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A INTRULUCTION 1¥/6; Brandes, 1978). As was pointed out a decade
ago by Simpson and Vennis (1974), wore 18 known
The convective stors plays an imporiint role about synoptic ecale conditions favorable tor
across many ecales in meteorology. For example, convective development and cloud micruphysics than
convective storms are important contributors to is known aebout the mesoscsle, which remains both
the total energy Ludget of the global circulacion poorly measured and poorly understood. That this
a8 well as summurtimse tropical regions through problem #till exists in 1984 cen be rTeadily
*heir release of latent heat, radiational verified = better understanding of mesoscale
properties, and convective cluster scale wup convective pnenomena is one of the cornerstones 1in
moist/uown dry vertical circulations they induce the planning of the National STUKM Program
(Gray, 1¥73; Foltz and Gray, .97%). Locally, the (Lipser, lYo«):
ceovective storm lies at the heart of wmany
- weather-related eveots that affect everyday life. “it 18 on the etormscale (or
T :, iuring the spring and sunmer months, tornadoes, "mesoscale” o meteorologists) that the
1~ flash flooas, downburets and severe thunderstrrms weather of greatest significance is
n o 4  pose serious threats to life and property sctually experjenced. 1t 15 mesoscale
e '{ e throughout the Unired States- While the more phenomens which must be understood ..."
‘f; 5 1 3 potorious ¢! such events receive Nation wide media
| ] coverage, the greatest weather-related killer In That Jlack of information om the intermediate
) the United States is ligntning from the everyday scale; the interaction between convective clouads
N thunderstorm. That same “ordinary” thunderstorm and their mesoscale environment, has been mailnly
o> g can reek havoc ino the construction industry while due to @ gap in meteorological observing
WO - et the sase time provide much needed water for capability 4in the days prior to the high
V] agricultural purposes. Io the above mentioned resolution geostationary satellite (Purdom, i976).
il ‘:: :: local areas, wmore proecise very-short-range Prior to wsatellites, meteorologists were |
- ferecasting (often ctermed mnowcasting (browning, forced to make interences about the mwesoscale from
~ = 1962;] 1e badly needed. Before accurate and macroscale  patterns. However, significant
= '-4 preciie local forecasting becomes & reality, an sdvauces in that area have been made using data
‘j ‘3 :; improvement in our understanding of coovective available frow geostationary satellites. Tne
o rd #torm genesis and development is required. sections that follow will show how satellite data
=+ 3 Understandiog the forces that control the can be used to {mprove our Josight 1inoto the
2 development and evolution of deep convection is mesoscale behavior of the atmosphere. Tnls in
< ! 3 one of .he most important and chrsllenging problems turn leads to a better understanding of the
=g io me.eorology today. It remajns one of the most mesoscale process that lead to convective storm
~@ e.usive problems to date even though various development .
o 2 aspects of it have been vigorously iovestigated
— -~ over the past quarter century. It is generally 2. APPLICABILITY OF SATELLITE DATA
A QP2 Agreed that the development of a convective storm
j 8.4 % or storm array depends on the interaction of 2.1. Visible and infrared imagery
3 ‘ - J}‘ . meteorological finlds ranging from the synoptic
ﬁ' anNnow scale cyclone down to the cloud condensation From the earliest days of meteorology, the
72 @ % ouclet (Lillv, '977). However, little 1s known importance of clouds in defining the state of tne
- ..3 - 5 about why & pirticular storm forms and develops stmosphere has been recognic.d. As poiE:ed out in
= 4 the way it docs, or why & convective array behaves the Handbook of Meteorology section on Clouds and
<4-¢ ™ in a particular manner. This is especially true states of the Sky (schereschewsky, 1945):
':,: ; 1 for scorms that form under weak synoptic scale
forcing. Most of the available information about Clouds have N-nio:ur\ud t;nd
convective storm development and 1 tensification used for short=perio weather
is focused on eitnher the F::rle scale conditions forecasting from time immemorial...
tavorable for convective development (Beebe and Clouds are now considered essential and
sates, 1955; Miller, 197Z), or the individual accurate tools for weather forecasting.
convective storm (Byers and sraham, 1949; Every feature of the air masses
Browning, l9t4; Newton, 1963; Fankhauser, 1971, (discontinuity, subsidence, instability
&)
- N . -



and stability, etc.) is refleciea by Lhe
suhape, amount, end structure of toe
clouds. Thes close scrutiny of cloucs
will assist the snalyst in identifying
And analyzing air masses.

From ite fnception, the importance of c¢loud
imagery tn the wetecrclogical satellite progras
lias been recognized (Kellog, 1l¥yes). With the
lsunch of Tlrus=1l oo April 1, lyov, cloua
imagery from space became available. In the
decades tollowing tne launch of Tikus~1
siguiticant strides forvard were made in synoptic

scale weather interpretation. This was fo large
part due to the routine global cloud observations
the satellite provided. As imagery from polar
orbiting satellites helped advance our
understending of synoptic scale phenomena, imagery
from geostationary satellites is helping aaviace
our understauding of mescscale phenomena. Why'
yuite simply, prior to the geostationary satell’ te
the mesoscale wvas & “data sparse” regiou, and

meteorologists were forced to make {inlerences
about @ceoscale phenomena from wmacroscale
observations. with GOES imagery, features that

are infrequently detected ot fixed observing sites
are routipely observed.

With GukS data, a "reporting station” exists
every I ko using the information in visible dats,
and every o km with infrared data. The clouds and
cloua patterns 1o a satellite image may be thought
of s & visuvalization of mescscale meteorological
precesses . when that fuagery 1is viewed in
animation, the movesent, orjentation and
developsent of jmportant mesoscale features can be
observed, sdding & npev dimension to mesoscale
reasoniug. Furtnermore, animation provides
observations of convective behavior at temporal
and wepatial resolutions compatible with the scale
of the mechanisms responsible for triggering deep
and intense convective storms.

2.2. Sounding data

Satcllite esounding data's applicahility for
use Iin mesoscale time frame applications is
currently the subject of iotense iovestigation.

Considerable effort has been expended comparing
individual wsatellite soundings with those from
ravinsonde . For mesoscale applications, that

might not be a meaningful approach to the problem.
The two date sets are inhereontly different - each
has 1ts strengths and weaknesses. From
ravinsonces we have 50 minutes of point
observations (as the balloon rises) wi.h high
vi“tical resolution, poor spatial resolution, each

90 minute point obeservation set 1s taken by &
different sensor, and sets of observativrs are
taken at 12 hourly iotervals (over the United
States). boswell and Lemon (1979) looked in
decail at certain atmospheric paraseter's
importance in severe storm development. The major
problem they eancountered: the lack of resolution

in the operational sounding cdata base (radiosonde
spaciog 1s approximately 400 km at 14 hr
intervals) relative to the size of the phenomens
being predicted. From GUES-VAS souncing data we

have near instantaneous observations through a
column o the atmosphere, wmoderate vertical
resolution, hig. epatial resolution (Ja the

absence of clouds), and one uniformly calibrated
sensor waking all of the measurements. With GOES-
VAS, wsounding data may be taken over an area the
size of the United States &t hourly intervals.

For many wesoscale applications, 1t is the
gradient of stmosphneric paramelers &nd (cheir
changes 10 time that are fmportant. This 1s one
area where the new observational data from VAS, In
combination witn oOther gata sources, should nelp
lead to & Dbetter understamnding of mesoscale
atmospneric processes.

3. THe IMPORTANCE UF DIFFERENTLAL HEATING

An interesting observation concerning local
trigger mechanisms for convective development 18
the strong influence exerted by differential
heatiug. The land-ses breeie 1% & well understood
differential heating phenocmens that s routinely
observea in satellite Imagery. Another, that
surely would have gone unnoticed without
geostatfionary satellite imagery, is the effect of
esrly worning cloud cover on afterncon
thunderstorm development. Arc cloud lines, tne

driving force for deep cunvection over Lhe
southeast United 5States in suomertime, represent
apother trigger wmechanism due to differential
hesting = produced very quickly by raio-cooled
ajl.

wWhen using satellite imagery for mesoscale
applications and applyiug image analysis coucepts
to phenomenc such as those mentioned above, and Lo
be mddressed in the sections to follow, one wmust
realize vhat they represent. That is, the setting
up of local convergence zones that are generated
gue to differential heating. Uther properties of
the atmosphere help deterwine the effectiveness of
those local mecnanisa¢ in their ability to
generate nev deep convection. They include
instability, large scale dynamics, end the
trajectory of the low level air with respect to
the convergence zone (amouni of time ao air parcel
vill experience vertical wmotion in the local
foicing region).

4. SEA, LAKE AND RIVER BREEZLS

Although convective cloud development due to
terrain influences may often be very complicated,
when viewed with high-resolution visible oOUL>
imagery, many of the cloud patterns are easier to
understand. Tnis is because the 1 km resolution
of the imagery is close to the cumulus cloud
scale, and the frequent interval between pictures
allows one to observe convective development froum
ite earliest stages through maturity.

The land-sea breeze, . consequence of
differential heatirz between land and adjacent
water, has been one of the most widely studied of
any terrain phencmena (Maurwirz, 1947; Estoque,
1962; Plelke, 1973, 1¥74). Those authors point
out & variety of factors that intluence the
developuent of the land-sea breeze. Among those
factors are: 1) the shape of the coast line; &)
the direction and strength of the gradient wind;
3) friction; &) the Coriolis effect; 5) the
stability of the air mass; and 6) the land ana
wvater temperature difference. Items 4-6 will not
be discussed here although oue should realize the
ap)licability of infrared datas to item © and the
potential of VAS sounaing data to item 5.

Lifferent curvatures in a coast line cause
areas of counvergence or dive “ence along the land-
sea breeze front, thus sding to a local
streng_hening or weakening of cumulus activity
along that front. As is pointed out by Pielke
(1974), "Local maxims io vertical motion torm in
regions where the curvature of the coast line




acceptuates the horizontal couvergence created by
the differentiasl heatiog between land rod water.”
Add tionally, & small peuinsuls is generally an
area of earlier atroog convective development
along t“¢ land-sea breeze froot because the
breezes {orwed along opposicg shores merge near
the peninsula’'s center. Figures 1, £ and 3 are
exasples of early to mid-sfterncon convection
associatec witnh the land-sea breeze regime over
the Florida peniosula. hotice iu those tigures
the enhanced convection along the land-sea breeze
frootal gzone as well as the proovunced clearing
off shore. The effect of coast line curvature i
most easily seen i the Gemini photograph
(figure 1). Ilno that figure npotice the stronger
convection 1o the Cape Canaveral peninsuls regiuvn
along Florida's east coast as well as the stronger
inland penetration of the land-sea breeze's
convection Jimmediately south of the Cape. The
effect of the gradient vina's flov on the land-sea

breeze location is also apparent in figure 1. As
one looks wnorth frow Cape Canaveral the lend-ses
breeze convection is observed L become

cootipuously closer to che east coast. This is
because the ridge of the Bermuda high lies east to
west across central Florida and to its mnorth Cthe
gradient wind strengthens io opposition to the
ioland penetration of the east coast land-sea
breeze.

Convective development due to land and wvater
interfaces also occurs regularly around lakes
(Lyons, lybo). The factors influencing convective
development are the same as those for the land-sea
breere. However, tne low-level wind field becomes
increasingly important the sasaller the lake with
which one is dealing. Figures 2, 3 and 4 all are
good exarples of Jlake eifects on summertioe
convective development. Each also snows (he
effect of the gradient wind on the development of
convection due to the lake breeze. In figure 2, a
light low level southerly flow helps generate a
spall arec of clearing downwind from Lake
Ukeechobee 13 south central Florida. Notice 1in
figure 3 cthat & marked clearing extends westward
from Lake Okeechobee: tnie 1s indicative of a
strong low level weasterly flow. BSuch downwind
clearing from lakes, with enhanced coovection
bordering the clear region, is @ common occurrence
that 4is routively observed with GOES imagery.
Figure &4 shows the convective regime around the
Great Lakes under & condition of mnorth by
porthwesterly flow. Notice the lake hreeze
convection 18 close to the eshore lines on the
windvard sides of the lakes and has a further
foplend penetration to their lee. One might
envision frictional f‘ufluences helping the inland
penetration of the \lake breeze convection along
tne eastern shore of Lake Michigan as well as the
positioning of the convective line along the
eastern shore of the bruce peninsula which
separates Lake Huron from Georgian Bay ip southern
Untario.

while the e«ffects of oceans, lakes and even
cities (Chaognon, 1976) on convective development
have received considerable attention, relatively
little work has been done concerning the effects
of rivers and river basias on convective
development. GUES imagery has shown that rivers
and river basins at certain times exert a
considersble influence oo convective development.
The influerce has been most noticeable when the
low-level winds were either nearly calm (generally
less than 5> ms ) or blowing parallel to the river
Lasio. The effect of & river oD convective
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Fig. 1. Gemini photograph of Florida on
44 August 1905 at 1531 GMT.

Fig. 2. GOLS=Last | hi visible image,
25 June 1976 at 1730 GyI.

Fig. 3. GOES~East 1 km visible image,
21 July 1980 at 2130 GMT.
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Fig. 4. Summertime UM5P photograph of conveciion
around the Great Lakes.

development can be seen in figure 1, where the St.
Johns river's iunfluence on convective development
can be seen &8 a meandering morth to south line of
clear skies in northeast Florida.

3. Tuk EFFECT OF EAKLY MORNING CLOUD COVER

5.1, Weak synoptic forcing
Purdom and Gurka (1974&) discussed the ef fects
of early  wmorning cloud cover on afternoon

thunderstora development under conditions of weak
synoptic scale forcing. The situation was likened
to that of the land-sea breeze, with the first
shovers formiug iu the clear region near the
boundary of the early morning cloud cover = a sort
of cloud=-breeze front. Additionally, they found
the slovwer heating rate in the early cloudy areas
helped keep those regions free from convection for
most of the day. Figure 5 is a good example of
this phenomenon.

- %

Fig. 5. visible images,
27 May 1977 at

development over Alabama due

GOES~East 1 knm
153v and 1930 GuT. Convective
to early morning
cloud cover. These images show the effect early
cloud cover can have on afterncon thunderstorm
developaent. Note that the early clear region in
southwest Alcbama becomes filled with strong
convection during tne day, while the early cloud
region over the remainder of the state evolves
ioto mostly clear skies. Also notice how the
strongest activity later in the day develops in
the “nmotch™ of the clear region in south central
Alabama, as one might expect from merging cloud
breeze fronts.

Wnile the effect of early cloud cover wmay
most easily be thougnt of as & simple differential
neating wechanism, for mesoscale applications our
reasoning must extend peyond that point. Unlike
the land eses breeze regime, the character of the
cloud filela is constently changing: this can
effect the development of instability since
varying asounts of insolation will leaa to
differences in heating and mixing over the lamd
area.

5.2. Strong synoptic forcing

Early morning cloud cover can also play an
jmportant role in helping set the stage for
iotense convection wunder conditions of strong
synoptic wscale forcing. Purdom and Weaver (1982)
shoved the importance of mesoscale boundary
interactions in focusing tornado activity in the
ked River Valley area on April 10, 197y, Figure 6
shovs the locatior of one of the mesoscale frontal

boundaries that helped focus that activity. The
mOSL probable cause of that meso~front was
differential heating due to the cloudy (stratus)

region to 4its east versus the clear area to its
west. The aechanism which led to the developument
of the meso-froot, end subsequent focusing of

tornadic activity, also playea an ioportant role
in the development of 4instability in the warm

COES~East 1 km visible image,

'l.l ba.
U April 197y at 2126 GMT.

83
- |

Fig. 6b. Analysis of significant !uturu and
cloud patterns from Fig. ba.
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sector. As the mesoscale frontal boundary moved
eastvard, mostly clear skies developed in the wars
sector between the boundary and the stratiform
Overcast to its east. Uuring that period Abilene
(ABL) became clear while HStephenville (SEP)
maintaiped its cloud cover. An analysis of
surface static energy (Darkow, l¥od) pointed to
strong potential instability at both ABlL and BEF
(Purcom and Weaver, 196Z). Hovever, time series
of horizontal cross sections from @mesoscale
ravinsonde dats showed & marked decrease in the
amount of negative buoyant energy at ANl aud only
& slight decrease at SEF: these changes are
related to changes in cloud cover. Low level air,
sisilar io character to that near ABl fed the
tornadic storm system, allowing 1intense
thunderstorms to develop.

Using & oumerical boundary Jlayer wmodel,
McNider and colleagues (Mchider, et al, 1984)
exanined & case in which early cloud cover played
an important vrole 4o the generation of & squall
line when synoptic scale forcing was present.
They found wshading due to cloud cover to be
fundasentally important im the formation of a
local baroclinic sone and the development of low
level convergence.

Thus we see that the effect of early morning
cloud cover can be complicated indeed. It can act
to set up & baroclinic zone (or reinforce an
existing one) through differential heating. At
the same time, 4t «can effect the local
destabilization of an airmass: a) if skies clear
too quickly, moisture may be mixed to great depths
making the region unsuitable for supporting strong
moist convection; b) if the area remains cloudy,
thunderstorms movipg idnto the region might
dissipate or weaken considerably due to the
negatively buoyant low level air; c) 1f the area
clears an hour or two prior to thunderstorms
moving into it, sufficient heating and mixing at
lov levels may have occurred, priming the local
41r mass to support explosive convection. Use of
VAS sounding channel data should aid 1o the
assessnent of the convective potential of such
situations for mesoscale forecasting.

6. THUNDERSTORM OUTFLOW

6.1. Arc cloud lines

A pumber of works have addressed the
thunderstorm and various phencmena associated with
it. Among the earliest to address the outflow
phenomena was Lspy (1841). In his book The
Philosophy of Storms, he spoke of the outtlowing
cool winds form storms at times being observed at
& considerable iistance from the storm. Later
bumpnreys (1%l14) pointed out the importance of
evaporation of raindrops in the production of the
storm's downdraft and subsequent cold outflow.
Normand (1938) used thermodynamic diagrams Lo show
the {mportance of both condensation and
evaporation in allowing the thunderstorm system to
gain kinetic energy from both ite updraft sad
downdraft. It is important to mote that in that
paper he also pointed out the need for “work dore
by outside forces”™ to raise a parcel to & level
where buoyancy forces alone could act to cause
upward motion. While earlier works such as those
mentioned above were important in laying a
conceptual foundation for wunderstanding the
thunderstorm, the first in-depth study of that
phenomena took place io Florida inm l¥46 and Ohio
in 1947 with the Thunderstorm Project (Byers &
Braham, 1949). In addressing outflow, they mnoted

that the cold air outtlow from & storw could cover
an are: Jlarger than the storm, and that new cell
development (with an saggregate of cells making wup
& thunderstors) may occur io the vicinity of old
cells whose outflows collide.

buring the idnitial decade following the
thunderstorm  project, detailed sanalyses of
mesoscale systems associated with thunderstonis
showed & sharp pressure rise accompanying the
systems arrival (Fujita, 1955, Fujitsa and Brown,
1¥58). OUther phenomena noted with the passage of
such systems were a wind shift that was often
sccompanied by an increase In wind epeed, a
temperature decrease, and in many instances
rainfall. wWhi.e it was generally recognized that
evaporation of precipitation was an important
factor in the production of the higher pressure
and sharp pressure rise assoclated with such
systems, 4t was Fujita (1939) who first
quantitatively investigated that producticn. He
showed that evaporation of raindrops in the
downdraft was responsible for the development of a
cold dome of air beneath the thunderstorm and the
resultant wmesoscale high pressure system. At the
leading edge ot this “mesohigh™ was the
thunderstors gust front. Figures 7 and 8 frou
Fujite (1955 and 195Y respectively) relate two
important points concerning this phenomena.
Figure 7 4llustrates the development of the
mesoscale high pressure system and show® that the
pressure surge line is at the leading edge of the
mesohigh. Figure 8 illustrates the change in
vertical temperature and wmoisture distribution
within the cold dome produced by subsidence after
the passage cf the thunderstorz system. This
subsidence of the cold dome is due to the cold
dome's greater hydrostatic pressure, which causes
it to sink and spread outward in an attempt to
reach equilibrium with its surrounding
enviroonment .

It was Purdom (1¥73) who first pointed out
that io satellice imagery, the leading edge of the
weso-high aeppears as an arc-shaped line of
convective clouds woving out from a dissipating
thunderstorm area. The arc-shaped cloud line 1is

A 190 2cow Lt

Fig. 7. From Fujita 1955 {llustrating the
importance of rain-cooled air in the production of
the mesoscale high pressure system.
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Fig. b. From Fujita 1959 4llustrating the

:::::t::;' p::u::“::“:u '::::\:cr::r:u:y:‘::. “4g+ ¥. Photograph taken from s manned spacecraft
. . of thunderstors a
which leads to clearing in that region. ctivity and resultant clearing

within the cold dome.

worsally composed of cumulus, cumulus congestus, circular clear region: this would be due to
or cumulonimbus clouds. Later Purdom (1979) was subsidence within the cold dome. Figure LU shows

to introduce the concept of “coovective scale the characteristic appearance of arc cloud lioes
ioteraction” due to arc cloud lipes and discuss in satellite imagery. Figure 11, is a mesoscale

ite role in controlling the development and analysis/nephanalysis in which the arc cloud lines
evolutivo of deep convection. This is discussed in Figure 10U were analyzed with the aid of

further iu the next section. 15 minute interval satellite images. 1o this
Figure 9 is a photograph of an arc cloud line case, interaction between the arc cloud and

taken from & manned spacecraft. Note the large froatal boundary in Oklahoma produced & large

Fig. 10. GOES-East 1 kn visible image, 20 May 1975 at 200U GMT.

F |
small pips / |
are used for f
arc cloud lines

o
Fig. 11. Analysis of arc cloud lines from Fig. 1l0u.
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Fig. 12. Three panel figure showing GOES-East

visible

image for 1320 Cs1,

0 July 1980 (lefc), an analysis of the image (middle) and radar echo movements

centered on lbw CST (right). The large

thuaderstorm generated at

the sea

breeze and arc cloud line merger propagated (continuously regenerated) along the

moving intersection of those two boundaries.

severe thunderstorm (see Purdom, lY%8J). Figure 12
is another exaaple of an arc clowd line as
detected in 0ES imagery. In cthis case

interaction of an arc cloud and sea
in Texas produced a large thunderstorm (Zehr,
1982). The thunderstorm generated at that
iotersection movea to the west, while other
thunderstorms io the area moved to the south. Two
important points to consider when examining these
figures are: 1) the "anomalous”™ movement of the
echo at the sea breeze/arc cloud junction = cthis
can be explained by continuous regeneration along
that moving intersection; and £) the arc cloud
lioes shown 1in the satellite {mage were not
detected by radar.

breeze front

6.2. Convective scale interactiocn

NESDLS and NASA, recognizing the importance
of geostationary satellite data in understanding
convective de¢velopment, have operated the GUuES
system io a special rapid interval (3 to 5 minute)
imaging mode on selected days during convective
seasons since 1975. Those unique data scute have
allowed observatioms of convective behavior at
temporal and spatial resolutions compatible with
the scale of the physical mechanisns responsible
for triggering deep and intense convective storms.
Movie film strip analyses of those data show that
convective scale interaction is of primary
importance in determining the development and
evolution of deep convection (Bohan, 1981). This
interaction manifests itself as the merger and
intersection of tlhunderstorm~produced arc cloud
lines witn other convective lines, areas and
houndaries (Purdom, 1979 Pertinent conclusions
can be summarized as foliows:

1. Thunderstorm=-produced outflow boundaries
(arc clouds) are of primary importance in
che formation and maintenance of strong
convaction;

2. Outflow boundaries may maintain their
identity as arc clouds for several hours
after the convective array that produced
them has dissipated;

3. Deep convective development along an arc
cloud line is a selective process =
highly favored where two arcs intersect
or where an arc moves into a convectively
unstable region; and

4. In & weakly forced atmosphere, arc
boundary interactions determine the
location of the majority of noew

thunderstorms by the end of the day.

The ccovective @scale iloteraction process 1is
fundamental in the evolution and maintenance of
deep convective activity=-until recently, it wvas
only observed by satellite. In fact, thunderstorm
evolution that appears as a random process using
convenicjonal tadar is often observed to be well
orderad when viewed in time lapse using satellite
imagery.

Since this earlier
fovestigators have pegun to study the
outflov oo new storm generation. Achtemeler
(L1983 in studying the relationship between the
surtace wind field and conveciive precipitation in
Migsouri found,

vork of Purdom numerous
effects of

the preferred area for nonew cell
deve lopment were in agreement with Cthe
findings of Purdom ... eight of the
fourteen rain cells related to gust
froots formed at the intersection of
gust fronts, or at the intersection of
gust fronts with network scale

convergence zones-

Holle and Majer (1980) traced two outflows across
the PACE mesonetwork and found an iuntense
thunderstorm with a weak tornado formed at Ctheir

intersection. Droegemeier and Wilhelmson (1983)
are currently using the 3D cloud model to study
the convective scale interaction phenomena.
Figure 13 is eno adaptation from Droegemeier and
Wilhelmson (1983), and shows their results using a
three dimensional numerical cloud model to study
thunderstorm outflow collision with a convective
cloud line. In that simulation they found a deep
convective cloud with maximum vertical motions on
the order of 1Y ms"™' developed where the outflow
interacted with the couvective cloud line. They
poted that such convective scale ioteraction was
oot observed in the simulation where the outflow
moved into clear regions. Convective scale
ioteraction has also recently been observed by
Wilson (l¥y84)  using Doppler radsr data to
investigate nev thunderstorm generation at che
collision of two thunderstorm outrlows.

il
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arc cloud
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Fig. 13. Adaptation of npumerical wmwodelling
results of thunderstorm outflow collision with a
convective cloud lipne, from Droegemeier and
Wilhelamson.

6.3. Convective rainfall under weak synoptic
scale forcing

Using GOES esatellite imagery, Purdom and
marcus (1982) classified convective developument
over the southeast United States. Their results,
Figure 14, show that when the most intense
convection has developed, the dominant generation
mechaniss is convective scale interaction. The
results of Purdom and Marcus have been extended to
include rainfall over the southeast during the
study period. Figure 15 shows the cumulative
amount of rainfall (normalized) by hour for all
hourly rainfall recording stations im the study
ares: notice the dominance of arc generated
rainfall. During the study period no mesoscale
convective complexes (Maddox, 195V) moved through
the study area.

6.4. Tne structure of arc cloud lines

The character of arc cloud lines has been the
subject of direct aircraft measurements (Sinclair
& Purdom, 1982, 1984). The purpose of those
flights was to gain knowledge concerning the
dynamic and thermodynamic characteristics of arc
cloud lines as they relate to future convective
development (including tornadic storm .ormation).
Flights were made in the subcloud layer above the
density surge line, DSL (Sinclair & Purdom K 1982),
as well as through the DSL (Sinclair & Purdom,
1984). HKesults from the aircraft observations,
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Fig. l4. Distribution of convective generation
wmeclanisms due to arc cloudlines (merger and
intersection) and other mechanisas (local
forcing).
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Fig. 15. Rainfall distributed by mechanism for
tue study period in Fig. l&.
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shown schematically in Figure lb, poinot to the
isportance of arc clouwd lines in the production of
both vorticity and convergence. Furthermore, it
was found that the lateral extent of the vertical
moticon field along the arc compared to that of the
cloud scale fudicates that the main diiving force
for initial cloud development along the arc line
is cootrolled by thuudersto. w outflow(se)
ioteracting with the convectively unstable air of
the eovironment. The i1npdividuscl cumsulus clouwd
scale motions along the arc line can theo be
visualized as being superimposed on this somewvnat
larger wcale, initiationg process.

Gently Wol Arc

sinkin
air . Cloud

STORM Warm
ourpLowg “e® _/moist air

Fig. lo. Schematic 1llustration of arc cloud line
features as derived from aircraft penetrations.

Arc clouwd lines and their associated uSL
region can pose extreme hazards to aircraft
operations. One of several critical situations
might involve an arc cloud line approschiug the
end of an airport ruoway with its parent
thunderstorm 15 to 20 km awvay. An aircraft in a
landing pattern might circumnavigate the
thunderstorms and then descend through the top of
the DSL. If the outflow 1s strong, & tailwind of
20 to VU m/s or greater might wsuddenly be
encountered. Depending on aircraft speed prior to
its descent, the loss of relative flow acroes the
wing 1o the DSL might cause critical sink rates
vhich could lead to an aircraft accident. One
snould be avare that arc cloud line {nteractions
were in part responsible for the aircraft accident
that claimed 153 lives in New Orleans, Louisiana
on July 9, 1982 (Caracena, et al, 1983).

7. MESOSCALE CONVECTIVE SYSTEMS

7.1. Squall line deve lopment

Generally, organized convergence lines that
trigger strong coovection (such as fronts, dry
lines cor pre-frontal convective lines) are
detectable in wsatellite imagery prior to deep
convective development along them (Purdom, 1976).
An example of a frontal system that develops into
a severe squall line is shown in Figure 17. Early
squall line developments of this type are
routinely detected in GUES imagery prior to deep
conveccive development on thcm and their being
deterted by radar. In thie case a Pacific front
which extended from eastern South Dakota and
Nebraska into central Kansas developed into a line
of severe thunderstorms as it moved into Mdnnesota

]

and lowa Jlater in the day. Near the time of the
latest fwage snown io Figure 17, large hail aw
funpel clouds were reported 1o South Vakota, &
tornade injured six people in Mipuesota, and @
week torpado was reported io lowa. Later io the
evening, six pecple wvere Jinojured and one was
killed by tornado sctivity in Minnesots, severe
winds were reported in lova, and the thunderstorms
io ceutral Kansss had oumerous funnel reports, one
conf irmed tornsdo and several reports of hail.

7.2. MHesoscale convective complexes

wWhile squall lines generally form wunder
conditions of wmoderate to strong synoptic scale
forcing, a different type of highly organized
wesoscale coovective system whick forms wunder
conditions of weak syonoptic scale forcing has been
receatly documented by Meddox (L%8U). This
important class of spring and summertine
convective weather system, which occurs most often
over the central United btates during the late
eveuing and nighttime hours has been given the
pase Mesuvscale Convective Complex (MCC). The
MCC's appear to be a convectively driven weather
system = theii dyoamics are not well wunderstood
although they appesar to have many characteristics
similar to those of tropical convective systems.
MCC's have been observed to {interact with and
wodify the larger scale environment im which they
are eobedded. By influencing the larger scale
environment they affect downstream weather long
after their demise.

As with arc cloud lines, MCC's were not
recognized prior to observations afforded by GOUES.
Tavle 1, from Maddox (lY8VU) describes the physical
characteristics of an MCC based on satellite
infrared imagery enalysis. Figure 18 shows the
characteristic appearance of an MCC 1o wsatellite

Table 1. Mesoscalc Convective Complex (MCC)
(based upon analysen of enhanced 1K satellite
imagery)

Physical characteristics

Size: A = Cloud shield with continuously
low IR temperature < =32 C
must have an area > 100,00V kn

B - Interior cold cloud region with
temperature < =52 C must have
an area > 50,000 ka

Iniciate: Size definitions A and B are first
satisfied

Duration: Size definitions A and B must be
met for a period > 6 h

Maximus Contiguous cold cloud shield

extent: (1K temperature < =32 C)

reaches saximum size

Shape: Eccentricity (minov axis/major
axis) > 0.7 at time of maximum
extent

Teruinate: Size definitions A and B uo longer
satisfied

Sy V. " -
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Fig. 17. GUES-kast | km visible images, 14 June 1976

at lYUU GMT, 2UUU GHMT,

240U GMT and 230U GMT; & typical exrmple of squall line development.

imagery. It should be noied that HCC's produce
such of the beneficial rainfal)l that occure over
the central plains of the U.5. However, they are
also noted to be prolific producers of severe
weather. In fact, Maddox (1lY80) shows that fnr
the 43 MCC's that occurred in the 1978 convective
season there were 17 cases with flooding and/or
heavy rain, 17 cases with tornadoes, 21 cases with
severe wind, 22 cases with hail - only 8 of the
43 cases had no severe weather reported.
Tventy five deaths and over 135 injurfes were
attributed to the weather associated with 9 of the
severe MuC's.

Fig. 1ls.

typical mesoscale convective complex over the
central United States on 22 June 1981 at 150U GMT.

GULS-East enhanced infrared image of a

8. ISOLATIUN OF SEVERE CONVECTIVE STURMS USING
VISIBLE IMAGERY

B.1. Squall line boundary interaction

As shown 1o the previous section, organized
convergence lines that trigger strong convection
(dry lines, froonts, etc.) are detectable inm GOES
imagery prior o deep convection forming on them.
“Under proper dynamic forcing vhen the
thunderstorms that form along such lines interact
with other boundaries severe storms develop
(miller, 1972). For exsmple, oo May 6, 1¥75,
strong tornado activity that began in orrtheast
Nebraska developed southeastward into the Omaha
area along & squall line and warm frootal
iotersection. Figure 1Y shows how these features
as identified in gatellite imagery could be
tracked during the outbreak. The developing
#quall line appeared as an organized line of
convective clouds along a surface windshift line
separating moist and dry air. The warm frontal
boundary appeared as another organized line of
convection separating warm moist air empedded in
southerly flow from slightly cooler and drier air
in southeasterly to easterly flow. Other clues
helpful in the precise location of the wvam
frootal boundary may be tound by inspecting the
change in cloud type across it (cumulus versus
stratus), as well as through cloud track winds.

8.2. The importance of prior convective
activity in severe storm development

Arc clouds and their conovactive scale
interactions are a natural part of the convective
cloud genesis and evolution process. They occur
anyvhere and, because of the strong vorticity and
convergence that they produce, are often
associated with weevere thunderstorw development.
An extreme example was the severe storm associated
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Fig. 19. Five panel figure showing GOES imagery
tor © May 1975, the day of the Umaha tornado,
160U GHMT jwage (upper lefc), 2100 GMT image (upper
right). An snalysis of significant features which
were derived by comoining information from the
surface observations and cloud patterns shown in
the GUES imagery are presented immediately below
their respective GOES images. Note the
relationship, ehown 4in the final pacel, relating
tornado locations to the path of merging betveen
the squall line and vars frontal boundary. For
more information see the text.
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with the wmost destructive tornade 1o Wyoming

history (Parker o Mickey, L198U). Figure 2V is »
satellite viev of the mesoscale convective
suvironment prior to the Chicago tornadoss of June
13, 1vle. Tornadic sctivity began shortly sfter
the west to east oriented arc ¢! 4d line south of
Lake Michigan moved north and interacted with the
storm over the Chicago areal Kecent wodeling
efforts (Klemp & Kotunmo, '983) support these
observations from satellite imagery on the
isportance of arc clowd lines (outflow) in
producing tornadoes:

We eaphasice that within the
sisulation, Jlarge positive vorticity
does not first develop st midlevels and
then dercend within the storm to the
ground; rather, strong vertical
vorticity is generated at low levels ip
response Lo the incressed convergence.

Arc cloud lines are not the ooly satellite
inotcator of previous convection. Figure 21 is a
good example of how setellite imagery may be used
to Addentify a transition zone between an unstable
airmass and & wmore stal'le mesocscale alrmase
generated by eailier thunderstorm activity. la
that figure, note the cumulus cloudiness at A and
the wave cloud dominated air at B. soth are low
level cloud features. Ilo this particular case the
vave dominated air had been stabilized by early
worning thunderstorms in the area. The low-level
air msass boundary that existed between these vaves
and cumulus atreets was Jostrumental in  the
development of tornadic storms upon interaction
vith & cold frontal zcoe.

Tne importance of prior convection in setting
the stage for tornadic storm activity was wividly

/ s - Y
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Fig. 2ua. COLS~East | ka

visible image,
L3 June 1970 at 2245 GMT.

.

Fig. 2la.
2 may 1979 at 2030 GMT.

COES~East 1 km wvisible image,

desonstrated by & stors systes that msoved through
the southeastern United States on harch 28, lyosé
(Purcom, 1984). Thunderstors sctivity that had
soved through the ares during the early wmorning
hours produced » well-defined outilov boundary
which extended westwara from south Carolinae across
Georgia and fnto Alabana. This boundaly wmoved

slowly northeastvard during the day, snd by
313V PR EST, was evident in satellite imagery as &
lipe of organized cumulus congestus clouds
extending across bouth Carolina in.o

horth Carolina, Figure 24. The large storm in
sortheast Georgis lies at the jusction of the
convergence boundary and & subsynoptic low. That
storm developed ioto & large wsuper cell which
trackea east=norcheast along the boundary
producing wmost of the iotense killer torsado
sctivity, Figure i’ (see also Figure 25).

It is ioteresting te nota that for both
March 27cth and Joth strong synoptic scale forcing
set the stage for severe stors development.
However, the major wmeteorclogical difference
between the Jbth, (s long treck tornadic super
cell producing killer tornadoes) and the 27th
(oumerous reports of severe activity but no major
tornadoes) was the existence of & well organized
low level convergence boundary and mesolow to help
support the super cell's growth and development.

8.3. Vertical wind shear

It is well known that vertical wind shear
piays an lmportant rele 1o detersining the
character of storms that evolve in & mesocscale
enviromment (mewton, 1963). Furthermore. recent
ouserical clow wmodeling studies have snown the
importance of vertical wind shear in the formation
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GOES~East 1| k@ wvisible dmage,
note the boundary.

Fig: 42a.
i0 Marcn Lyosé at 2030 GHT:

of rotatior {in growving thunderstorms (Klemp and
Wilhelmscon, 1978; Bleckman, 1%8l). However, a
savere stors envircoment is one io which both the
dynasic and thersodynasic charscteristics of the
atmosphere are changing on mesoscale space and
time domains. Determinaction of vertical wind
shear in regions of growing cusulus clouds using
rapid scan satellite imagery is & feasible wmethod
of studying wesoscale variations io that paraseter
over large areas.

After thunderstorss have developed, animation
of the imagery may be doue relative to the
thunderstorm. ln such cases, the flows at
difterent levels with respect to the storm may be
inspectad. Such & study vas undertaken for the
storm which oroduced the wWichita Falls toruado on

April 10, "7 ¥ (Purdom, et al, 1¥84). A GOES~
East view storm at 6:15 PM CST 4s shown in
Fioure 7' gleag with the relative flov derived

feom 3 vrvute dotarval GUES~East data at low,
midé¢le <ad high levels with respect to the Wichita
Falls storm. Figure 25, similar to figure 24,
shows the @stors Trelative flow for the
48 March 1984 super cell astorm discussed in the
previous section. It is interesting to mnote how
closely those relative flows compare to that
proposed by Browning (lY%e4) for severe storms
vhich travel to the right of tne wind, and storm
relative proximity soundings (Maadox, 197e).
Being able to disgnose storm relative flow has
important implications for defining mesoscale
regions that are favorable for the productiou of
rotating storms and severe weather.

km visible

Fig. 24a. GOES=East 1 image,

11 April 1979 at OULS GMT.
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Fig. d4b. Analysis of significant festures and

cloud patterns from Flg. 21a.

North Carolins \'

See damage for
this area in fig 15
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South Carclina

Fig. 43. Faths of wsuper cell which produced

Significant tornadoes, and deaths associated with
those toinadoes for 26 March 19Ys4.

8.4. Overshooting tcps

Overshooting thunderstorm tops as detected in
satellite visible imagery, and how they relate to
severe weather, contioues to be an area of asctive
iovestigation. Early work in this area was done
by Pearl (1974) and Fujita, et al, (1970) 1o which
photographs of overshooting tops taken frow Lear
Jets were correlated with overshooting tops as
detected in satellite imagery and severe weather.

Fearl's study used ATS data, vhile Fujita's study
- Oklahoma
/ Texas
Wichiga Falls
__ﬁ/"’—'/
arcs
\
s
l ‘ y low le el
/ ! // Jtorm rel-
igh 74 ative flow
ﬂ‘cvcl Omid-level

Fig. 24b. Analysis of cloud relative flov and
significant festures for the image in Fig. 24a.
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used (he higher resclution dats svailable from
s (wOeS) Hassler (1%sl) has found similar
results cor :lating severe events with
gvershooting tops, using stereo measuresents of
clovd top characteristics obtained by combining
GUri~Last and GOLS~west data.

Uvershooting toss are gererally associated
with updraft regions that penetfes. wvell apove the
equilibrius level as defined by the top portien of

3 . While
the spreading thundersterm aovil
overshooting tops arc often associsted with
intense convection, taele is one serious
Jimitation 4o wusing them as storm intensity

indicators: they are only detectable for a fevw

hours in the early moraing or late afterncon when
t.ae sun is low enough on the horison for the tops

to cast shadows on the underlying aovil.

9. INF RAREL TMAGERY

¥.1. Lohancing infrared imagery

As subjective jocerpretation of remotely
sensed dats takes on increasing importance in
nowcasting, the question of how to present that
data for use by a forvcaster becomes significant.
Vata from a single sensor or combinatiou of
Sensors must be presected sv that ismportant
features are readily detectable, while at the same
time leaving other features in & resolvalle lorm.
COLS fnfrared data provides inforwation of rather
coarse spatial resolution, high thermal
resolution, and of a temporal resolution that may
range from 3 mioute intervals to the normal
30 minute 1ntervals. When GOLS infrared data are
expanded for waisplay over areas comparsble to
those covered by a | kan visible resolution image,
or the area covered by a radar, they appear blocky
(Figure 26). Vepending on the type thermal
enhancement curve that i1is used, the data asy
appear as discontipuous, with several degrees of a
temperature range lumped into the same gray shade,
as io Figure 26. Both blockiness and ismproper
ennancement detract frow using the GOES infrared
data for mesoscale applications. Io such images,
the regular-shaped rectaigles and poor enhancement
may actually drav attention away from the
information in che ira;:. This is true for both
single picture mescanalysis and for vieving the
imagery ip snimation. With those thougits in mind
Furdom and Vonder Haar (lY83, developed a product
to (1) deblock the duta while improving its
spatial resolution, and (Z) present tempersture
values in & ccotinuous, easily discernible form
through eselective color enhancement of the
infrared aata. The deblocking of the infrared
aats effectively contours the imagery at 1.0 C
intervals. When color enhancement is used with
the deblocked image, the resultant image (final
product) appears with distinct, but contiouous,
1.0 C fpterval shades of color. Exsmples of the
fioal product are shown in Figures 27 (same storw
as Figvre 26), 28, and 32. Note in thosa figures
that the i{mproved infrared image appears as one
might expect a cioud features to appear, smooth
aid continuous - mot Llocky.

9.2, Combining infrared imapery and radar Jar
data

—_—

For elmost the past forty years, radar
refilectivity has been the norm for remotely
assessing a thuaderstorm's intensity, while GOES
infrared data's use in that ares has yet to span a

decade. How do the two data sets Trelate in the
ares of storm  intensity assessment? Both
satellite and radar data have important roles to
play 1o that area. Satellite data provide
information on cloud top mean vertical growth
rates, cloud top temperature and anovil expansion
rates to help sssess storm intensiry, wnile
conventional redar data provide informstion about
reflectivity and volumetric echo properties and
tneir changes in tiwe.

The wutility of esatellite and radar dats in
thunderstors analysis nas been the subject of
limited dovestigation. Negri and Adler (lybl)
found that the Jlocation of satellite defined
thunderstorms ccincided with radar echo locations
and that rvadar reflectivily correlated with
satellite based estimates of intensity. Similar
results were found concerning satellite defined
thunderstorm tops and those defined by radar oy
Purdom, Green and Parker (l¥%ol), and Green and
Parker (1983).

The question of how to present the two
produzts to & wuser for wescscale applications
continues to be an interesting area for
iovestigation. Keynolds and Smith (1979)
demonstrated the concept of a composite radar and
satellite display to study severe storm
development and convective ainfell. Green and
Parker (1Y683) used the improved proauct described
in the previous section to develop a composite
satellite infrared/doppler radar image for the
purpose of evaluating radar echo changes in time
as they relate to infrered cloud top behavior.
That such an effort is not & trivial problem can
be sesn by inspection of figuce 27. Kotice how
the strong echo return at upper levels for the
l64 Ril scan matches the infrared cold top region,
wnile for the 156 kiil scan it does not. This 1is
wainly because of the vertical structure of the
radar echo. Since vertical wind shear varies
considerably from one type meteorological
thunderstosm regime to another, that information
should be taken into account when satellite and
radar data are combined. Furthermore it is better
to combine information concerning the vertical
structwe of the radar echo with cloud top
information than to wuse radar information from
only a single level.

Figure 48, 1s a 1 end 15 km radar CAPPl scan
(green and brown) mapped as & transparency on a
satellite infrared cloud top temperature field.
Notice how the 1 C Jsotherm coatours can be
followed through cthe echo. This case has bezen
studied wusing 3 minute interval improved GOES
infrared dats and & minute interval CAPPl ecan
data at elevations from 1 km to 17 km (Fujita,
1964; Green & Parxer, 1983). Among the
interesting findings from those studies were:

1) when storms are forming in & line, with one
storm downwind from another, the downwind
storms cloud top temperature may appear warmer
than it should due to wake cirrus masking.
Furthermore, to be able to accurately follow
the evolution of these tops and to observe this
masking requires wsatellite imagery &t a
frequency near 3 miputes.

2) The coldest satellite cloud vop temperature in
An anvil may not necessarily overlie the low
level core of highest radar reflectivity.
There wmay be information in this offset
coencerning storm severity.
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3) 1o measuring clouwd top growth characteristics
using satellite infrared data, one ®must be
avare that cirrus masking may make results less
sccurate for certain storms. Furthermore, one
can  us% CArrl displays to help insure that the
correct infrared anvil area is being matched
with the correct echo.

4) The horseshoe cold ridge, or “V notch” observed
in satellite infrared imagery is an indicator
of intense local coavection. Storms whose
sovils exhipit cthat characteristic shoula be
closely monitored for severe weather.

At the time of the image io Figure "B, echoes A
and B had wmerged at low levels vhile echo C was
developing rapidly. The Lahoma toroado (Fé
intensity) had just ended in echo A and the
Waukomis cownburst was about to begin, while the
Orienta tornade (Fé fotensity) was about to
dissipate in echo A.

9.3, Clues in infrared image for severe
FLoTe Tde onTﬂTﬂ'!TB‘l"'—r;

Since the earliest days of gecstationary
meteorological satellites, messurements of a
variety of cloud top projerties have been made 11
attempts to diagnose storm severity. Using ATS
imagery, Sikdar, et al, (197v) and Purdom (1%71)
related thunderstorm anvil growtn rates to the
occurreace of wsevere weather. Those results
showed promise;, however, further developments
avaited the arrival of GO%S and {1ts wmore
quuntifisble infrared data. Using GOLS infrared
rapid scen data, Adler and Feon (1977, 1979)
correlated the areal expansion rate of isotherms
colder than the tropopause for severe storm
occurrence . Figure 29, from Adler and Fenn
(1¥77), indicates the rapidly growing nature of a
severe storm at Miles City, MI that produced winds
of over 80 knots and Z-inch hail. Along & similar
vein, Pryor (l¥78) performed a detailed study
using rapid scan GOES {infrared data to compare
severe events with cloud top temperatures which
vere colder than the envirommental tropopause
temperature. In that study, Pryor found only
those thunderstorms with GOES infrared cloud top
temperatures colder than the tropopause produced
severe weather. In a similar study, Keynolds
(1979) found & positive relationship between the
occurrence of hail and infrared tops colder than
the tropopause .

Fujita (197p) discussed characteristics of
anvil tops of severe stoi<s based on the pattern
of equivalent black body temperature as shown in
enhanced GUES infrared imagery. The signature
appears as & cold "V" shape in the anvil top, with
marked downstream warming froe the center of the
"V". Figure 30, from Fujita, (196l), shows a
detailed analysis of GOES infrared data for the
storm that produced the Grand Islana, kB tornadoes
= note the cold “V" {("horsesnhoe ridge”), the
intense overshooting cold tops, anc the downstream
wara region ("wake"). This type anvil signature
has also been documented by Reynolds (1979, for
severe hnail storms. Using operational GULS data,
McCann (1981) has shown & pgood correspondence
between the enhanced “"V™ notch signature and
sevare weather.

Weaver and Purdom (lYybJl) performed an
fxtensive case study analysis of an intense
tornadic storm outbreak wusing J minute interval
GULS visible and enhanced infrared imagery.

1kl e d
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Figures 31 and 32 are from that stuay. lospection
of the visible imagery (figure 31) reveals two
overshooting tops 4o tne thunderstors complex in
southwestern Uklahoma. Also wpote that in the
infrared data (figure 32), the regions identified
as overshooting tops each has an associated cold
top. At this image time the minimus tesperature
observed (same for both tops) vas =b¥ C, while the
tropopause temperature wvas estimated at =0l C. An
ioteresting festure aoted in the character of the
overshooting tops 1s & displacement between the
position of the overshooting top onm visible
imagery versus the location of the cold top on
infrared. In nearly every case Lhe cold top was
found to be slightly upwina from the overshooting
top.
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Fig. 29. Temporal variation of the noumber of
the given isotherm for
envirommental

pixels encicsed by
temperatures colder than the
tropopause for 18 July 1978.

No Tornedo é
Fig. 30. Ileotnerms of IR temperature of the Grand
Island tornsdo cloud at Uild GHT drawn &t 1C
intervals. Horsechue ridges (cold) are shown with
dashed arce and warm depressions, with letters
"wake” on the downwind side of radar echoes.
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Fig. 3. GOkS~bast 1| km visible image, Fig. 32. Same time and ares as Fig. 31, but with
Ll hay L¥oZ at 2223 GMT. Note overshooting tops improved infrared image, mote cold “V° and wamm
8L A and b. vake .
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Fig. 34a. 3.9 = channel image for 22 July 1981 Fig. 34b. 6.7 =m channel image, ref. Fig. J4a.
at 1702 GMT.

Fig. 34c. 13.3 m channel image, ref. Fig. 34a. Fig. 34d. 14.0 m channel image, ref. Fig. 3da.
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Fig. 34e. 14.2 m channel imge, ref. Fig. 34a. Fig. 34f. 14.5 m channel image, ref. Fig. Jéa.
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Tnhe overshooting top region associated with
Store A had been evident on satellite imagery even
betore the stors moved ioto Uklahoma. The top
from storm b appeared at 2214 GMT and famediately
began wmoving northward while the other top moved
northeaat. Tne two tops merged at roughly
2235 GhT, approximately SV minutes after the lower
portions of the tw were observed to merge by
radar. Satellite data showad en updraft
iotensification (i.e., & 2 C decrease in cold top
temperature) folloving the stors top merger. This
temporary intensification would have increased the
pre~existing vorticity associated with the updraft
through stretching. It was shortly after the
overshooting top merger that tornadic activity
began from these storms. DUovowind from storm tops
Aand b 18 a well defined varming with a cola “V~©
surrounding the warm wake. Such & signature is
also evident with the storm in the upper part of
the picture (in the east Central Texas panhandle):
that storm also produced tornadic activity. While
the "V" notch signature 18 & good positive
indicator of wsevere storm activity it 4s not
alvays present wnen tornadic storms are in being -
such was the case for much of ihe early tornadic
stors aciivity for the Mmarch 28, 1984 outbreak
previously discussed.

lU. SATELLITE SOUNDING INFURMATLON FOR MESUSCALE
CONVECTIVE APPLICATIONS

Sounding information from GOLS/VAS can detect
small and esigonificant temporal wvariations io
atmospheric tempersture and moisture (Smith, et
al, 1981). The sounder on GOES/VAS has seven CO
channels, three water vapor chaonels and two
vinaow channels; instrument characteristics that
relate to vertical resolution are shown in Table 2
from Zehr and Green (l¥b4).

GUES/VAS can be operated ion one of three
modes: 1) a normal VISSK mode as with GOLS; b) a
dwvell wsocunding mode which uses all oz most of the
sounder chanoels; and c) a multispectral imaging

It should be

sdditional VAS channels are saspled.
realized that the three possible wmoces of
operation are not independent; when the satellite
is operated ip one mode data frow the other modes
Data from the various VAS

are not available.

channels may be vieved individually or cumbined to
produce wmesoscale soundings. Both have
applicabilicy for mesoscale convective
applications.

10.1. Hesoscale moisture information

The moisture structure of the astmosphere,
both in the horizontal and vertical, has long been
known to be an important factor ium storm
development (Doswell & Lemon, 1979): wsignificant
variance exists within the mesoscale range below
1W to 2w km. Using sounding information from
polar orbiting satellites, Hillger and Vonder Haar

(1979, 1981) wers able to extract moisture
information at & wuch finer resolution than was
available wusing conventional dats sources.

Although GOES-VAS 1s still in the evaluation phase
(the system will become operational in mid-1988)
similur results concerning mesoscale wmoisture
distribution have been demonstrated (Smith, et al,
196l ; Petersen and Mostek, 1982).

There are three water vapor channels on GOES~
VAS, table 2. The energy received in each of
those channels is a function of the amount of
water vapor, its distribution aend Ctemperature
within a portion of & column in the atmosphere, as
well as surface effects (except 6.7 m) and cloud
effects. Except where there is significant low
level water vapor, the information in the 12.7 ®m
band 1s similar to the 11.2 = window. Because of
that, an interesting product way be derived from
the difference in energy between those two bands
(12,7 m and 11.2 ®m). Th product, termed "split
window" is designed to depict low level water
vapor. According to Chesters, et al (l¥sl)

mode 1o which VISSK data plus one or two
Table 2. VAS lnstrument Characteristics
VAS Instrument Characteristice
Weighting Function
Spectral Central Absorbing Peak Level Representative Surface or Cloud
Channe? Wavelength (um) Constituent (mb) Thickness (mb) Emission Effect
1 14.7 coy 40 150-10 usually none
2 14.5 co3z 70 200-30 nothing below 500mb
3 14.2 cojy 300 500-10 nothing below 800mb
4 14.0 co;z 450 800-300 weak
5 13.3 coy 950 SFC-500 moderate
6 4.5 co; 850 SFC=500 moderate
7 12.7 H20 surface SFC-700 strong
8 11.2 window surface -_— strong
9 7.2 R0 600 800-400 weak at sfc
10 6.7 H20 450 700-250 nothing at sfc
11 .4 Cop 500 800-100 veak
12 3.9 window surface — strong




The VAS split window clearly
differenctiates those areas ia which
water vapor extends over a deep layer
and is more able to support convective
cells from those areas 1o which the
water vapor is confived to & shallow
layer and is ctherefore less able to

support convection.

Inis type product is very useful over land during
the afterncon when there will be & large
difference in the signal between the split window
channels. However, io the evening when the land
temperature has cooled (or over the ocean) the
signal differential 1s emall and & mesningful
product is difficult to agerive.

The 6.7 = chaocel data (Figure 34b) depict
regions of wmiddle level wmoisture and clouds.
Distinct patterns of more moist and cooler areas
(blues) and warmer and drier areas (purples) are
readily detected. Tnese features are related to
areas of both synoptic and mesoscale advection and
vertical wotion. When viewed in time lapse, they
exhibit excellent spatial and temporal continuity.
Strong baroclinic regions such as jet streams and
vorticity maxima can often be easily identified in
cloud free regions by the sharp moisture gradient
detected in the 6.7 ® image (Anderson, et al,
1y82).

Are there clues in the 6.7 = data concerning
4 storms ability to produce severe weather?
Figure 33 1s a 6.7 m water vapor image for the

storm system of 28 march 1984 previously
addressed. Notice the dark region to the south of
the storm eystem = the wmid=-level air in that
region is very dry. As was shown previously,

storm relative flow for this case is from the SSE
at mid-levels. This points to the likelihood of
#ignificant mid-level dry intrusion into the storu
#ystem. Such an iptrusion of dry air could help
fuel the storm's downdraft (outflow) and increase
the possibility of that storm producing tornado
activity = a wsort of forced dynamic/thermodynanmic
instability. It is interesting to note that the
characteristic “V" npotch at the thunderstorm top
is detectable in the 6.7 = image.

lU.2. Thermal channel imagery

The seven VAS therwmal channels detect energy
proportional to the mean temperature of a layer in
the atmosphere if no clouds are present (refer to
Table Z). Depending on cloud type, information
for certain of the channels may be contaminated
(Smith, et al, 1961). Do these channels contain

information concerning atmospheric structure?
That the answer is “yes" may be verified by
examining Figures Jéc-f. The area covered by

those channels is shown in Figure 34a,
3.9 ® channel. Figures 34c-f are from channels
which receive their energy from progressively
higher levels in the atmosphere. 1Io those images,
mean layer temperature get progressively colder as
one goes from yellow to red to blue. Notice the
cloud cootamination in all but the highest
(stratospheric) channel, and the retlection of
surface thermal characteristice (from Figure 34a)
in the information in channel 5 (950 mb), figure
d4c. The other three channels represenct the mean
temperature in the troposphere (J34d), centered
Dear the tropopause (34e), and in the stratosphere
(34f). Note the reversal in the temperature
gradient shown 1in the VAS imagery as one moves
from the troposphere to the stratosphere.

from the

wnich

compl ues
VAS data in image format to
try and detect the development mesoscale structure

wOrR 38
various channels of

currentiy unoervay

in the atmosphere. lo that work features such as
vorticity maxisa, Jet streaks, thunderstorm
complexes, etc. are studied io Cime lapse in &
"systen” relative mode similar to that dscussed
previously. Kesults look wvery promising for
detecting developing baroclinic regious as well as
isclating wesoscale regions of stronger vertical
forcing. Such information will certainly aid in
helping to wsolve a variety of mesoscale forecast

probless.

10.3. Retrievals from VAS

Initial research with GOLS~VAS data
concentrated on deriving vertical profiles of
temperature and molisture based on observed
radiances. Petails of the retrieval algorithas
are given by Smith (1¥83). Since that dnitial
research, significant results have beeo achieved
in deriving objective mesoscale convective

forecast parameters from VAS retrieval information
(Smith, et al, 1¥84). VAS derived products that
are being provided in real-time to the uuqml
Severe Storm Forecast Center in Kansas City
include: 1) upper and lower level wind analyses
derived from VAS thermal field gradient winds and
cloud drift winds; 2) analyses of lifted index;
3) 850 mb and 50V mb temperature fields; &) total
precipital water; 5) a thermodynamic stabilicy
index similar to & total totals index; and 0) &
statistical probability estimate of severe weather
presented at 60 km resolution, products & and 5
are presented at the full 7 km GUES/VAS resolution
as image products.

While combined products from VAS are showing
applicability for  helping to diagnose the
convective storm enviromsent questions still must
be answered concerning the utility of individual
VAS wsoundings for such analyses. Figure 35 is a
WUES image over the central USA in June of 1984:
the numbers within the image give the location of
selected VAS soundings for the tiwe period just
prior to the time of the image. Notice that
sounding 23 41s representative of an airmass
modified by thunderstorm outflow (it is within the
cold dome) while sounding 32 is in air that has
pot experienced thunderstorm activity. VAS
soundings at those two locations are presented in
figure Jo. Notice that although the VAS
intormation 1s presented for rather thick layers,
the general characteristice one should expect are
evident = that 1s @& cooler and more stable low
level airmass at Jlocation 23 wversus that at
location 32. VAS sounding 63 is within the cooler
air benind a slov moving cold front that is
pushing westward across Kansas while VAS
sounding 59 is 1in the more unstavle air to its
vest. These soundings are presented in figure 37:
sgain the results appear as one should expect.
Soundings similar to those presented here may be
taken by VAS at hourly intervals over cloud {free
areas of interest. Those soundings contain
information on the atmosphere's thermal and
moisture characteristice at & spatial &nd temporal
resolution never before available. The question
that currently lies before us is "how do we Dbest
utilize this information?”

Clouds have historically been vieved as a
source of contamination to satellite sounding
data. However, work is now underway to try and
add information in the cloudy regions. _ Iln one

Ay . . -




approach information on the stmosphere’'s thermal
and wmoisture struciure 1is being fine tuned
according to the cloud type and structure revealed
in GOLS wisible and infrared Iimagery. In &
similar approach (Smicth, et al, 1984) cloud drift
wings from the “cloud contaminated regions” are
being blended with the thersal information from
VAS to improve regional scale apalyses.

31
T g\ T ek

Fig. 35. GOES~West
2] June 1984 at 2315 GMT.
locations of VAS soundings.

1 ks wvisible image,
Nusbers indicate

11. CONCLUSIUNS
The intormation presented in this chapter has
shown how <certain characteristics of the

atmosphere can be deduced from GOULS-VAS sounding

and image data. The geostationary satellite has
the unique ability to frequently observe CLhe

atmosphere (sounders) and 1cs cloud cover (visible
and infrared) from the synoptic scale down to the
cloud scale. This ability to provide frequent,
uniformly calibrated data sets over & broad range
of meteorological scales places the geostationary
satellite at the very heart of the understanding
of mesoscale weather development. By combining
satellicte data with conventional data, mapy of the
features important in mesoscale weather
development and evolution may be better analyzed
and understood.

It 4is tnrough this
understanding that mesoscale
become a reality.

improved analysis and
forecasting will
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Fig. 36. VAS soundings at locations 23 (T and 'Id
solid lioes) and 32 (T and Ty dashed lines) in
Fig. 35.

Fig. 37. VAS soundings at locations 59 (T and Td
::uh.;sllnn) and 63 (T and T4 wsolid lines) in
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