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ABSTRACT

QOES-VAS satellite retrievals are used to investigate an
intense convective outbreak over the Mississippi River Valley on
21=22 July 1982, The primary goals are to sssess the strengths
and weaknesses of three methods for computing vertical motion
using satellite retrievals and to determine the effects of shert
interval observations on the ocaleculations, Then, the vertical
motions are incorrupated with thermedynamie parameters to asseas
the usefulness of VAS data in dilineating factors leading to

storm formation.

Results indicate that the quasi-geostrophic omeza equation
provided patterns and magnitides most consistent with observed
weather events and the 12 h radiosonde-derived motions. The vopr=-
ticity method generélly produced reasonable patterns, especizlly
over the oconveciive outbreak, although magnitudes were large duz
to its time derivative, The adiabatic technique gave very poor
results because diurnal temperature variations extended from the
surface through 600 mb, and there apparently was a compensating
effect in the retrieval algorithm that produced opposite fluetua-
tions near 300 mb. These short term variations caused local
changes to dominant horizontal advection, producing total motions
that did not agree with synoptic conditions even though patterns
from advection alone were quite good., Thus, results from time

ii




derivatives were not as encouraging as hoped, especially for 1 h
data, Finally, VAS retrievals were of limited use in detecting
changes in Lifted Indices because fluctuations could be inferred
from routine surface reports. Although patterns of precipitable
wvater were reasonable, time varintions were suspeet since they
could not be confirmed with ground-based data. Nenetheless, in
general, VAS retrievals were a ussful supplement to the tradi-

tional 12 h radiosonde reports,
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1, Introduction

Synoptic and planotary sculog of motion includo many atmos-
phorie oyotomn, but numoroun othor important motoorological
phenomonn coecur on omaller cecoloo. Mogcosanlo fouturoo havo typi=
oal wavolongths of 1=-1000 itm and periodo of soveral hourn and
inolude oyotome puoh as thunderatorms, land/coa breozos, and
frontal rainbonds.  Although our knowleodgoe of, and ability to
foroeact oynoptie secale ovento hac advanced considorably during
the paat sovorel deoades, corresponding ilmprovements at tho
mesoscalo havo boon much more limited. There are at loast two
oxplanations for forccasting limitations 4in mesomotoorology.
First, mathematical and theoreotical diffioculties 4$nhibit the
dovolopment of prediction modecls., Second, although large amounts
of data are needed to accurately desceribe theose features, only a
short time is available for data processing. The ourrent
sradiosonde network, having o spacing of 400 km and providing date

at 42 h intervals, 1s insufficient for this purpose.

Accurate forecasts of severe conveotive storms are a major
challenge for meoteorelogists. Due to data limitations, foraecasts
have been made from a synoptio scale perspective, Soon, however,
it 15 hoped that meteorologlcal satellite technology will make a
uajor impact on severe storm prediction. Specifically, the Visi-

ble Infrared Spin-Scan Radiometer (VISSR) Atmospheric Sounder



2
(visS), containod on tho moot rocont GOES sorics, providos rodie-
ance datc from which mesoscalo rotricvals of atmoopheric tomporae
turo aed wator vapor con bo obtainod, Comploto doseriptions of
tho VAS instrument aro givon by Menzol ot pl, (1981), Smith ot
n. (1981b), and Chostoro of nl. (1982), Soundingo hoving opoe-
tial aond temporal ocoparations of about 100 km and 1 h aro availe
able, much gcmallor than that provided by tho radiosondo notwork.
With thic new ocapability, it 1o hoped that forcoaotoro can uce
VAS poundings to bottor prediot the developmont and evolution nf

ooveore thunderstorms.

There aro three neccssary ingredients for thundorstorm inie
tiation: instability, moisture, and a triggering mechanism. Cone
corning stability and moisture content, several recont investigae
tions have favorably assessed VAS's ability to detect mesosoale
variations in both time and space (e.g., Smith at al,, 1981a; Lec
ot pl., 1983; Swmith, 1983; Chestors ot al,, 1984). To the
author's knowladge, however, there have been no published studies
to evaluato satellite-derived filolds o vertical motion, That is

the purpose of the current paper,



2. Mothods of computing vertical motion

VYortical motion 4o an important atmoophorie poramcter
becaugse it controlo tho distribution of olouds and procipitation,
vortically trancporto macs, moisture, and meomentum, and reloases
the inotability of the pro-convective environment, Since magni=-
tudes of vartiocal motion in the free atmosphere are usually only
goveral oentimetors/second for synopiic 8ecalo systems, accurats
dotermination is olucive bocause dircot physical measurcmenta are
impossible, Inotead, indireei techniques, utilizing other atmos-
pherio quantities, must be employed. Miller and Panofsky (1958)
cite five achemes for computing large Bscale vertical motion,
i.e,, the kinematic, adiabatic, precipitation, vorticity, and
numerical (omega equation) methods. All but the precipitation
procedure are explored in the current study., Each technique 1is
based on quite different physical and mathematical assumptions
and, therefore, possesses different strengths and weaknesses that

are described below,

8, Klpemetic method

The kinematic procedure is based on the continuity equation
in which divergence of the horizontal wind is integ:ated upward,

Vertical motion in isobaric coordinates (w = dp/dt) is given by

W + (3-?2)Ap, (L

p - “p+ap
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whoro -""g ig the horizontal wind and Ap is positive, There are
ooveral advantaoges to the kinematic technique. These Lnelude
Bimplioity of caloulation, lack of stringent physical aspump=
tions, and the agboence of time derivatives. On the other hand, a
significant disodvantage is that orrors in the measured winds
aapurulate during the step-wyise integration to produco unrealise
tic w in tho upper treposphere, For this reacon, adjustment pro-
cedurea, such ap those by O'Brien (1970) and Peddar (1981), often
are used to modify the prof'iles to a predetermined value {usually

zero) at the top most level {usually 100 mb).

b. Aulshgtis method

This method 1s derived from the First Law of Thermodynamics

by assuming adiabatic flow. Vertical motion can be ¢omputed from

_ =¥,eVeo - 28/0¢t
w 3679p ’ (2)

where 0 13 potentia)l temperature, A simple mathematical formula-
tion and an ingensitivity to wind errers, so that geostrophic
values can be used, are ilmportant advantages. However, three
disadvantages are a time derivative that may be inadequately
described by 12 h radiosonde data, inaccurate results when the
~tmospheriec lapse prate approaches the adliabatic valua, and an

inability to properly represent diabatic motions.

A g T T T L[ =



2. Yortioity method

Quasi-geostrophic theory is applicable to large seale sys-
tems in which there 1s o quasi-cquilibrium beotwecn horizontal
foreces., The formulation for the vorticity nmethod is obtained
from integration of the quasi-goostrophic vortioity equation

(Holton, 1979) yielding, in isobaric oc¢-'rdinates

1 >

o b a[~3L /3t = V_oV(g +f 3
wy L fo[ cg/ g (cg Ylap (3)
where ?é is geostrophie wind, ;g is genstrophio vorticity, and f

and fo are variable and constant values of the Coriolis parame-
ter, respectively. Strengths of the method are ease of calocula=-
tion, use of geostrophic winds, and the ability to negleot com-
plex terms such as tilting, friction, and the vertical advecticn
of vorticity, Weaknesses ineclude possible violation of the
underlying sssumptions during ageostrophic conditicns and, as in
the kinematic technique, an accumulation of data errors during
step-wise integration, Finally, as noted for the adlabatic tech~
nique, the time derivative (of vorticity) may be unrepresentative

when 12 h data are employed.

d. Numerigal method

The omega equation is derived by eliminating time deriva=-
tives in the vortieity and thermodynamlec energy equationa, The
complexity of the result depends on the number of simplifying

agsunptions, |ranging from the general baluince equation,
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sontaining twolve forcing functions, to the quasi=geostrophic
omoga equation, having only the two dominant processes of the
aomplote version. The quasi-geostrophic omega equation is (Hol-

ton, 1979)

2o £22 223, o =fe 2% . - R
(vie fom Ioyy o e of F ) - Boor(-T Y@

vhere R 1s the dpy air gas constant and ¢ (='§%%§J. ropresenting
stability, varies only in the vertical and with time. The left
side of this equation, a kind of three-~dimensional Laplacian, ocan
be approximated by w multiplied by a negative coefficient. 1lhe
right side contains forcing functiona involving the verlical
derivative of absolute geostrophic vorticity advection and the
Laplacian of geostrophic temperature advection. Thus, upward
notion should ocour east of height troughs and in areas of max-
imum warm air advection. A criticism of this formulation is that
the two foroing functions usually are hot independent because
each contains =a commen component, Therefore, alternative
representations have been proposed {(e.g., Hoskins gt al., 1978;

Trenbarth, 1978).

Three advantages of the quasi=geostrophic cmeza equation are
its explanation of several empirical rules of synoptic meteorol-
ogy, relative ease of calculation, and a lack of time deriva-
tives. A disadvantage 1s che possible violation of quasi-
geostrophic theory for subsynoptic scale motions and for strongly

baroclinic systems where dlabatic processes are important,




£, Pnnt ptudien

Baged on radiosonde data, tho kinenatic methed gonerally is
conoidered to provide the most ressonablc synoptic scale vertical
valoeities, 1.e., those which best correspond to observed map
features and cloud/precipitation patterns, The numerical method
appoars to be the second ranked procedure. Specifically, Smith
(1971) found that results from the cmega equatisn were comparable
to kinematic values. In a later study, however, the kinematio
technique was elearly superior to the omega equation (Vincent et
Al., 1976). This was confirmed by Smith and Lin (1978) who noted
that the kinematic procedure outperformed both the general bal-
ance and quasi-geostrophic omega equations, They speculated that
the kinematiec method was better able to captare smaller scale
processes than the numerical approach. In faet, recent studies
have shown that mesoscale vertical motions can be successfully
caloulated using the kinematic technique (Fankhauser, 1969; Moore

and Fuelberg, 1981; Fuelberg and Printy, 1983).

Comparisons between different forms of the numerical methad
have produced contrasting conclusions. For example, Smith and
Lin (1978) noted that the simple omega equation was superior to
the general balance equation during intense ceyclone development.
However, Krishnamurti and Moxim (1971) and Pagnotti and Bosart
(1984) emphasized that latent heat release could be an important
foreing funotion for vertical motior in some situations. More-

over, Haltiner et Aal. (1963) demonstrated that frietional
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effoots markedly influenced w ficlde in the lower troposphere.

The adisbatic method generally has been a less relioble
indicator of large scale vertical motion than the kincmatic and
numerical tochniques (e.g., Hanson and Thompson, 1965; Wilson,
1976). VWhon applied to mesoscale data, adiabatic motiona agreed
favorably with weather patterns in the lower troposphere; how-
ever, they were inferior to kinematic results in the middle tro-
posphere (Fuelberg and Lea, 1982)., Concerning the quasi-
geostrophio vorticity method, Eliassen and Hubert (1953) and Col-
lins and Kuhn (1954) observed satisfactory agreement between
areas of ascent and large scale patterns of precipitation; hou-

ever, its use has bsen relatively infrequent.

For radiosonde data, the references cited above suggest that
each method ocan prouuce reasonable estimates of synoptic socale
vortical motion, with pest results from the kinematic and numeri-
cal procedures., The current objective is to assess the various
teochniques using VAS satellite retrievals as input. Such an
evaluation is appropriate because satellite and radiosonde data
are fundamentally different 1in nature, For example, the
radiosonde is virtually a point source sensor, while the
patellite's radiometer provides volume-~averaged measurements,
thereby achieving smoother definitions of atmospheric struecture,
especlally in the vertical. In addition, the satellite's shorter
time interval between observations and lack of directly observed

winds are important differences, Specifically, the current
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invogtigation will caloulate vortical motions at high temporal
resolution from the vorticity, adiabatie, and omega equation
methods ond will asgess the strengths and woealkneases of oach
technique. Tho kinematie procedure cannot be utilized with VAS
retricvals sinee only pecstrophic or gradient winds can be ocom-
puted thermally. The study also will investigate the ocommeon
aossumption that a shorter time interval would result in more
representative vertical velooities in those methods containing a
time derivative., Moreover, the abllity of each technique to
bridge the "gap® between 12 h radiosonde data will ve described.
The final goal 1s to incorporate the vertical motions together
with satellite-darived flelds of water vapor cortent and stabil-
ity to diagnose causes for an intehse oconvective outbreak over

the middle Missiesaippi River Valley.



3. Mothodology

Q. YAS pebtriavnl) prosaduros

The pericd 21=22 July 1982 was chozen for otudy because it
aontained significant afterncon conveotion during a pertod when
VAS oatollite data wero availaeble, It is a typieal case in that
the entiro data region was not cloud=free before thunderstorm
dovelopment, Six sounding times were availlable: 1100, 1300,
1600, 1700, 2000, and 2300 GMT 21 July. Separate northern and
gouthern image sectors of the domain were collsoted, but, due to
the small time difference between them (about 30 min}, they were
treated as a single image for retrieval purposes. This consoli-
dation may be a slight source of error in the 1 h (1600-1700 GMT)
changes of temperature, vorticity and thermodynamic parameters
that follow., The 1300 and 1600 GMT image prirs were made during
the satellite's Dwell Image (DI) mode of operation, while the
remaining data were obtained during the Dwell Sounding (DS) mode.
The DS mode generslly 1s expected to give somewhat better
retrievals of temperature and moisture because of its larger spin
badget., Smith st al. (1981b) gzive a complete deseription of

these modes,

TAS retrievals were prepared at the NASA/Marshall Space

Flight Center using techniques incorporating the Man-computer

10
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Intoractive Data fcooss Systom (MeIDAS) (Smith at al., 1979).
The phyoicnl rotrioval algorithm of Swmith (1983) was employed;
tho procodurc adds detalls of tcoperature and mofsture to o
"firat gueog® profile, For the initial ocounding timo (1100 GMT
21 July), the fiprst guesoc was from a National MHoteorological
Contor (NMC) 12 h foroccaoct valid at 1200 GMT 21 July. Aftor 1100
GMT, VAS retriovals from the provious timos were used as first
guesgaes, The output soundings then were edited via MelIDAS with

inoonsistent data being deleted.

The VAS reotriovals underwvent a second round of editing at
Saint Louis University. The obJjectives were to locate any
remaining anomalous features before objective analysis, obtain a
working knowledge of the data, and estimate the smallest
wavelength at which VAS data yrovided meaningful information. To
achieve these goals, ceonstant pressure analyses of several basie
and derived parameters were prepared. Results were cheocked
closely for vertical stackinz, time continuity, appropriateness
of gradients, and cloud contamination, Dseletions were made as
necegsary. Finally, sounding data were oreated at 100 mb inter-
vals from the mandatory levels originally supplied, Standard

temperature interpolation and hypacmetric procedures were used,

b. Oblective analysis of VAS petrievals

Since the convective outbreak oecurred over the ceutral

one=third of the United States, this was the area of focus.
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Loeationo of adited soundings within the rogion are shown in Fig.
1. In oseloeting tho grid intorvol and rooponge characteristios
for tho objootivo analycis, the procedurcs of Kech af nl. (1983)
were considered, Table 1 gives tho numbor of soundinga (after
editing) within the analysis region at each time. Retrievels
have an average spacing of 110 km in relatively e¢lear areos, but
due to cloud cover over certain reglons, the goparation ig not
uniform (Fig. 1). Tharefore, the "prandom data spacing®, the
average soparation for a uniform sounding distribution, was ocal=-
culated (Koch et al., 1983). Since the random spacing (Table 1)
vas always greater than that in clear areas alone (110 lm), espe=
cially at 1100 GMT, olustering is indicated., Because of its lim-
ited and highly colustered data, 1100 GMT was not utilized for

later caleculations,

Due to the grouping of the data and ambiguity as to the
smallezt scale that VAS soundings are meaningful, mesc B-soale
resolution was not attempted. Inatead, for thermodynamic cazlou=
lations only, the retrievals were treated as a meso a=Scale data
source, assuming an average spacing of 250 km. The Barnes (1973)
objective analysis procedure was employed on a grid mesh of 127
km, Responge parameters that retained 6279 of amplitudes at
wavelengths of 500 km (twice the assumed VAS spacing), i.e¢., 89%
at 800 km (twice the radiosonde spacing), were utilized. Fig. 2
shows that the objective analysis for geopotential height at 500

mb for 1600 GMT (middle) has removed most meso B-scale features



Fig. 1. Locations of ediced VAS retrievals
at the six observation times.
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Table 1. Number of soundings after cditing within the
computational domain, Their separation, Lf
uniformly distribucred, is algo showm.

Scunding Number of Random
Time suundings dace spacing
(GMT) (km}

1100 81 245.9
1300 127 191.6
1600 155 171.8
1700 120 197.6
2000 157 170.6
2300 170 163.4
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Fig. 2.

A s
N

9949

g0

Subjective and objective analyses of VAS~-derived heights
at 500 mb for 1600 GMT 21 July 1982. The top panel is
the subjective (hand) analysis (SUB) while the middle and
bottom sections are meso & (MESO)} and synoptic (SYNOP)
scale objective versions. Helghts are in decameters.
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prooont in the original oubjeotive (hand) anuiynis (top). Somo

of thoso datallp moy have been motcorologicnl phoncmenn while
othoro werc duc to data uncertainty, bdut oincc mont oxhibited

poor continuity, thoy weoro not rotained.

hile mooo a-ccale regolution wus appropricte for aaloulat-
ing thormodynomic parameters, it woao not suitablo for proporing
vortiocal motions since goveral mothods cmployed quasi-goontrophic
theery. To obtain tho noceospary larger ceale fleolds, emnoothing
of the moso a~gcnle grido was oonnidorced, o.3., Shuman (1957):
howovar, it woo dooided to begin -the annlysis prooeso anow, this
time with synoptic scale response paramaters that retained only
37 of amplitudes at 500 km wavelongths (i.0., 27% at 800 km).
Thus, heights using the new response (bottom of Fig. 2) are con-
sidorably omoother than those at the finor resolution. Specifi-
oally, meso ae-gseslo features are greatly filtered while larger
geale wavelengths are retained. To verify the suitability of the
analyzed data for quasi-geostrophiec caleulations, Rossby numbers
(R,) wore computed using Rg = |¥,|/£L, where L, the sealo Jength,
is one=fourth of the actual wavelength. Results of approximatoly

0.1 verified the lurge scale character of the fields,

2. Hadiosondo data

Radiosonde data were obtained from the National Climotie
Center. Although four times were investigated, i.e., 0000 and

1200 GMT on 21-22 July 1982, the two middle obssrvations wuwere
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most important oince thoy served as bracketing times for the VAS
rotrievals. Data at 100 mb intorvals were preopared using the
proviously mentionod procedures. The Barnes {1973) technique
ogain wao omployed to zrid the data, but in this case a 607
rooponso at 800 km separation (two times the average station
spaoing) was utilized for thermodynamic ocaleulations., As with
the VAS data, tho grid interval was 127 km, For consistency with
the satellite-derivaod vertioal motions, corresponding values from
radioconde data were caloulated from grids agaln having a 279
reoponse at 800 km soparation. In addition, due to the availa-
bility of observed winds, vertical motions also weie calculated

using the kinematic |rocedure,



. teathor conditions

Ao 1o typlecal of summer, 21-22 July was not an ocapeaially
barcclinic situation, although thore was significant conveotive
activity., One tornado, two cases of large hail, and fifteen
oaaurrences of demoging winds were dooumented within the grid
netuork during the 24 h poeriod heginning at 1200 GMT 21 July.
Additional severe weather occurred afterwards, Fig., 3 shows
National Metcorological Center (NMC) analysee for 0000 OMT 21
July through 1200 GMT 22 July. It should be noted that the
poriod contained active shortwave development, not simply adveg-

tion of pre-existing features,

At 0000 GMT 21 July, a frontal system extended from the East
Coast 1into Kaneas, The western half contained only weak gra-
dients of temporature and dewpoint; however, radar (not shown)
revealed scattsred thunderstorms over eastern Missouri. A cold
front curving from North Dakota to Montana was the system of con-
cern for the middle Mississippi River Vallsy. At 500 mb, ridging
extended from Colorado into the Ohio River Valley. To the north,
a developing shortwave had not yet produced appreciable cyclonic
flow. No well defined jet strealts were evident at any level (not
shown), althovgh strongest winds and the thermal trough were
upwind of the wave axis, thersby suggesting further cyelonic

development.
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NMC analyses for the surface and 530 mb between 0000 GMT
21 July and 1200 GMT 22 July. At the gurface, solid
lines are isobars at 3 mb intervals while dashed lineg
depict mixing ratios at intervals of 2 g kg'l. At 500
mb, heights (solid lines) are in decameters while dashed
iines denote absolute vorticity (10~7 5'1).
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By 1200 GMT 21 July, the weak front from Missouri to

Colorado had become stationary, but the cold front over the Dalco-
tas had progressed southeastward, now extending from Yisconsin to
Nobraska., Thunderstorm activity was associated with this front
(not shoun); howover, the aonvection over eastern Missouri had
virtually dissipated, At 500 mb, the shortwave had amplified,
causing the ridge over the South to beeome "pinched off" with a
second high over Kentucky. This ridge suppressed convective
activity in the pre-storm environment, A vortioity maximum was
positioned over ocentral Iowa with positive vorticity advection
{PYA) inferred through Illinois. Maximum winds (hot shown) con-
tinued on the upwind side of the trough, and a jet streak (25-30

o 3'1) had developed at 200 mb,

Renewed storm activity over the middle Mississippi River
Valley, the emphasis of the current study, began near 1735 GMT.
This was a preferred area for convactive development. At the
surface (Fig. 3), an axis of high mixing ratios (>16 g kg'1)
extended from the Gulf Coast through wesvern Illinois (equivalent
to dewpoints of sbout 21-23°C), while at 850 mb (not shown),

1 were eavident over western Illinois, 1In

values of 15-16 g kg~
addition, temperatures greater than 34°C (not. shown) stretched
from ocentral Arkansas into southern Illinois at midday. Thus,
the region was quite unstable with 1200 GMT Lifted Indices (LI)
ranging from =2 to -5, Given the ingtability and adequate water

vapor, only a triggering mechanism was needed to initiate convec-
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tion,

Hourly satellite imegery beginning at 1600 GMT (Fig. #4)
rovoals thunderstorm development in several locationa. Although
large seale ascont cast of the trough is probable over each area,
smaller seale foroing appeors to be superimposed as well, The
firgt area, having tops to 18.9 Ikm and extending from
southeaatern Illinois to northern Alabama, likely was assoclated
with the nearby gradient of temperature and mixing ratio (Fig.
3). Although not analyzed by NMC, this appsars to be a warm
frontal zone. The second and third storm areas, with tops to
16.8 lm, were located over Arkansas and southeastern Missouri.
Bazed on hourly GUES imagery as well as surface reports; both
appear to have been induced by separate thunderstorm outflow
boundaries from earlier convection over wastern Missouri, In
addition, surface streamline analyses (not shown) revealed con=
vorgence in these arcas, A fourth region of convection developed
rapidly over southwestern Illinois, Just east of St, Louls, as &
cloud mass progressing across Misgouri (Fig. 4) moved into a more
favorable enviromnment that inciuded abundant moisture and large
neale ageent from the middle tropospheric trough and the advanc-
ing cold front (Fig. 3). The National Weather Service, recogniz-
ing these conditicns, had issued a severe weather watech for most
of Illinois Just prior to rapid storm development, Tops of the
ensuing convection exceeded 18.2 km. Finally, afternoon heating

and weak ocyelonie flow contributed to thunderstorms along the
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Gulf Coaot Statco. Of course, the heating likely enhanced ingctae

bility in tho othor otorm rcgions as woll. Por oxample, ootole
lito imagery (Fig. U4) ohows oouthwest Illinois to bo relatively

clear bofore convective developmont.

By the ond of the otudy period, 0000 GMT 22 July (Fig. 3),
tho oold front over tho southeast had moved little, while tho
stationary front through Misoouri had been comitted by WMC. The
gold front over the northwest had oontinued ito advence, and a
lowv had developed along 1t over Illinois in ropponse to the
doeponing niddle-tropocphoric system. Thunderstorms were most
intonse and widespread near this timo with strongest cuile (Fig.
4) aligned along the moisture tongue through Illinois and Kene
tueky (Fig. 3). NMC now carried a squall 1line in this roglon.
Slight moisture oconvergence (reaching 0.7 g kg'1 h71) at 050 mb

{not shown) was alding the oonveaction,

At 500 wmb, the movement of the deepening shortwave is
noteworthy, Speclfically, it had advanced into Illineis between
1200 GMT 21 July and 0000 GMT 22 July, thereby triggering thun=-
derstorm development between the two times. The pattern of 500
mb absolute vorticity (Fig. 3) contains a maximum over Yisconsin
and a lobe extending southward to Alabama. The lobe is coinoildent
with maximum convective activity. At 200 mb (not shown), the Jet

stvreak remained upwind of the trough.

Finally, by 1200 GMT 22 July, twelve hours past the primary

study period, the low had moved to western Indiana, sweeping the
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cold front through Illinoio., [MC now oarricd a warn front from
tho low toward the couthoaot, Although, the mojority of thundor=
ostormc had dicoipatod, ocomo frontol aotivity continued through
Indiona, Tho otrengthoning of tho surfoco lew wao in rooponsc to

continued chortwave amplifio.tion at 500 mb (Pig. 3).



5. HRooulto

Thio coction preconto goeopotonticl hoighto, goootrophie vore
ticitics, ond vorticol motiono oaloulatod from tho radiocondo and
ootellito data. It doseriboo pattorno ond continuitioo ot tho
five VAS timoo, ao woll ao thoir rolationchipo with tho braokote
ing 12 h radiooonde-derived fieldo, For hoighto and vortioities,
the 500 mb lovel will be oxaminod, but for vortical moticns, 600
mb is cmphaoizod since it appoared to have the bost overall
rosulto. Stability and preoipitoble water aro the final paramc-

tero discuased,

2. Helirht and yortioity

Boeferc desoribing the vorticnl motions, 1t is informative to
prosont the more basic paramoters of geopotential height and
aksolute goootrophic vorticity (Fig. 5). Continuity among the
five VAS-derived fields is very good at 500 mb in spite of the
data gaps noted earlier (Fig. 1). Specifioally, the major trough
through I.wa and northyest Missouri at 1300 GMT progresses egste
ward to Vioconsin and Illinois by the last time., The trough
amplifios through 1700 GMT but appears to diminich thereafter.
Actually, hovever, heights near <%he trough ocontinue to fall
goveral meters. The illusion results from strengthening of the

castern high pressure ridge (about 50 m) through 1700 GMT, fol=-

29
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Fig. 5. Heights (solid, in decameters) and absolute geostrophic
vorticities (dashed, in 103 g~!) at 500 mb. Radiosonde-
derived analysaes are at 1200 GMT 21 July and 0000 GMT
22 July, while the intervening times are from VAS data.

30



Fig. 5. (Continued)
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lowed by weakening. The timing of the ghortuwave in relation to
the storm outbreak is notoworthy. As the trough advances toward
Illinoiz and the 4inhibiting downstream ridge dissipates and
exito, there apparently io accent that reloases the potential
instability and initiactes the convective outbreak near 1735 GMT

(Fig. 4). This will bo confirmed in later sections,

Pattorns of absolute goostrophic vorticity, computed as the
Laplacion of geopotentiul height, also have very good continuity
(Fig. 5). The main vorticity maximum ("X") associated with the
shortwave generally propagates slowly northeastward with the
trough, Values and gradients are greaotest at 1700 GMT, reaching
24 x 10'5 3'1 over western Wisconsin., he elongated minimum from
the Gulf Coast States through Illinois is well positioned with
respeet to the helght ridge, with smallest values ("N) near the

greateat anticyclcnic ourvature,

A oommon forecasting tool is to qualitatively asassss verti-
cal motion from absolute vorticity advection. Basea on the omega
equation (8), wupward increasing positive vorticity advection
(PVA) indicates ascent, whereas upward inoreasing negative advec-
tion (NVA) denctes descent. A4lso, from the vorticity method (3),
Dutton (1976) and others have noted that when strong PVA ocecurs
above approximately 500 mb and/or strong NVA occurs below, there
is a contribution to negative w. Fig. 5 shows that maximum PVA
is assoclated with the northern portion of the shortwave trough

and the main cloud area (Fig. U4). Due to orientations of the
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height and vorticity isopleths, greatest PVA (6.'5:\:10'9 5'2. not
ghown) and epparent uplift are at 1700 GMT over eastern Zowa and
gouthern Wisoonsin. Weak PVA entors western Illinois between
1600=-1700 GMT, and is over most of the state by 2000 GMT. This
adveotion is instrumental in the convectivo dovelopment. On the
other hand, NVA, and therefore apparent subsidenoe, are suggosted
over eastern Kansas and most of Oklahoma, thereby corresponding

to the relatively clear skies (Fig. 4),

By comparing patterns from the two data sources (Fig. 5),
one can evaluate the satellite's ability to bridge the 12 h gap
between conventional soundings, VAS-derived fields at 1300 GMT
show good agrecment with corresponding radiesonde patterns at
1200 GMI. The main trough and vorticity ocenter move slightly
eastward during the 1 h period. 1In addition, the radiosonde data
verify the pre-storm "eapping” ridge and vorticity minimum over
the middle Mississippi River Valley that is an extension of the
main ridge over the Great Plains. Similarly close agreements are
found between satellite~derived fields at 2300 GMT and the
radiosonde versicn at 0000 GMT. One again should note the orien-
tation and slight eastward movements of the trough and associated
vortliclity maximum., Based on the conventional soundings, heights
in the trough have fallen 15-20 m sinece 1200 GMT, but as stated
earlier with the VAS data, this iz not obvious from the contours
alone because of the downstream ridge. The radicsonde soundings

alsc 1llustrate damping of the ridge over southern Illinois,
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thercby verifying results from the VAS retrievals. #@inally, pro-
gression of the trough avie between the two radiosconde times 1o
dopiated well by the intervening VAS observations (Fig. 6). For
each suocossive time, the trough moves furthor east by an amount
proportional to the time interval betwesn observations. The good
agreements and continuities noted here confirm the operationally

based findings of Anthohy and Vade (1983).

Although height patterns from the twe data souroces agree
olosely (Fig. 5), a careful inspection shews that values at
speoific looations sometimes exhibit greater discrepancy. This
will affeot results from the verticity method singe it contains a
time derivative, but with the numerical procedure only petterns
at single times are employed. These topics are examined in the

follewing sections,

. Yortleltv methed

Fields of vertical motion from the vorticity methed are
presented for 600 mb in Fig. 7. Radiosonde soundings were util=-
ized at 1200 and 0000 GMT; however, VAS retrievals were input at
the other times. For both data sources, backward differencing
was employed ip the time derivative of geostrophic vorticity
(a;g/at). An exception was forward differencing at the first VAS
time (1300 GMT), Alsoc, for 1700 GMT, instead of utilizing « 1 h
time inkerval, data at 1300 GMT were employed. Reasons for ths

latter choloe are explained later.



Fig. 6. Approximate locations of trough axes at 500 mb
from VAS (solid) and radiosonde data (dashed).
- 17 denotes 1700 GMT 21 July.
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Fig. 7.
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Vertical motions (ub s~1) at 600 mb from the vorticity
mathod. Radiosonde soundings were utilized at 1200 and
0000 GMT while VAS data were employed at the remaining
times. The dashed 1ine at 2000 GMT is the axis for the
vertical cross section in Fig. 1l. Patterns at 1700 GMT
are from a 4 h time derivative using 1300 GMT data.
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Continuity between the five VAS tipmos genotrally 1s very

good, Arocas of groatest upward and downward motion ocorreapond
ologoly with the major height and vorticity features (Fig. 5).
In this conparison, it is important to note that patterns of
height and vortieity at 500 mb are very similar to those at 600
mb (not shown). At 1300 and 1600 GMT, the .onter of ascent along
the Missocuri-Illinols border is positioned ahead of the major
trough axis. Patterns for these two times appear almoat identi-
oal because the choices for time differencing produce the same
9gg/dt component, and it is the dominant contributor to w. The
arca of aseent moves little by 1700 GMT, but by 2000 and 2300
GiHT, 1t propagates into Illinois, coincident with the primary

storm activity.

Concerning downward motion, a center extends from southern
Illineis to western Tennessee through 1700 GMT (Fig. 7), near the
ridge and vortieity minimum (Fiz. 5). By 2000 GMT, however, it
is replaced by the upward motic: that initiates the convection,
This ability of the vorticity method to delineate vertical
motiona over the atorm area is very encouraging. A second region
of positive vilues is behind the trough over the Northern Plains,
It shows reartonable continuity by expanding and moving generally
eastward with the shortwave., A final area of descent, initially
over Oklahoma and Kansas, 1s coincident with the ridge and
ninimum vorticity (Fig. 5). Both areas slowly advance northward

by 2000 GMI'. However, by 2300 GMT, the signs reverse, with
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upwoard motion now over the Southorn Plains, This change i3 due
to positivo a;glac. as the arec of minimum vorticity moves north

to the KansaseNebraska border (Fig. §).

It i5 informative to document rolative contpibutions of the

temporal ( [—acglat]Ap ) and adveotive {[-ﬁé-ﬁ(;g + f)lap ) oom=

ponents. Fig. 8 shows results at 600 mb integrated from the sup-
face for 2000 GMT, The locnl derivative (top) is dominant, even
thougk a 3 h interval is utilized. For individua) lovels (before
integration), the time derivative is most influential below 600
mb where advection is wealk; however, the components are more come
parable in the wmiddle and upper troposphere, Noretheless, after
integration the upper troposphere {(not shown) generally ig dome
inated by effects of the local derivative from below. It is
interesting to note that the twoe components oppose one another in
the main area of ascent ahead of the trough and in the area of
subsidence over northeastern Kansas. This is expected since
downwind of troughs, for example, the advection term in {3) pro-
duces descent in layers containing PVA, wvhereas the loocal
inorease in vortieity produces ascent. The inverse is true
downwind of ridges. Dutton (1976) also noted this tendenocy for
the terms to canoel one anuther, “n ourrent regions of opposi-
tion, signs of overall vertionl motion usually are determined by

the loozsl derivative.

Fig. 9 presents vertical velocities at 1700 GMT bazed on 1 h
time differencing from 1600 GMT data. One should recall that the

diagram in Fig. 7 was based on a 4 h interval. In nomparing the



Fig. 8. Temporal ( [-Bcg?atlbp , top) and advective
( [-?B-E(;g + f)}Ap , bottom) components of

vertical motion (ub s'l) from the vorticity
method at 600 mb for 2000 GMT.
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Fig. 9. Vertical motions (ub 871y from
the vortieity method at 600 mb
for 1700 GMT; 1 h time differ-
encing from 1600 GMT data wasg
employed.
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two diogramoc, osovoral osimiloritics aro apparont, [PFirst, both
veroions produce aocent noar theo chortwave trough and ovor
wostern Arlkanoas; howover, the primary contor 1o dioplaood
furthor north with the 1 h differcnoing, cousing poor continuity
with the othor timoo, Aloo, tho 1 h voroion contoilno upward
motion oveor wosotorn Kaonoao that dooo not ocour with tho longer
time interval., Roglong of osubsidence from southorn Illinois to
Miooiecsippi, behind the trough ovor South Daltota, and ovor
Oklahoma and Toxao, are quite oimilar in caoh cace. Howover, theo
conter of descent ovor eontral Illinois from the 1 h motions dooo
not appear in the 4 h pattorns. Concerning nagnitudec, motions
from the 1 h achcme aro opproximately triple tho 4 h valuan in
the main center of ascont over Wisconsin, and three to four times
greator in the arecas of desoent over Mississippi and North
Dakota. Thus, their agreement with the other times (Fig. T) 18
poor. At 300 mb (not shown), patterns from both versions are
similar, but the 1 h values are unrcalistically large, o.Z.,

1

greatest values are =68 ub s~ ' and +130 ub 3'1.

Differences in the two versions of 1700 GMT vertical motions
are due to the time derivative and can be explained by the vorti-
olty patterns of Fig. 5. Specifically, their continuity is quite
good, but magnitudes at particular locations sometimes vary
groatly between times, A portion of these fluctuations is due to
data uncertainty; however, near the treugh, such errors are

thought to be a rolatively miner compenent of the overall change.
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Effcoto of duta unoortainty cean bo ovaluatod by introducing

oinulatod orroro into tho oboorved goostrophic vorticitios. To
maximizo the eoffcot, wmotions duc to tho a;g/at cenponont woro
computed ot 1700 GMT from porturbod doto at 1600 and 1700 GMT.
Fig. 10 ohowo rooculto for tho grid point in wootern Uiocoonoin
that originally had both tho largost goostrophie vorticity and
upward motion. Tho top geotion simulotos vorticity orrors of +10%
(dashed) or =10% (doshed-dot) of tho observed algebroic diffore
once at each lovel. It io obvious thot largo variations in vorte
i0ol motion aocour for a 1 h interval, Of eourso, with actual
data, orrors at individusl levolo chould sltornate signo to somo
vrtent, thereby proviging pariial cancellation upon vertical
inteogration, Alse, the offects of errors are leos if a longer
time intorval is employed. Thic oleorly is indicated by the bot-
tonm section of Fig. 10 whieh 1ia based on the same perturbations
as the top portion, except there is 4 h differoncing. These
ragults suggest that 1 h time derivativos are not appropriate for
the vorticity mothod, and that more olaborate procedures moy be
necessary to take advantege of VAS's 1 h capabilities, at least
for those synoptio situations similar to 21 July 1982. For cases
with stronger dynamic forcing, the influence of data uncertainty
should be smaller; thus, a 1 h time derivative might be more use~

ful.

Having established the continuity of patterns among the five

VAS times, their agrecmont with radiosonde-derived fields now is
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Fig. 10, Vertical motions (ub s“l) from the time derivative com-
ponent of the vorticity method for 1700 GMT. 0" denotes
the obsgerved profile for a grid point over western Wig-
consin., The other two curves represent values based on
either a +10% (dashed) or ~10% (dached-dot)} error in the
observed algebraic difference in geostrophic vorticities
at each level. For both panels, 1600 and 1700 GMT data
were utilized.
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oconoidored. In gonoral, VAS=derived patternc show good con=-
tinuity with those from the traditional oourae; howover, the
vatellite's valucc are considorehly greater {(Fig. 7). At 1200
GMT, upward motion eoxtends from Minnosota to Nebraska; however,
at 1300 GMT, the centor of asecnt ovor northern Missouri is dise
plaved oonsiderabiy. By 0000 GMT, the center is along the Iowa-
Illinois border, and there is a lobe extending southeastward over
a otorm area (Pig., 4), VAS adequately fills 4n the 12 h data
gap, showing the eastward progression of rising motion. Thus,
capping descent over the future storm area at 1200 and 1300 GMT
changes to asoent by 2300 and 0000 GMT, For the subsidence
behind the trough, there is agreement over the Northern Plains,
but there are diserepancies in the Southern Plains due to a;g/at.
At 0000 GMT, the descent over Mississippl corresporus to a rela=-
tive lack of conveective activity (Fig. 4). A final point oon=-
cerns the components of vertical wmotion., Although the time
derivative is dominant for the VAS~-derived fields (Fig. 8), the
terms are comparable in the case of radlosonde=derived motions
{not shown). One should note that 12 h time differences were
employed with the RAOB data. Since contributions by geostrophic
vortiolty advection are very similar for the two sources, it is
the greater values of a;g/an that lead to enhanced gsatellite-

derdved vertical motlon.

Vertical stacking of the satellite-derived motions 1s dep-

loted in the top coross ssection of Fig. 11 that passes through the
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ted values using the O'Brien (1970) technique.
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convective outbreak at 2000 GMT (see Pig. 7 for axis)., Confi-

gurations at each level generally are sim!'ar, thorepy suggesting
that horizontal patterns are comparable to those seen at 600 mb
(Fig. 7). This is verified by results at the individual levols
(not shown). An unfortunate aspect is that unrealistic motions
oceur at 100 mb due to the acoumulation of error upon vertical
integration. To eliminate the problem, the O©O'Brien (1970)
adjustment scheme was applied so that values egualed 0 at 100 mb.
This technique kas been used eoxtenaively with the Lkinematio
method (e.g., Vinoent et al., 1976; Smith and Lin, 1978); how~
ever, its applicability to the vortiosity method has yet to be
egtablished theoretically. The resulting profile (bottom of Fig,
11) showa the desired maximum in the middle troposphere, Thus,
such an adjustment scheme, is useful when profiles of vertical
notions are desired. Of course, it is usually unnecessary near
the surface and would not be required in the upper troposphere 1f

only relative magnitudes are needed at each level.

2. GQuagi-geostrophin omees equatilon

The omega equation (4) includes effects of both temperature
and vortinlty adveetion. Solutions were obtained using succes-
sive relaxation with boundary conditions of w = 0 at 1000 =b
(bottom), 100 mb (top), and on all lateral sides, The constant
value for the Coriolis parameter was 0.89x10"% s~1. The lateral
boundary condition is a potential source of error. Specifically,

systems moving into or out of the region would produce non-zero
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values., In the current case, however, the system of intereat ig
well containod within the computational domain, An additional
consideration is the stability factor (¢). Valueo leas than zero
would produce a hyperbelic formulation with more than one solu=
tion instead of the usual elliptical reosult, This problem dees
not ocour in the ourrent study because ¢ is always positivoe.
Finally, although data errors may produce hyperbolic solutions,
the large scale response function being utilized eliminates this

poseibility.

rig. 12 displays vertical motions at 600 mb from both data
sources. Continuity between the five ViA3-derived filelds is
excellent. Upward motion 1s conailstontly ahead of the trough
(Fig. 5) while there is dowrward motion behind. The center of
asoont over Iowa at 1300 GMT advances slocwly eastward, extending
from Illinocis to northern Arkaensas by 2300 GMT. Values are
greatest at 1700 and 2000 GMT, reaching -2.6 ub 5”1 over eastern
Iowa, but magnitudes weaken by 2300 GMT. This variation can be
explained by the relative contributicns of the two equatien terms
[see (4)]. Although they are complementary near 600 mb, PVA
often dominates the ascent at 1700 and 2000 GMT. Since the
trough is amplifying (Fig. 5), one might expect greatest uplift
at 2300 GMT., Actually, howevor, due to the orientations of
height and vortieity, upward inoreasing PVA i1is much weaker,
resulting in the smaller ascent. The center of subsidence, due

mostly <o cold air advectlon, progresses into northwestern Iowa



rig. 12.

Vertical motions (ub s~1) at 600 mb from the omega equa-
tion. Radicsonde soundings were utilized at 1200 and
0000 GMT while VAS data were employed at the remaining

times. The daghed lines at 2000 GMT are axes for the
vertical cross sections in Fig. 13.
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by 2300 GMT, whon magnitudes are greatost. Ovor the Central
Plaina, ascent inereases through 2000 QMT, but the center is vir-
tually non=existent by 2300 GMT. This feature mootly reoults
from warnm air adveotion which diminishes by 2300 GMT; however PVA
is a pajor contributor at 2000 GMT. Descent over Oklahoma is

T at 1700 oMT. It

evident at ocach time, reaching 1.0 ub 8°
corresponds to relatively clear skica on the satellite imagery

(Fig. 4).

Unlike the vorticity method (Fig. 7), the omega equation
does not produce downward motion over Illinols prior to oonvec-
tive devolopment. Instead, weak ascent oocurs at ecach time,
although values do become more negative as the trough advances
eastward., Onae again, it 1s encouraging that ViAS-derived verti-
cal motions diagnose the large soale uplift leading to the cone

vective outbreak,

Major features of VAS=derived vertical motions show remark-
able oontinuity with those from the 12 h radiosonde data (Fig.
12). At 1200 GMT, there is weak ascent (=0.5 ub 5"1) on the
border of Iowa, Illinois, and Wisoonsin, while weak descent (0.5
ub 3'1) is centered over South Dakota. Satellite~derived pat-
terna at 1300 GMT show similar positions and magnitudea. By 0000
QMT, the negative center extends from eastern Illinois to south.
orn Michigan, while positl-e values are over Iowa., Corresponding
areag at 2300 GMT' show close agreement. Finally, weak subsidence

over Kansas at 0000 GMT supports the sign reversal hetween the
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final two VAS times. Although VAS data do a vory gocd job of
filling in the 12 h gap, tho ootellite-dorived vertical wmotlons
generally are largor thon those from the sondec. A possible
oxplanation invelves the amount of data and its objeotive
analyeis., Spocifically, eovon though reeponse functions were
identical for both datu sources (27% at 800 km), the greater
number of VAS retrievals may provide botter rosolution of the

various foroing mechaniems,

Although there 18 excellent continuity at 600 mb, it is
important to consider vertical structure as well. Fig. 13 shows
two cross sections at 2000 GMT, the first passing through the
main trough and the sceond through the storm area (sge Fig. 12
for axes). Vertical stacking is excellent in ecach case. For the
northernmost diegram (top), ascent and descent are maximized near
600 and 300 mb,. respsctively. 1In fact, 300 mb always is the
level of maximum subsidence, with greatest values reaaching 3.0 ub
3'1. Thermal advection is dominant &t this level and generally
opposes the contribution by vertielty advection. For the south-
ernmost cross section (bottom), regions of uplift asscciated with
the trough and with warm air advection farther west are clearly
evident in the lower and middle ftroposphere, Uniike the vorti-
city method, excessive values 4o not ccour in the upper tropo-
sphere, The croes sectlons, tcgether with horlzontal patterns at

other altitudes {not shown), indicate thai vertiocal velosities

are reasonable at all ievels., Thuy, satellite~derived motions
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from the quani-geontrophic omogna cquation aro very oncouraging,
giving fields that have good continuity and thot bridge the gap
between radiosonde data. This is ospocially significant in light
of tho data paps noted earlicr (Fig. 1). In torms of mognitudo,
they corroppond to values commonly obtainod with NMC forceooting

models,

Ao a final point, vertical motions were re=-caloulated using
a responece funotion that rotainod 607 of amplitudes at 800 knm
wavelengths, f.e., tho valuc employed for rodiosonde=derived
thormodynamic caloulotions (Secotion 5=g). The goal was to test
the sensitivity of the vertioal velooitiez to smoller scale dats
features. Fig. 14 contains rosulting pattorns of height and
gecstrophie vortioity at 500 mb (top) and vertical motions at 600
mb (bottom) for 1700 GMT. Compared to the original height fields
(Fig. 5), the new patterns contain little additional "noise".
For vorticicy (Figs. 5. 14), magnitudes are substantially altered
in the centers, but general patterns and their locations are
quite similar. The new vortiocity field (Fig. 14) only appears to
contain more horizontal detail than the previous version (Fig. 5)
because the greater magnitudes lead to an increased number of
contours, Finally, patterns of vertical motion from the higher
response (Fig. 14) also are very similar to those in Fig. 12, but

magnitudes are larger (greatest values at 600 mb are 5.8 pb 5'1

1

and 4.1 yb 8" ', raspectively), and centers are more evident. A

review of past studies (e.g., Barnes, 1984) suggests that these



Fig. la,
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Heights (decmi\eters) and absolute geostrophic vortici-
ties (11‘3’"5 g~*) at 500 mb (top), and numerical vertical
motions (ub s~1) at 600 mb (bottom) for 1700 GMT. The
input data contained a higher response than that used
originally in Figs. 5 and 12,
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largor volucs might bo inoppropriate for tho ourpont oynoptio

woather oituation.

Tho important conclusion io that patterno of numerioal vort-
icnl motion ore not grootly affooted by the choleo of response
parameters., This finding io similar to that of Stuart (1974) who
notod that rosultn wore not coneitive to the type of anclysis
tochniquo ussd to propare tho input hoight data. On tho othor
hand, patterna from the vorticity method (not shown) woere greatly
affeoted by the amount of input detail becouse of the time
derivative and vertiocal integration. Thioc relative incensitivity
to response eriteriz iz an advantage of the numerical procedure.
When choosing the parameters, one should consider whether magni-
tudes of vertical motion are appropriate, However, it is { -por-
tant to note that higher resolution is more likely to violate
quagi=geostrophic theory. Therefore, in the current study, the

response ylelding Rossby numbers near 0.1 was utilized.

d. Adigbatic method

Values from this thermodynamically oriented method depend on
atmoaspheric stability as well as the local change and horizontal
advection of potential temperature [see (2)]. Vertical motions
were obtained between 800 and 200 mb, but not at 900 mb where
diabatic effects usually are quite pronounced. Backward time
differencing again was employed to ocaloculate the loca' time

derivative (36/9t), except for forward differencing at 1300 GMT.
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Aloo, oinco noutral or puporadicbatic lapoe rotec woro common
ovaor tho wootorn part of the analyocic rogion botwoon 700 and 500
ub, potonticl temperature wao roquired to incroace at lcaot 2
K/100 mb (Fuolberg and Leo, 1982) to avoid unrcalictically large

vortinal voleeitioo,.

ViS=dorived vortical motions at 600 mb aro givon in Fig. 15.
Unlike tho prescntation for tho vorticity method (Figz. 7), tho
1700 GMT mop wao obtained from 1 h difforeoneing: a correoponding
diaogram bacod on a 4 h increment will be chown lator, Adiabatie
motions are not procented for radiosonde data since the adverse
VAS=-dorived patternc to be desoribed belovw would make objoetive
comparisons impoosible. At 1300 GMT (Fig. 15), thore is sube
gidence over virtually the entire region. However, ascont thon
begins a goneral westward progression, covering almost the come
plete domain by 230u GMT, In other words, there is a sign rever-
sal between the initial and final times. These vertical motions
aro not associated with the height patterna (Fig. 5). For oxame
ple, there iz no connistent ascent (descent) east (west) of the
trough and no satisfactory explanation for the convective oute

break over the middle Mississippi River Valley.

The time derivative casuses the unrealistic motions. Com-

ponents at 1700 GMT (Fig. 16) show that the temporal contribution

96/9p

L )
that from advection (-:%%igg » bottom)., No meteoroclogical pro-

¢ top) i3 at least one order of magnitude larger than

cess, e.g., tomperature advection, adequately explains the abnore
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Fig. 15. VAS-derived vertical motions (ub a"l) at 600 mb from
the adiabatic method., Patterns at 1700 CMT are from
a i h time derivative using 1600 GMT data.
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mally large wniddle tropospheric thormal ohangos oausing these
motions. Aftor 1700 GMT, thunderstorms might produce low level
cooling, and therefore uplift, over tho otorm rogion (Fuelberg
and Printy, 1983), but, of course, no convection oceurs in the
other areas, Thus, problems with 38/3t apparently result from
diurnal tomperature variations. Normally, diupngl effects are
confined to the planetary toundary layer, up to about 850 mb.
However, the satellite retrievals extend them c<ver too deep a
liayer, reaching 500 mb at times. These trends are evident in
Flg. 17, whioh is a pressure-time croass section of area averaged
temperature (T) for three subareas of the total analysis region,
At 600 mb, there is warming through 2000 GMT in the west {areas 1
and 2), and through 1600 GMT over the storm reglon {area 3). For
example, in subarea 1, T increases 1.23°C at 600 mb between 1600
and 1700 GMT, and 2.50°C at 800 and 700 mb. For subarea 2, values
are 1,74°C at 600 mb and just over 3,00°C at 800 and 700 mb.
Bach area, in rfact most of the domain, exhibits occling
thereafter, A5 one expects, the diurnal tendencies are most pro=

nounoed nearer the surface,

Based on (2), thermal variabllity relates directly to verti-

cal motion. Specifically, increases in temperature (and 6) on

-38/3¢t
ae?ap

is . .ways negative, while decreases in temperature cause ascent.

isobapric surfaces result in descent (wd0) fron gince 3e6/dp

Therefore, over the west, there is subsidence through 2000 GMT

(Fig. 15), whereas asaent occars thereafter, Since this iz the



Fig. 17.

Pressure~time cross sections of avea averaged tempera-
ture (°C) (following page) for three subareas of the
total analyeis region (this page). The number in the
upper right corner of each cross sectilon is the number
of the subarea on this page. Values are plotted at
600 and 300 mb.
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region of largest diurnal fluctuations and most unstable cendi-

tions (30/9p), it is also the arca of greatest vertical motions.
Based on the requirement that 36/3p inorease at least 2K/100 mb,
the 1 h warming of 1.749C in subarea 2 corresponds to average
descent of nearly 26 ub s~!. Within the storm region (area 3),
warming (Fig. 17) leads to subsidence (Fig. 15) through 1600 GMT,

while cooling produces ascent thereafter.

Although the time derivative produces unrealistio patterns,
vertical motions frim the advection component alone are very rog-
sonable at 600 mb (bottom of Fiz. 16). (Note tha* the contour

interval is % ud g~

for this aap only to insure pattern recogni-
tion.,) Fields are very similar to those from the Laplacian of
temperature advection within the omega equation (not shown),
Despite these good patterns, the total fields (Fig. 15) generally
do not correspcnd to the synoptic situation (Fig. 5) because of

excessive 3e/at.

Based on results from the vorticity method, one mnmight
presume that adiabatic vertical motions at 1700 GMT from a 4 h
difference (bottom of Fig. 18) would be superior to those from a
1 h interval (Fig. 15). Unfortunately, pattorns are very similar
to those at 1600 GMT (Fig. 15) since the dominant time derivative
was computed fiom 1300 GMT data in each ocase., Differences
betwesn the two 1700 GMT maps include opposite signs over Wiscon-
sin and different locations for the downward motion over the

west. Neither version is consistent with trough/ridge patterns
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Fig. 18. Vertical motions {(ub 3_1) at 600 (bottom} and
(top) for 1700 GMT from the adiabatic method;
time differencing from 1300 GMT data was empl
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(Fig. 5). Concerning magnitudes, values from the 1 h interval
generally are more than those from the 4 h version, but this cen=-
trast 1s leoass than observed with ocorresponding fields from the
vortiocity mothod (Figs. 7 and 9). Thus, it appoars that neithep
1 h nor 4 h differencing produces satisfactory results; thero-

forae, choice of time intervals is irrelevaunt,

The apparently fictitious temperature variations produce
aorr.-aponding height changes (Fig. 5). For oxample, micddle tro-
pospheric heights near the ridge over the Southeast build in
respanse to warming through 1700 GMT, while falls, due to cool-
ing, ococur thereafter., Thus, some of the variability in the
"oapping® ridge near the storm area 13 due to the apparently
erronecus temperatures; however, the radiosonde data (Fig. 5)
suggest thet part of the decay after 1700 GMT iz indeed valid.
Similarly, height changes in the western part of the analysis
region (Fig. 5) are influenced directly by the diurnal tenden-
ales, However, the shortwave 1s the primary cause for height

variations over the Midwest,

It is important to consider how temperature fluctuations
affeot vertical motions from the vortieity method. For horizon-
tally uniform fictitious thermal tendencies, the heights would be
uniformly altered. Since g g is caloulated as the Laplacian of
helght, its patterns and values would be unaff'ected. Therefore,
both components of the vorticity method (3) also would be

unchanged, and the vertical motions would continue to represent
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temperature variations dus to trough/ridge patterns, On the
other hand, thermal tendencies would affeet motions from the adi-
abatic method sinoce tcmporature variability Js coonaidered
dircetly in term 38/9t. In the current ocase, it appears that
most of the temporaturc fluctuationo are either relatively uni-
form over large portions of the domain (e.g., tho West) ar are
dominated by observed metecrologioal phenceena {e.g.,; the
Midwest). Thus, for ths most part, vorticityderived motions
exhibit reasonable continuity (Pig. 7) and are clearly superior

to those from tha adiabatic method,

Adiabatic vertical motions in ¢ka upper troposphere differ
considerably from those at 600 mb. Speoifiecally, signs at 300 mb
(Fig. 19) generally are the reverse of those below (Fiz. 15), as
upward notion at 1300 GMT changes to mostly subsidence by 2300
GMT. Again notice the lack of continuity for individual
features, e.g., the switeh from ascent to descent between 1600
and 1700 GMT over Michigan and Louisiana. The problem, of
ocourse, results from unrealistioc 36/6t. That is, area averaged
temperatures (Fig. 17) reveal opposite trends between 600 and 300
mb and the faot that upper tropospheric thermal variations are
greateat at this level. For cxample, early in the period, cool-
ing ocours at 300 mb over the storm area and two western subre-
glons, while warming in all three areas and, in fact, the entire
domain occurs thereaf'ter. Thus, for the reasons stated previe

oualy, the component of vertical motion due to >3/9t, e.g., 1700



Fig. 19. VAS=derived vertical motions {(ub 3'1) at 300 mb from
the adiabatic method. Patterns at 1700 GMT are from
a ln time derivative using 1600 GMT data.
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aGMT (top of Fig. 20), is oppooito to that obasorved at 600 mb (top
of Pig, 16).

Loocal temperature changeo at 300 mb alon are not related to
synoptic foaturen (o0.g., horizontal advection). Instead, thoy
apparantly result from tho physicel retricval aslgorithm. Speocifs
io0ally, this progedurec appears to compensate for oxcessively decep
diurnal effects by produoing the reverse situation in the upper
levels (W. L. Smith, personal communication, 1985}, In the fow
areas where low level diurnal variations are small and extend
over only a shallow layer, there is little or no upper level com-
pensation. Although upper tropospheric fluctuations obviously
affect geopotentiul heights at 300 mb (not shown), low level
thermal variations ususlly dominate, Nonetheless, vorticity-
derived motions at 300 mb (not shown) again are greatly superior
to the adiabatic versions, Contributions by thermal advection
(bottom of Fig. 20) still generally are smaller than those from
36/dt (top), but adveetion is more important than at 600 mb (Fig.
16}, especially at 2000 GMT. Conmpared to the thermal advection
ternt of the omega equation {not shown), patterns are quite simi-

+>
lar; however, values from ~V,* V0 are larger.

Finally, 300 mb vertical motions at 1700 GMT based on a 4 h
time interval (top of Fig. 18) are no better than the 1 h ver-
sion, For example, the 1 h field (Fig. 19) contains large sub-
eddsnee over Michigan due to warming; however, the 4 b map shows

aacent over the same reglon, Thus, thermal trends over one time
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interval oon be quito differont from thooo for a longer poried,

and unfor-iwnately, tho adiobatic tochnique 10 very ponoitive to
those variationo. HNeither tho 1 h nor 4 h versions is aecoptablo
oince pattorno do not corrcspond to hoight oconfigurations (Fig.
5). An aottempt wao made to minimizo tho "diurnal offoct® by col-
culating 1700 GMT veorticnl motions from data at 1300 and 2300 GMT
(10 h 1interval). Unfortunately, the time dorivative still is
doninant, Thus, results at 600 and 300 mb (not chown) are only

s.ightly improved.

In sunmary, because of the time derivative, the adiabatie
method dees not appear to be a promising technique for computing
vertical motion from VAS retriovals, Patterns exhibit little
rolation to synoptic features because irplied diabatie effects
violate the underlying assumptions of the method, Patterns from
the adveotion component are f'averable, and that foreing function
is incorpeoratod into the omeza cquation whose results were gquite

ageeptable,

9. Kinematic method

Past studies of vertical motion (see Section 2-¢) generally
have considered the kinematic method to be a "standard®™ against
which other procedures are compared. Unfortunately, however, it
cannot be applied to satellite-derived data since only geos=
trophiec or gradient winds can be derived thermally. Neverthe-

less, it iz infoprmative to briefly describe general similarities
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botwoon radiooondcedorived lincmotic omotions and vorsiono that

are availablo frop VAS.

Fig. 21 chows kinomatie motiono at 600 mb., At 1200 GMT 21
July, thorce 1o dosoont in tho pree-convoctive onvironmont over
gouthorn Illinoio, and uplift, aoccociatod with tho trough (Fig.
5), over eaotorn Nebracka, By 0000 GMT 22 July, the subsidence
moves oasctward as ascent advances into Illineio and Indiana. This
area extends into Alabama, thereby encompapsing the entire rogion
of conveotive activity (Fig. 4). Also, an area of deascent
develops over Migsouri bechind the trough. Identical response
parameters (27% at 800 km) were used to analyze both the
radiosonde and satellite data; howover the kinematic technique is
not limited by quasie-geostrophic theory. Therefore, wvertical
motions also were caloulated using a highor response (60% at 800
km)., Resulting magnitudes (not chown) are somowhat larger than

those in Pig. 21, but patterns are very similar,

Radiosonde~-derived motions from the vorticity, numerical,
and kinematic techniques should be compared briefly (Figs. 7, 12,
21). At 1200 GMT, the vortieity (Fig. 7) and numerical (Fig. 12)
procedures produce areas of asgoending and descending motion asso=-
clated with the trough, while the kinematic method (Fia. 21)
shows only the area of ascent. The centers from each technique
are displaced from those of the others, Over the future storn
region, there is subsidence from all but the omega equation. At

0000 OMT, all three schemes show good agreement for the upward
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Fig. 21. Radiosonde-derived vertical motions (ub s'l)
at 600 mb from the kinematic method for 1200
GMT 21 July and 0000 GMT 22 July.
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motion ahoad of the ghortwave (Figs. T, 12, 21); however, ascont
from tho vorticity method is displaced farther west, In addi-
tion, ecach dopicts doscont behind the trough, although 1in
slightly diffe.ont lceations, and ascent over the conveotion.
Concoriing magnitudes, results from tho vorticity and kinomatic
tochniques are comparable but are larger than those from the
omega vqmuation. In summary, cach version is related to the main
height features (Fig. 5)¢ moreover, no one procedurc is clearly

superior,

vatalls about the individual techniques have been presented
in earlier sectiona; however, it 1is informative to briefly ocm=-
pare basic features of the kinematic and VAS-derived vertical
moticns, Only the 1300 and 2300 GMT satellite observations are
considerad sinoe they are closest to the radiosende times (1200
and 0000 GMT), and adiabatic motions are not included since
results already were shown to be quite poor, With the vorticity
method, patterns (Fig. 7) show general agreement with those from
the kinematic technique (Fig. 21). Specifically, at the initial
times, both versions depict subsidence near southern Illinois and
ascent near the trough which, by the final times, also extends
over the storm activity (Fig. 4). However, at the end of the
period, the downward motion behind the trough shows less agree-

ment, and values are mpuch larger with the vorticity method.

Vertical motioas from the omega wequation also exhibit simi-

larities with those from the kinematic technique. Specifically,
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the pain areas of ascent (Figs. 12 and 21), which show only fair
agreement at the initial times, have much closer correspondence
later in the day. In addition, at the end of the period, both
contair descent behind the trough, although in somewhat different
locations. Finally, a dissimilarity at 1200-1300 GMT is the area
of desuending motion that the omega equation does not copiot over

southern Illineis.

VAS and kinematic vertical motions were oompared because
kinematic values generally are very reliable, Nonetheless, even
that proosedure has limitations (see Section Z-2). Therefore, the
satellite-based techniqre that agress olosest with kinematic
results is not necessarily superior., Instead, the optimum method
will yleld vertical motions that 1) correspond most with the
height field, 2) show the greatest horizontal and vertical con-
tinvity, and 3) best relate and £111 in the 12 h gap between

radiosonde~derived motions using the same procedure,

£. Compapison of msthods

Previous sections qualitatively assessed the individual
methoids for obtaining vertical motion. This section compares the
techniques to one another using both qualitative and quantitative
progedures. The firat evaluation is to average vertical mstions
in three key regions: 1) behind, and 2) ahead of the main trough,
and 3) over the primary storm area (Fig. 22). "Boxes" 1 and 2

propagated eastward with the trough; however, "ox" 3 remained



Fig. 22. Areas for which average vertical motions were calcula-
ted. At the top, box 1 is behind the shortwave trough,
while at the bottom, box 2 is in advance of the wave.
Box 3 over soucthern Illinois is centered over the storm
outhreak, Boxes 1 and 2 propagate with the trough al-
though box 3 remains fixed. 13 denotes 1300 GUT.
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stationary. The Lagrangian approach for the northernmost boxes
depicts the evolution of vertical motions near the developing
shortwavo, The Eulerian appreach for the storm area shous
motions prior to and during the convective outbreak., Pressure=
time cprosa secotiona for the vorticity, numerical, and adiabatic
methods are presented for boxes 1-3, The reader 1s encouraged to
review the previous space maps at 600 mb to aid in the comparison

(1.9.' FigB. 7' 12' 15)'

Bohind the trough (Box 1, Fig. 23), the vorticity and
quasi=geostrophic omega equation provide thy most reasonable pat-

1 for the

terns. (Note that the contour interval is 0.5 ub s
cmega equation but 2,0 ub a1 for the other methods). Specifi-
cally, the vorticity method depicts a gradual transition from
agoent to descent during the 10 h periocd of shortwave amplifica-
tion, with greateat subsidence at 2300 GMT corresponding to max-
imum dsvelopment. Of course, the cross aection would be nore
appealing ir an adjustment scheme., such as 0'Brien (1970), had
been utilized as in Fig. 11. For the omega equation, there is
descent in the middle and upper troposphere throughout the
period, wilth greatest valuea at the final two times. The adia-
batic technique offers the least satisfactory patterns., The
tdiurnal and oompensating® aoffects discussed previously are
alearly evident, and there iz po trend toward increasing downward

motion behind the shortwave,
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East of the trough (Box 2, Fig, 24), the omega equation pro-
vides the best results since it consistently shows upward motion
that is maximized in the lower and middle t¢roposphere at 2000
GMT. The vorticity method aleo provides good continuity, except
at 2000 GMT. Although horizontal depicticons reveal some ascent
east of the trough (Fig. 7), the placement of the box at this
time mostly captures the larger area of subaldence, An encourag-
ing aspect of the oross section is that values generally peak
botween 500 and 300 mb without using an adjustment technique,
Patterns from the adlabatic technique again are deminated by tenm=-
poral changes in potential temperature, Therefore, the low level

anecent afcer 1700 GMT is not attributable to the trough.

Finally, over the storm area (Box 3, Fig. 25), the vortiocity
mothod yilelds sncouraging patterns, There i1s descent through
1700 GMT with an abrupt change to ascent thereafter. This
result 1s oconsistent with the height filelds (Fig. 5), the
radiogsonde~derived vorticity and kinematic motions (Figas. 7, 21),
and the timing of the coavective outbreak (Fig., 4). Moreover,
greatest uplift cocurs at 2300 GMT, near the time of maximum ocon-
vective intensity (Fig. 4). The numerical method also performs
well, Although there is no subsidence prior to storm develop=
ment, weak a&scent is maximized in the lower levels at the final
two times. Therefore, like the vorticity method, the trend is
toward inoreasing upward motion, Adiabatic values vividiy show

the effeuts of diurnal changes in the lower levels and resulting
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compensation aleft. Recalling the horizontel maps (Figs. 15,
19), the oroas sectional patterns do not rolate to the convective
dovelopmont, despite that appearance in this depiction. 4s an
alternate representation, Fig. 26 contains vertical profiles from
the time oross sections in Fig, 25. Notioce the abrupt change in
vertical velooity from the vorticity method, the gradual
inoreaces with tbe numerical technique, and the variations in the

adiabatie ascheme atiributable to diabatic processes.

In addition to qualitative comparisons, two quantitative
assesasments of space-time continuity are provided (Chesters at
al., 1984): 1) the RMS scale length for gradients within the
field at time t, and 2) the temporal correlation between succesw

sive fields.

The gradient scale length, L(t), is given by
L(t) = [<AVZ(t)>/<[dV(t)/dx ~ <dV(t)/dx>1%51% , (5)

where V represents vertical motion at a grid point, AV(t) is
given by AV(t) = V(t) = <V(t)>, and ensemble averages <...> are
taken horizontally over the entire field. Large L(%t) indicates
smooth patterns, whereas reduced values depict smaller scale

features,

Scale lengths for gradients of vertical motion at 600 and
300 mb are given in Fig. 27. Also included in the left panel are
results for absolute geostrophic vorticity at 500 mb (Fig. 5)

and, in both panels, the contribution of potential temperature
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advootion in the adicbatic tochnique. At 600 wb, patterns from
the quasi-gooatrophic cmeoga oquation genorally oro omoother than
thogo from tho vorticity mothod. Thio contrast 1o moot pro-
nounced at the two times utilizing rodiosonde data (1200 and 0000
GMT) whon the differconce averages 116 km. Tho amount of dotail
provided by oithoer ochomo dooo not ochange greatly during the 12 h
poriod, a faot readily verified by the horizontal deplotionc
(Fign. T, 12}, An interesting point io that oscale lengthe of
VaAS=dorivad geostrophic vortieity are somewhat greator (amoother
patterns) than results from the omoga equation or vorticity
method. Thin is expected asince derivatives of veorticity influ-
anoe the vertical motions. FPFinally, adiabatic motions are by far
the omoothest. Secale lengths of its adveotion component are more
gimilar to those of the other parameters, thereby confirming that

total fields are controlled by the time derivativa.

Results at 300 mb (Fig. 27) generally are oimilar to those
at 600 mb, For example, pattorns from the omega equation again
generally are smocother than those from the vorticity method. A
marked difference, however, 1s that scale lengtha for the adia-
batic method are considerably smaller than at 600 mb (except at
2300 GOMT), whereas they are larger for tomperature advection,
The greater detail in upper level adiabatic motions, especially
at 1700 and 2000 GMT, results from the inereasing importance of
horizontal adveotion, Nonetheless, earlier sentions demonstrated

that patterus from this procedure were not related to synoptic
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foaturesn,

Ao o cecond offort to quantitatively ascooo nontinuity, tco-
poral corroclation ecoofficicnto were computed. Tho defining oquaw

tion is (Chostoro gt al., 1904)
c(t,t') = <AV(t)AV(t')>l[<AV2(t)><Av’(t')>]k v (6)

whero t and t!' are tho two oboervation timos. 1In geoneral, high
correlations indicate a continuity of pattorns; however, rosults
oan be mioleading., For example, motoorolegically significant but
rapidly propagating features oan produce small or even nogative
corrolations, whereoao olower propagation in an unrealistic direo-
tion ecan yield large values, To further complieato matters, the
time intervals being testod are not constant but range from 1 to
3 h. Thus, the coofficients have limitod usefulness, but unfor-
tunately, no other statistic appears to provide a more meaningful

evaluation.

Figuro 28 presents correlation coefficioents for 600 and 300
mb., Geostrophic vorticity at 500 mb (bottom panel) shows cone
sistently high ocorrelations, indicating good temporal continuity.
Thus, a major input to the vorticity and numerieal schemss shows
a reasonable propagition of features (also see Fig. 5). With the
vorticity method, two of the values at 600 mb are misleading.
For the 1300-1600 GMT comparison, the value 0.99 is due to the
domirance of the time derivative component, which, as anoted ears

lier, was the same in each case. On the other hand, the negative
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value for 1700=2000 GMT roflceto rapidly propagating but continu=

ous horizontal pattorns (Fig. 7). Tho omoga equation genorally
exhibits high correlations at 600 mb, oxecept for 2000=2300 GMT
(oee Section S5w-c¢ for reasons). For botn the vortiecity and numer-
iocal methods, there are low correlations between 1200 GMT
radiosonde~ and 1300 GMT VAS=derived patterns, but values areo
considerably higher at the 2300-0000 GMT pairing, whon the
shortwave is better developed and more fully contained within the
computational region. Correlations for the adiabatic method ini-
tially are high at 00 mb, but this is misleading since they
represent good continuity among erroneous features. The value
=0,88 betweon 2000-2300 OMT, refleots the sign reversal in verti.
cal motion. Results for temperature advection range between 0.24
and 0,85. Corrolations at 300 mb (Fig. 28) generally are similar
to thouse below; however, a notable exception is the 2000-2300 GMT
value from the omega equation., l!Moreover, adiabatic motions,
although generally unrealistic, have a higher correlation betweet
2000-2300 GMT because the advection component is as influential

as the time derivative,

&. Ihermodvnamig factors

As stated in Section 1, three ingredients are required for
thunderstorm formation: instability, moisture, and a triggering
mechanism, For the convective outbreak of 21 July, the shortwave
trough has been shown to produce large scale ascent over the mid-

dle Mississippi River Valley. The temporal and spatial evolution

=)
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of tho two thermodynamic factors now is cennidered.

Figure 29 prosents radiosonde-dorived Lifted Indices (LI) at
1200 GMT 21 July and 0000 GMT 22 July, as well as VASederived
indices frem 1600-2300 GMT. Information concerning the response
characteristics of the input data was given in Seotions 3=h and
n. For the special times, insiead of using surface data provided
with the VAS retrievals, high density hourly reports from the
airyays network were employed. Thus, the caleulations utilized
the greatest amount of surface data poesible, Indices at 1200
and 0000 CMT were computed according to the standard definitions;
howaver, valuea from 1600-2300 GMT were based on a technique
developed at the National Severe Storms Forecast Center (Hales
and Doswell, 1982). In this proorJure, mean boundary layer date
are not wused; instead, surface parameters are assumed to
rejresent the entire layer during that part of the day when it ia
well mixed. Since this assumption would not be valid in the

early morning, "surface LIs" were not caleuiated at 1300 GMT.

At 1200 GMT (Fig. 29), ctrongly stable conditions are over
Michigan while lower values cover the midsection of the United
States, eapeaially along the Missouri-Illinois border., By 1600
GMT, the entire analysia reglon apparently 1ls less stable; how-
ever, most patterns are similar to those seen earlier. An excep-
tion is the lobe of relative stability over Missouri whish is due
to a pocket of drier air at the surtace (not shown), Values con-

tinwe to decrease over the Mississippl River Valley through 2000
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S 0000

Fig. 29. Radiosonde~ (1200 and 0000 GMT) and VAS-derived Lifted
Indices. For all times, surface data were from ground
based observations.
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GMT, reaching & minimum less than =10 over southweost Illinols and
northern Mississippi. Growing instability alsc is depicted over
the Central Plains, By 2300 GMT, conditions begin toc stabilize
from 1Illinois to Mississippi, although indlces continue to
dacrease over Kansas and Nebroska where convection begins after
the study perlod, Finally, at 0030 GMTI, conditions appesar to be
more stable than 1 h earlier. Vhen inteorproting VAS-dsrived sta=-
bility indices, it is important to emphasize paiterns and trends
rather than specific values. This 18 necessary becaguse a very
ungtable index based on radicsonde data may be a comnmon
ogcurrence with VAS retrievals, thereby suggesting that a dif-
ferent set of criteria must be employed. Further research is
needed to establish these values., Anthony and Wade (1983)
obgserved that VAS-derived stability parameters were less stahle
than sonde-derived verasions although patterns and trends were

comparable,

The trend toward increasingly negative LIs over the Missig-
gippi River Valley through 2000 GMT certainly supports the con-
vective outbreak, However, an interesting question is the pro=-
portion of these variations that 1ls due to the hourly surface
data versus that part attributable to the satellite's 500 mb tem~
peratures. To answer this question, new Lifted Indices were com=
puted from 1600-2300 GMT (Fig. 30). Although the surface data
were identical to those employed previously, radiosonde-=derived

500 mb temperabtures for 1200 GMT were used at each of the four



Fig. 30. Lifted Indices using 1200 GMT radiosonde~derived 500
mb temperatures at each time along with hourly surface
rejorts.
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timos., Therefore, differences in trends betweon the two versions
of LI will be atiributable only t4s the changing 500 mb tempera=-
tures provided by VAS.

Patterns of LI in Fig. 30 are very similar to those in Fig.
29. For exemple, the moat stable air is cover tho northeast,
relatively unstable conditions are over the lower and middle Mig-
8issippli River Valley and Central Plains, and a pocket of rela=
tively stable air is in central Missouri. An important point at
each time 1s that values in Fig., 29 are approximately 2 units
less than those from the new version (Fig. 30). This difference
1s caused by VAS's 500 mb temperatures being consistently colder
than the 1200 GMT sonde data.

To examine the stability fluctuations, changes in LI (ALI)
were computed between successive times for each set (Fig. 31).
Patterns are very similar, e.g., each depicts negative ALI over
the storm area through 2000 GMT and increases thereafter, Also,
the expansion and enhancement of instability over Kansas and
Nebraska through 2300 GMT is found in both versions. Thus, the
important conclusion is that VAS*'s 500 mb data provided little
additional information about variations in LI during this case,
That 1s, the sonde's unchanging 500 mb temperatures together with
hourly surface reports were sufficient to deseribe the evolving
patterns. It must be emphasized that VAS retrievals would be
valuable in those situations having rapid variations in middle

tropospheric tempersture. Finally, other stability parameters
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denotes 1700 to 2000 GMT,
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were computed for this oase as well, e.g., K Indox end Total
Totals; however, since their patterns wero similar to those of
LI, they will not be discunsed hore., Their apgreement indicates
that trends at 850 mb were similar to those at the surface. Of
course, VAS data would be useful in oaloulating these indices
whon conditions at 850 mb were different from supface reports
and/or underwent fluctuations between the 12 h radiosonde obsar=-

vaticns,

The third requirement for thunderstorm initiation is suffi-
ciont moisture. Horizontal analyses of surface-300 mb precipit-
able water from sonde data at 1200 and 0000 OGMT and from VAS
rotrievals between 1300-2300 GMT are presented in Fig. 32, At
1200 GMT, a molst region extends from Minnesota to the Gulf
Coast, and VAS-derived patterns at 1300 and 1600 GMT generally
continue this feature. Between 1600 and 1700 GMT, Jjust prior to
the oconvective outbreak (Fig. 4), moisture content increases
greatly (10 mm) over the lower Mississippt River Valley (Fig.
33). However, from 1700 to 2000 GMT (Figs. 32-33), there is a
corresponding decrease over the same reglon that continues
through 2300 GMT (Fig. 32). As noted for stability, patterns and
trends of precipitable water probably should be emphasized rather

than specific values.

Although the values depict a favorable trend in relatior to
the storm outbreak, thn variations are quite large. Hillger

(1984) noted 4 h changes in precipitable water reaching 11.6 mm,
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Fig. 32. Radiosonde- (1200 and 0000 GHMT) and VAS-derived pre-
clpitable water (mm) for the surface to 300 mb layer.
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Fig. 32. (Continued)
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Fig. 33. Changes in VAS-derived precipitable
water (mm) for the surface to 300 mb
layer. 16-17 denotes 1600 to 1700 GMT.
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ond he arguod their validity on tho baoio of low lovol moloturo
adveetion and ourfoce wmolscturc oconvorgonce., Smith At Al
(1901a) oboorved 3 h fluctuations nonr 30 mm. In tho ourront
otudy, thero ic inouffiocient moisture advootion or moioturc con-
vorgenoo to oxploin tho 1 h inorensos of 10 mo, Moroover, cur=
faco dowpointo, about aa-au°c (not chown), remain noarly oconotant
from 1600-1700 OMT., Similarly, moioture tranoport and ourfaco
dowpoint fluaotuations do not ocubstaontiato tho deercacos in pre-
cipitable wator botween 1700-2000 GMT (Fig. 33). Thoreforc, the
variations ouot be conoidored ougpect, and thoy may reoult from
tho rotrioval algorithm. Recalling Scction 5=d, waroing below
600 mb (ond sgubsequent height risos) ocourred over tho aroe
through 1700 GMT, with cooling {and height falls) thereafier.
Thoooe changes wore not confined to the boundary layor. Furthor-
more, as a rosult of the deep, unrealistic warming, the retrieval
algorithm may have produced inoreacing precipitable water beforo
the convection with tho reverse occurring thoreafter (W, L.
Smith, personal communiocation, 1985). However, over the west, in
opitoe of che diurnal tcmperature fluctuations, there 1is little
variation in precipitable water although that area was much drier
originally. Additional research iz needed to clarify this rela-
tionohip. Nonetheless, cven though the abrupt ohangos appear
puspeot, the overall moist tongue extending slong the Mississippi
Rivor Valley 1o quite real since 1t 1s verified by radlosonde-

derived fields and surfacc data.
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Tho oauco for tho conveotivo outbroalk now io eloar. The
oshortwave trough oauccd upward motion that roleaced tho cnorgy of
tho proforeontinlly moisot and unotablo air over the Micoiooippl
Rivor Volloy loading to thundorcotorm dovolopmont noar 1735 GMI
(Fig. 4). VAS data rovonl tho throo requiremonto in thio areaq,
although thoro aro imporfections in accuratoly dicgnosing onch

paranoter,



6. Summary and conclusions

A case study has investigated the intonoce convective
activity that oocurred over the middle Miocsiosippi River Valley
on 21=22 July 1982, Tho gonl was to agsosa tho relative
strongths and weaknesscos of various procedures for caloulating
vertical motion from VAS satellitc rotrievals, Magnitudes and
continuitics of motions from the 1«3 h soundings wore cvaluated
along with their ability to fill in the 12 h gap between
radiosonde data, In addition, the study considered the
satellite's performance in diagnosing those variations in stabil.
ity and humidity that were conducive L. storm formation. The
research benefitted from having VAS retrievals at 1300, 1600,
1700, 2000, and 2300 GMT 2% July. This allowed an examination of
conditions prior to and during the thunderstorm outbreak that
began shortly after 1700 GMT., For thermodynamic caleculations,
VAS rotrievals were objectively analyzed to achleve meso a=scale
resolution of atmospheric structures; however, for vertical

motious, only synoptic scale resolution was permitted.

Using the satellite~derived input, the quasi-geostrophic
omega equation generally produced the beat overall rusulta,
These motions exhibited excellent spatial and temporal continuity
and conaistency with the observed weather. Moreover, they prop=

erly bpridged the 12 h interval between radicsonde~derived
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motiono. Tho vortiecity method provided the cecond best results,
Although patterns noar the storm area were rcasonable, their gon-
orol continuity ond polation to weather events and sonde-dorives
moticns were less fovorable, The adiabatic technique produced by
far tho worst ropults, Patterns showed poor continuity and had
little or no oorrespondence with syncptic fentures, Finally,
sonde=derived kinomatic motions, which served as a general com-
parison for VAS fields, agreed reasonably with weather ocondi-

tions,

Poor results from the adiabatio technique ocecurred because
diurnal temperature variations through 600 mb violated the adiaw
bacio assumption. [Furthermore, the retrieval algorithm appeared
to compensate for the exaggerated diabatic tendencies by produc-
ing the opposite effects in the upper troposphere. Thus, verti-
cal motions showed unrealistic patterns and magnitudes because of
the time derivative term. Excessively large magnitudes were
influenced by the short 1«3 h interval betwcen observations, and
values wculd have been even greater if unrealistic neutrzl or
superadiabatic lapse rates between 700-500 mb had not been
suppressed. Adiabatic vertical motions depended directly on
thermal fluctuntions on individual isobaric surfaces. Therefore,
lower tropospheric motiomns from the time derivative often had no
correspondence with those in the upper levels, On the other
hand, sinoe the édveotion component was not based on temperature

changes between times, it produced very reascnable patterna.
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Regults from the vortioity mothed wore much bettsr than adie
aobatic values becauce vertical motions depended on the Laplaoian
of goopotontial height ¢hat was ocaleculated from vertioally
intograted temperatures., Therefore, uniform height variations
would not affeot the vertical motions. 1Tn the ocurrent oase,
looal vorticity ohanges were dominated by che presence of the
trough/ridge patterns. Since the contributien by advection also
was linked to the shortwave, overall vertical motions were
approprinte, although magnitudes wore quite large, dus to the

soall interval between cbeervationa,

The omega cequation contains no time dorivative; 1instead
voprtical motions depepd only on flelds of temperature and geos-
trophic vorticity at single times. Since these patterns ware
very reasouable, both components of w showed good horizontal cone
tinuity. Therefore, the shortcomings of the other two techniques

did not apply, and the best overall results were obtained,

Before computations began, it was hoped that the short time
interval between satellite observations would improve vertical
motions in those methods containing a time derivative, Unfor-
tunately, however, results from the time components were disap-
pointing. Temporal variations in potential temperature did not
appear to be meteorologically asignificant, i.e., they seemed
mostly attributable to limitations in the data. Changes in veor-
ticity were more reasonable, Thus, for cases such as 21 July,

having data at 1 h intervals apparently will only be useful in
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the adiabatic and vortioity techniques when data uncertainties
aro reducod. In situations of stronger foreing, i.o., a stronger
moteorological signal, inereaced eloud cover likely would limit
tho number and quality of soundingo. Since the numerical mothod
is not as greatly affectod by data errors, it appears to be the
prefcrred tecchnique for oaleulating vertical motions at this
time, Its use allows one to take best advantage of the short
intorvel soundings provided by VAS without results being overly
influenoced by data ambiguities,

Conocerning the thermodynamic parameters, the inereased fre-
guency of upper air information was not valuable in diagnosing
variations in the Lifted Index since fluctuations on 21 July were
dominated by surface effects that oould be obtained from conven=
tional data. Finally, patterns of VAS~derived precipitable water
were similar to those from radicsonde data, The VAS data did
reveal rapid changes in magnitudes, but these could not be con-

firmed on the basis of surface reporta.

During this case, VAS provided useful information to supple-
ment the usual 12 h radiosonde soundings. However, only a single
case was evaluated, and vo the authort's knowledge, it was the
first to evaluate VAS-derived vertical motions. Therefore, many
other periods having a variety of cynoptic conditions need to be
examined, In addition, a new phyaical retrieval algorithm has
been develeped in which oxeessive diurnal and compensating “.em=-

perature variations are reduced (W, L., Smith, perscnal communica-
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tion, 1985). Thuo, an ospeocially interesting study would be to
repeat the ourrent caloulations baged on tho improved soundings.
Finolly, botter procedures for handling data gaps should be
dovelated, In the current case, decpito numcrous gaps, results
did not appear to bo greatly affected. Only through such future
studies san VAS's ability te provide the mesoscale daia needed

for improved forecnsting be alearly evaluated,
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