic warm core
system ( 1 pt).

On the synoptic scale, which surface better represents the movement of an air parcel? Why?
When would this better representation be inaccurate? [coordinate surface: Z, p, 8, o,) (4 pts)

What is the moist adiabatic lapse rate at 850 mb for a temperature of 25°C? (2 pts)

What is the dewpoint temperature? How is it related to the wet bulb temperature? (2 pt)

Provide typical (i.e., normal) values for Fort Collins in the fall of the following: (Use S.1I.
Units; 3 pts). .
(a) 500 mb temperature

(b) 700 mb temperature

(c) 1000-500 mb thickness



31

32

33

34

35

(d) 200 mb wind speed and direction

(e) 500 mb height

(f) 700 mb height

. Define (i) potential vorticity, (i) absolute vorticity, and (iii) relative vorticity (1 pt).

. Define diabatic heating (1 pt).

. What Colorado zone (for the NWS) is Fort Collins in? (1 pt)

. List out 5 places on the World Wide Web that you have accessed weather information (4 pts).

. Briefly discuss Q-vectors and how they are used in synoptic meteorology (1 pt).



BONUS: Forecast the 1 p.m. temperature at DIA on Friday,

December 15th. If you are equal or
closer than my forecast, you will receive 5% added to your fin

al exam grade.
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Exercise #1
AT 540
Fall 1997

Reference Material (due Sept. 9, 1997)

1. Lecture notes - REQUIRED

2. “The use of the Skew T, Log P Diagram in Analysis and Forecasting.” Air Weather Service,
pgs. 1-1 to 3-2. Recommended

Exercise Plot the Denver, Grand Junction and Tampa, Florida thermodynamic soundings on the
thermodynamic paper that is provided. This includes temperature and dew point temperature as
a function of pressure, and wind speed and direction as a function of height. Use the plotting wind
barb format described in the notes. Use solid red lines to connect the temperature points and
dashed red lines to connect the dew point temperatures.



Exercise #2

AT 540
(due September 23rd)

Fall 1997

Recommended “The Use of the Skew T, Log P Diagram in Analysis and Forecasting.” Air Weather
Service. Pgs. 4-1 to 4-19; Required Lecture notes. Assignment

1. Using each of the sounding plotted in Lab Exercise #1, compute:

(a) mixing ration - w

(b) saturation mixing ration - w,

(c) relative humidity - R.H.

(d) vapor pressure - e

(e) saturation vapor pressure - e,

(f) potential temperature - 6

(g) wet-bulb potential temperature - 6,

(h) equivalent temperature - T,

(i) virtual temperature - T,

(j) tropopause at 1000 mb for Tampa, 800 mb, 700 mb, 500 mb, 200 mb
2. Compute from surface values, or other values as necessary.

(a) convection condensation level - CCL

(b) convection temperature - T}

(c) lifting condensation level - LCL

(d) mixing condensation level - MC'L

(e) level of free convection - LFC

(f) equilibrium level - EL

(8) heights and pressure depth of layers of positive buoyancy - p;, p; + 1, Ap

(h) K index - KT

(i) Lifted Index - LI




Exercise #3

AT 540
Due +3 weeks

Fall 1997

Recommend Facsimile Products. National Weather Service, pgs. 6-39 to 6-55.
Required Lecture notes, Chapter 3.

Assignment

1. Using the three soundings that you obtained for the Lab Exercise #1
(a) obtain the reported 700 mb, 500 mb, 300 mb and 200 mb heights

(b) use the temperatures in the sounding information to calculate the 500 mb, 300 mb and
200 mb heights starting from the 700 mb is known. Compare with heights given in the
sounding.

2. Use the appropriate station model and plot on a blank sheet of paper the surface, 700 mb,
500 mb, 300 mb and 200 mb observation for each of the three soundings in #1.

3. Use the map with station information provided to you to plot the 700 mb, 500 mb and 200
mb fields over the United States
(a) contour by hand the
i. heights (60 m intervals)
ii. temperature (5° C intervals)
iii. dew point temperature (5°C intervals)
(b) use graphical subtraction to obtain the 700 mb - 500 mb thickness at 60 m intervals.
(c) use the plotted 700 mb - 500 mb thickness, and contour this field and compare with (b).

4. On your 700 mb analyses, color in red areas of temperature advection greater than lo/hour;
color in blue areas of temperature advection less than -1o/hour.

5. Draw the 500 mb and 700 mb winds in a vector format. Superimpose the winds and calculate
the wind shear between these two layers. Contour the wind shear by drawing lines parallel
to the wind shear vectors. Compare this result with the thickness calculation performed in
#3(b). For Denver and Seattle, compute the thickness gradient from this analysis and from
the thickness analysis in #3.

You will need tracing paper to perform these analyses.



Exercise #4

AT 540
Due +4 weeks

Fall 1997

Required Lecture Notes (Chapter 5)

Assignment

1. Obtain the plotted surface observations over the contiguous U.S.
2. Analyze the

(a) isobaric field at 4 mb intervals

(b) temperature field at 10°C intervals

(c) dew point temperature field at 10°C intervals

(d) frontal locations (justify on a separate sheet of paper)

3. Calculate the geostropic and gradient winds at Denver. Compare with the observed surface
and 700 mb winds. Also calculate the 500-700 mb thermal wind for Denver. Compare with
the horizontal near temperature gradient in the 500-700 mb layer over Denver, and compare
to the horizontal gradient calculated using the thermal wind.

4. Use the surface field to infer what the vorticity and temperature advection patterns and
diabatic heating terms are at Washington, D.C.

5. Label synoptic categories on your surface map (use tracing paper if you wish).




Exercise #5

AT 540
Due +5 weeks

Fall 1997

Recommended Cahir, J.J. et al., 1976: New tools for forecasters: real-time cross sections produced
in field. BAMS, 1426-1433.

Required Lecture notes (Chapter 3).
Assignment

Obtain sounding analyses for the cross section given in class which are

e parallel to the general flow

e perpendicular to the general flow
Using the stations along each cross section, your thermodynamic diagrams and tracing paper:

e plot and contour § and g at 5° C intervals for each cross section. Use separate sheets for 8
and 0g.

e calculate and contour relative humidity intervals of 10%, 30%, 50%, 70%, and 90%. Shade in
green, values of relative humidity greater than 70%.

e use your  analysis where R.H. < 70%, and your 0. analysis where R.H. > 70% to compute
trajectory lines on a separate sheet of tracing paper.

e superimpose the observed winds on your analysis and evaluate vertical velocity at those loca-

tions using the adiabatic method. Contour in red, areas of vertical motion greater than 1 cm

s~! and in blue areas less than -1 cm s™*.



Exercise #6

AT 540
Due December 2, 1997

Fall 1997

Readings(on reserve)
e Bader et al., 1995: Images in Weather Forecasting, University Press, Cambridge, 499 pgs.
1. Recommended

Assignment Select from the World Wide Web, and hard copy output

1. a hemispheric image
2. a western U.S. sector

3. a Colorado image

of your choice and interpret the major cloud and clear air features in terms of our discussion of
weather patterns in class. Write up your discussion and attach relevant synoptic analyses.




Exercise #7
(Revised)

AT 540
NWP Models and MOS
Due December 4th

Fall 1997

Additional Readings; see also previous reading assignments on models

1.

Guaraldi, J. and L.F. Bosart, 1985: An assessment of the skill of the NMC 6-10 temperature
and precipitation outlook. Bull. Amer. Meteor. Soc., 66, 831-839.

Klein, W.H., 1982: Statistical weather forecasting on different time scales. Bull Amer. Meteor.
Soc., 170-177.

Bosart, L.F., 1981: A preliminary assessment of the state of the art of thunderstorm proba-
bility forecasting. Bull. Amer. Meteor. Soc., 62, 790-792.

Charba, J.P. and W.H. Klein, 1980: Skill in precipitation forecasting in the National Weather
Service. Bull. Amer. Meteor. Soc., 61, 1546-1555.

Policy Statement of the American Meteorological Society on Weather Forecasting. Bull.
Amer. Meteor. Soc.,1385-1387. Also see http://www.ametsoc.org/ AMS /policy /weaforc.html.

Assignment

L.

Obtain xeroxes of the surface, 700 mb, and 500 mb analyses for a specific time period from
the map board.

9. Obtain the Eta or NGM 12 hour, 24 hour, 36 hour, and 48 hour forecasts corresponding to

the time analyzed in #1 for the surface, 700 mb, and 500 mb levels. Discuss the degree of
agreement between the predictions and your analyses.

3. Obtain the MRF 72 hour, 84 hour, and 10 day 500 mb simulation corresponding time in your

analysis. Discuss the degree of agreement between the predictions and your analysis.

If you use the Web, and complete this exercise for upcoming weather, it may be easier for you to
obtain the needed data.



Exercise #8
Revised

AT 540

Fall 1997
Due December 4th

Readings

1. http://geowww.gecn.uoknor.edu/WWW /Mesonet /Mesonet.html
2. Browning, K.A., 1982: Nowcasting, pgs. 149-166 and 207-221.

Assignment

e Obtain the Grand Junction (GTJ) Sounding for a situation with westerly 700 mb flow. Life
the GTJ sounding to 2.7 km above GTJ. Assume that the entire sounding lifts uniformly.
Then descend the sound assuming:

1. 0% rainout
2. 20% rainout
3. 50% rainout
4. 100% rainout

and compare with the Denver sounding (DEN). If the precipitation is dropped out uniformly
over a 100 km distance, what would be the amount of precipitation at the surface per unit
area?




AT 540 Midterm

Fall 1997
(open book)
(2 hour time period)

1. Given a westerly geostrophic wind of 10 m s™ at 700 mb, a 700 mb height of 3000 meters, a
westerly geostrophic wind of 30 m s™! at 500 mb, a 500 mb height of 5700 meters, compute
(showing work):

(a) the horizontal gradient of 500-700 mb mean temperature (magnitude and direction)

(b) the 500-700 mb mean temperature

(c) the horizontal mean temperature advection in this layer



2. Given a temperature of 20°C, a dewpoint temperature of 15°

C, and an atmospheric pressure
of 850 mb, what is the virtual temperature (show work).

3. Which of the trofs plotted below would deepen as a result of westerl

y momentum input/output.
Plotted are 500 mb heights.

4. What determines the differences between cumuliform and stratiform clouds?



5. Plot on the surface station model: T' = 5°C, Tp = 2°C, p = 1000 mb, winds 10 knots from
the southeast, the pressure change over the last 6 hours was -3 mb, the sky is overcast and
light rain is falling.

6. Plot the station model at 500 mb for 7' = -10°C, Tp = -14°C, a wind of 50 knots from the
southwest, a height of 5810 meters with a change of —30 meters over the last 12 hours.

7. Define the following acronyms
e CAPE

e LCL

e MCL

e PVA



e CIN

¢ NGM

¢ MRF

e LFC

8. Discuss briefly what is the jet streak entrance and exit region, and what can be inferred related
to vertical motion. Sketch if you would like.




9. If the north-south velocity gradient is 10 m s™! per 100 km, what is the absolute vorticity at
40°N7?

10. Show mathematically how geostrophic vorticity can be expressed as a curvature of the height
field. What curvature in the height field and what horizontal shear in the geostrophic wind
is required to produce a relative vorticity of 10™*s™*.

11. ¥ T = 20°C, Tp = 10°C, and p = 700 mb, what are
e 0



e 0,

e T,

® w;

e R.H.

e LCL (from this height)

12. Provide realistic (October) values for Fort Collins for the following.
e 500 mb height




500 mb temperature

500 mb wind

1000-500 mb thickness

1000-500 mb thickness gradient

tropopause height

e absolute vorticity

BONUS: Forecast the 1 p.m. temperature at DIA tomorrow. If you are equal or closer than my
forecast, you will receive 5% added to your midterm grade.

Good Luck!
R.A. Pielke



FINAL EXAM - AT540
FALL 1997 (Open Book - 39 pts)

1. Of the plots of 500 mb heights and 1000-500 mb thickness, which example would be most
likely to result in strongest surface cyclogenesis (4 pts)?

2. Of the contours of 500 mb heights drawn below, which example has the largest relative vorticity
(4 pts)?




3. Of the soundings schematically illustrated below, which has the greatest CAPE (4 pts)?

4. Of the following values of temperature (T'), pressure (P), and dewpoint temperature (7Tp),
which one has the highest value of 6. (2 pts)?

T(°C) P (mb) Tp (°C)
() 20 850 mb
(i) 10 700 mb
(i) 25 850 mb
(iv) 15 700 mb

1v

(v) 5 500 mb

Ot O Ot O O

5. Write a mathematical expression for how the geostrophic wind changes as a function of latitude
assuming the same gradient of height on a pressure surface (hint - f = 2Qsin 0) (2 pts).



6. Define the following (1/6 pt each).
(a) CIN

(b) NOGAPS

(c) MRF

(d) CAPE

() 12 GMT (also give what this corresponds to in terms of Colorado time)
(f) ECMWF

(8) NGM

(h) PVA

(k) Eta
(1) tephigram
7. Give representative values of the following for Fort Collins (1/8 pt each).
(@) 1
(b) absolute vorticity
(¢) maximum wind speed at 200 mb
(d) maximum temperature at 500 mb
(e) maximum value of CAPE
(f) tropopause
(g) rain-snow 1000-500 mb thickness

(h) maximum value of precipitable water




8. Given the schematic surface weather map drawn below, identify (4 pts).
(a) with an “A” where the greatest PVA and warm advection would be expected.

(b) with a “B” where NVA but warm advection is likely to result in cloudy, but non-
precipitating weather.

(c) with a “C” where clear, cool skies with light winds are expected.

(d) with a “D” where atmospheric dispersion is best.

9. On the cross section shown below, assume all wind is in the plane of the figure, and is constant
everywhere in the figure. Assume the air is unsaturated. Circle where the strongest ascent
would be. With a uniform wind of 50 m s~!, what is the value of the ascent (4 pts)?



10. Use the equations in the notes to show why the thermal wind is parallel to the thickness
contours (2 pts).

11. Given the satellite image shown in class, what weather feature have I asked you to identify (2
pts)?

12. What are your two most useful weather web sites (2 pts)?

13. Which of the following weather features are warm-core? Circle all that apply (2 pts).
hurricane
thermal low
nor’easter
subtropical ridge
polar high




14. Draw a cross section of an active warm front (4 pts).

Bonus: Forecast the temperature for 1 p.m. tomorrow at DIA; (If you are equal or are better than
my forecast, I will add 5% to your exam grade!)

Good luck on the test!





