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ABSTRACT

This report summarizes the results of studies performed under NASA
Grant NSG-5011 and entitled Satellite Support to Weather Modification
in the Western U. 8. Region. These studies were completed during the
period 1 April, 1974 to the present. The applications of meteorological
satellite data to both summer and winter weather modification programs
were addressed in this research. These studies included the appraisal
of the capability of satellites to assess seedability, to provide real-
time operational support, and to assist in the post-experiment analysis
of a seeding experiment. This research has led to the incorporation of
satellite observing systems as a major component in the Bureau of
Reclamations %eather modification activities.

Satellite observations acquired under this grant are an integral
part of the South Park Area Cumulus Experiment (SPACE)}. The objective
of the SPACE research program is to formulate a quantitative hypothesis
for enhancing precipitation from orographically induced summertime
imesoscale convective systems-korogenlc mesoscale systems). Satellite
observations assist in classifying the important mesoscale systems,
defining their frequency and coverage, defining a potential area of

effect. Satellite studies of gevere storms were investigated under

this grant, This document addresses the progress of those studies.
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FIFAL REPORT: Studies of Satellite Support to Weather Modification
in the Western U. S. Region
NASA/GLAS/Severe Storms Research Program
Grant NSG-5011

1.0 INTRODUCTION

This report summarizes the results of studies of sate¥lite support
to weather modification in the Western U. 5. region for the period
1 April 1974 to the present., The early stages of this research were'
focused on the collection and analysis of satellite data for four major

weather modification programs:

1) Meso/Synoptic Storm Modifications (Wational Oceanic and
Atmospheric Administration)

2) TNational Hail Research Experiment (NCAR/NSF, RANN)

3) High Plains Precipitation Enhancement (HIPLEX; U. S. Dept.
of Interior, Bureau of Reclamation)

4) Wintertime Orographic Cloud Modificatiom (U. S. Dept. of
Interioxr, CSU/Extra-Area Effect (NSF/RANN)).

During the period of this research, the first program never
materialized, and the second program was rapidly phased out, while
the HIPLEX program and wintertime orographic cloud modification studies
have become increasingly functional. The Bureau of Reclamations
weather modification programs have become increasingly dependent upon
satellite support to the extent that they have provided funding for
investigations of satellite support to both their summer and winter
programs under Contract 6-07-DR -~20020. The results of this research
are described in section 2.0. The CSU/Extra Area Effect Experiment
has relied on satellite data for important input.

Colorado State University has operated a series of field experiments
in the Colorado Mountains (the South Park Area Cumulus Experiment -

(SPACE) which are designed to investigate the’relationship between

1,



mountain—generated cumulus convection and precipitating mesoscale
systems over the High Plains. This experiment provided an excellent
opportunity for testing satellite analysis techniques because of the
extensive ground truth data colliected during experiments. Therefore
the later stages of the research covered by this grant emphasized the
SPACE experiment. The ultimate objeééive of this research is to
formulate a quantitative hypothesis for the modification of precipitating
mesoscale systems over the High Plains via modification of orogenic
cumuli. The role of satellite meteorology in these investigations is
described in section 3.0.

The intimate relatiomship between severe storm research and
convective cloud modification is also pointed out in section 3.0. In
section 4.0 recent progress in severe storm analysis using satellite-

derived data is discussed.

2.0 BSUMMARY OF SCIENTIFIC PROGRESS DURING THE PERIOD 1 APRIL 1974
TO 14 NOVEMBER 1976.

A thorough summary ©f the results of this research is given by
Reynolds, Vonderﬂgar and Grant (1978; Appeundix Al). This paper surveys the
applications of meteorological satellite data to both gummer and winter
weather modification programs. Included in the discussion is the
" appraisal of the capability of satellites to assess the potential for
precipitation enhancement (seedability), to provide real-time operational
support, and to assist in the post—experiment analysis of a sggding
experiment. This paper demonstrates that present satellite observing
systems have become an essential component in weather modification
programs. Moreover, anticipated future advances imn satellite observing
systems will make the weather modification community increasingly dependent

upon satellite techmology.



3.0 THE SOUTH PARK ARFA CUMULUS EXPERIMENT (SPACE)

The SPACE has been an evolving program whose ultimate objective
is to develop a capability of precipitation enhancement from summertime
convection over the Colorado Mountains and éigh Plains. Saince the bulk
of precipitation from summertime convection occurs in orgaﬁized mesoscale
systems, the experiment has naturally eveolved into investi;ations into
the factors contributing to the organization and intensity of such
systems,

Initial satellite studies concentrated on the determination of satellite-
derived cloué climatology (Stodt and Grant (1976); A2, Stodt (1978)) the
determination of satellite 'ground truth' regarding clgud brightness
{Reynolds, McKee and Danielson (1976, 1978); A3, A%4) and the factors
contributing to initial convection (Breed (1975); A5). Cotton, George
and Pielke (1976; A6) demonstrated the analogy between sea-breeze
generated mesoscale convective systems and mountain-generated or orogemnic
mesoscale convective systems.

SPACE-1977 was a major experiment which utilized a host of observation
systems including triple-Doppler radar, convectional radar, cloud physics
and turbulence equipped aircraft, Lidar, rawinsondes, micromet towers,
boundary layer profilers, an acoustic sounder, recording mesomet stations,
the NCAR PAM system, stereo photography and satellite observations.

A complete description of the SPACE-77 is given in SPACE LOG (Danielson
and Cotton (1977)). The SPACE-77 data ser provides comprehensive
observations of & wide variety of cumulus-scale and convective mesoscale
meteorological events ranging from locally suppressed cumulus convection,

heavy precipitating and hail-producing cumulonimbus systems exhibiting

little motion relative to the mountain source region, and heavy’



precipitating, tornado-producing, eastward propagating mesoscale
systems.

July 19, 1977 has been selected as the first day for comprehensive
case study analysis. George and Cotton (1978; A7) have described the
characteristics of the evolving mesoscale system on that day. The day
was characterized by locally heavily precipating cumulonimbi and several
hail falls. Since the clouds exhibited 1little motion relative too the
observational system, this day provides an excellent opportunity to
test out the analysis techniques and to pexform three-dimensional model
simulations of storm-scale and mesoscale events. Xnupp, Danielson
and Cotton (1978; A8) have described the morphological characteristics
of the radar observations of several cumulonimbus cells that developed
on that day. The analyses performed on this day will provide a number
of opportunities for ground truth-interpretation of satellite-derived
data. This ig especially enhanced by the use of 3D model simulations
as a part of the overall amnalysis. Because of the relative spatial
stationarity of the mesoscale systems that formed on July 19, it provides
a contrasting observational model to the days characterized by eastward
propagating systems.

August &, August 8 and August 10, 1977 represent three days in
which convection first occurred over the mountains and then propagated
eastward as a major mesoscale convective system. These are not the omly
such events that occurred during the observational period but are the most
active in terms of precipitation, and severe weather events. August 4
has been selected as a day for comprehensive case study analysis. It
is intended that the analysis of this day should serve as a descriptive

model of eastward propagating orogenic mesoscale systems. The detailed



observations over South Park are complemented by 3 minute-interval
satellire data on this particular day. Figure 3.1 illustrates the
scenario of events observed by satellite on August 4, 1977. Deep
convection first formed over the mountains. By 02Z (August 5) a line
of very deep cells extended alomng the entire Colorado eas%arn border
5

into the Texas panhandle with the most intense cells east of South Park,
By 18Z the entire complex had migrated well into western Missouri. This
system produced a tormado near Kiowa, Colorado and produced in excess
of 50mm of ﬁfecipitation over widespread areas of northeast and Centrsal
Kensas. That amount of precipitation represents roughly 15% of the total
anpual precipitation in that region.

While a thorough climatic study has not been performed, it appears
that eastward propagating orogenic mesoscale systems contribute abouc
75%Z of the annual precipitation over eastern Coloradc and the Kansas
High Plains. Thus, a major portion of the weather modification potential
over the High Plains must be tied to the modificatzom of such systems.
Because of the scale of these systems (a north-south dimension of several
hundrad kilometers) and the total extent of propagation (graater than
1500 km), satellites are an excellsnt platform for definang the charac-
teristics of such systems and the potential "area of effect" of any
implemented mescscale modification hypotheses. As can be seen in
Figure 3.1, the potentizal area of effect of a modification capabzlity
is a large one.

Another factor of serious concern is that the same systems that are
dominant contributors to precipitation are also sporadic generators of
tornadoes and hail. These systems do not produce major cutbreaks of

severe weather but instead often a few small tornadoes or woderate hail
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Figure 3.1. GOES-1 visible and infrared satellite imagery on August 4,
1977 for the period 1800 GMT to 1100 GMT (August 5, 1977).
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evencs such as the Kiowa tornado. Thus any methodology for znhancin
preciprtacion from nesoscale convective systems must also 1aclace the

capability for recognizing sevars weathar potentizl ana aafining

immedzate response strategies. Thus satell

b

te suppor:c is essential

to the definition o local severe weatpner indices. In aadircio
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implementation and testimg of a convective mesoscale modification
hypothesis will require active satsllite support for the routine
evaluations of thess severs weather indices zna Zfor the activation oI

such response strategies as immedlare shutaowm of seeding operatioms,
avoidance of a potential severs weather zone or inplementation of alrernate
modifreat-on technigues.

Thus satellite-support 1is essential to the development of =
quantitative mesoscale modifzcation hypothesis and to the actual
implementation and testing of such a hvpothesis., Morszover ons can see
that the formulation znd implamentarion of such a hypothssis 1s intimazaly

tied to severe storm research.

4.0 SEVERE STORMS RESEARCH IN TEE CENTRAL PLATNS USING SATFLLITE DATA

Funding from NSG-3011 also supported a variety of severa convective
storm research efforts that.utilized satellite data. The particular
day studied was April 24, 1975; a day when a number of gevere storms
cccurred over the Central Plains and Central Massigsippi Valleay
(see Fig. 4.1). A destructive tornado, spauned by an isolated
supercell thunderstorm, struck Necsho, Missouri, just beforas sunset.
An unusually comprehensive sekb of conventional and special satellite

data were available for this particular day

An upper—alr sounding taken at Momatt, Missour:, (approxinately
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Figure 4.1. BSavere storm reports for 24-25 Apral 1975.
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25 nm east-southeast of Neosho) less than 4 h prior to the tornado
indicated that significant 1lifting and/or air mass modification wouid
be required to initiate deep convection. This sounding is shown in
Fig. 4.2, ©Note the deep layer cof negative buoyancy between the
LCL (1ifted condensatien level) and LFC (level of free comvection).
Wilson (1976) computed large scale vertical motion fields using 2100
GMT soundings and his 700 mb w field is shown in Fig. 4.3 with
regions in which storms developed during the following several hours
indicated. Since the storms developed in regions of wesk upward
motion, or in areas of subsidence, mesoscale features and forcing
mechanisms must have played a dominant rele in triggering storm
development. Indeed, during late afternoon and svening when the
storms were most intense they were relatively unorganized (e.g. no
digtinct squall oxr line orientation) and isolated.

Surface analyses (Fig. 4.4) for 18, 21, 00, and 03 GMT indicate

that a sub-synoptic scale lov (see Tegtmeir, 1974) and an attendant

narrouv zone of dry air moved eastward along the Kansas/Oklahoma border.
An intense supercell storm developed just ahead of the dryline and moved
eastward -~ becoming tormadic when it interacted with an old thunder-
storm produced thermal boundary in extreme northeast Oklzhoma and
southwest Missouri.

Analyses of the 500 mb level (Fig. 4.5) indicate that the meso-
scale surface low and the intense afterncon and evening severe storms
were likely associated with a weak short-wave trough. This feature was
moving rapidly eastward gnd weakening as a sktronger short-wave had taken
over as the dominant feature and helped to organize the storm activity

into a well defined squail-Iline.
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Figure 4.2. Monett, Mo. upper-air sounding for 24 April 1975,
2100 GMT.
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Figure 4.3.

700 mb » field (u bars s_l, from Wilson, 1977) for
2100 GMT, 24 Apral 1975, regions where severe thunder-
storms developed are cross—hatched.
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Figure 4.4a. Surface Analysis For 24 April 1975, 1800 GMT. Winds
are in knots with full barb equal to 10 kt. Temperatures
are in °F and 10 = 1010 mb. Surface dryline is showumn
with open frontal barbs. Thunderstorm outflow boundary
is shown as squall line with frontal barbs added to
indicate direction of movement.
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Figure 4.
4b. Same as 4.4a except for 2100 GMT
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Frgure 4.4c. Same as 4.4a except for 25 Apral 1975, ‘0000 GMT.
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Same as 4.4a except for 25 April 1973, 0300 GMT,
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Many interesting and significant interactions between features
on different scales appearad to ceccur on this particular dav. Some
of the more important effects seem to be upscale energy inputs from
storm and mesoscale convective features that acted to alter rthe
larger scale jetstream level featurs and nagnitudes. Jetstream charts
(maximum winds aloft are plotted in ms_l at each station) are shown in
Fig. 4.6. Satellite imagery indicated thunderstorm areas are also
shown. At 25/0000 GMT (Fig. 4.6a) several severe thunderstorms had
developed in the diffluence zone between the strong subtropical
jetstream (v 130 kt maximum) and a moderate polar jet (v 110 kt
maximum)., Only 6 h later dramatic changes were evident in the large
scale flow. The subtropical jet had wezkened to about 110 kt while
the polar jet had reformed northward over the plains and undergone
remarkable intensification over the lower Great Lakes region. _A jet
maximum of about 140 kt was now present. The concurrent satellite
photo indicated an extersivo canopy of thunderstorm generated cirrus spanned
the region between the two jetstream maxima {note that radar data indicacted
that the active storms at 0600 GMT were oriented along the southern
third of the cirrus regio;). These changes were undoubtedly due an
part to the approaching second short-wave trough, but it certainly
appears that convective scale feedbacks also played a role im the
modification of the large scale jet structure,

The satellite data used in the various studies undertaken were
in digital format on magnetic tape. A number of cloud growth rate
computations and radar/satellite cloud top height comparisons werxe
made. Low-level winds were generated by tracking clouds on the NASA

ADIPS system. Dynamic parameters were calculated for these wind
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Figure 4-6a. Maximum winds aloft for 25 April 1975, 0000 GMT.
Winds are in ms—L with flag = 50 ms—l, Sacellite
indicated thunderstorm regions are hatched.
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Figure 4.6b. Same as 4.6a except for 25 April 1973, 0600 GIT.



fields. fThe most sagnificant results indicated that satellite -rind
fields might b2 combined with a moisture analysis (either conven-—
tionally or renotely sensed) to enable computation of moistura
divergence fields. Several such fields were generated, and it was
shown that regions characterized by high values of moisture conver-
gence at 2100 GMT were generally the areas of subsequent severe storm
development. Real time computation of such fields could provide
valuable input to foreecast and warning systems.

Papers detailing the speeifiec research completed under NSG-3011

are i1ncluded as appendices to this report.
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5.0 CONCLUDING REMARKS

This research has elucidated a variety of satellite applicatzions
to weather modification programs in the Western U. S. Region. Several
of these satellite applications have become a routine part of the decision
making procass and analysils procedures of the Bureau of Reclamation's
wweather modification programs.

In addition, satellite support has been an integral part of the
CSU/SPACE program; a program operating oa the frontiers of weather
modification research. Satellike observations have also become an

integral part of severe storm analysis.
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Abstract

During the past several years, many weather modification
programs have been incorporating meteorological satellite
data into both the operations and the analysis phase of these
projects. This has occurred because of the advancement of
the satellite as a mesoscale measurement platform, both
temporally and spatially, and as the availability of high
quality data has increased. This paper surveys the applica-
tions of meteorological satellite data to both summer and
winter weather modification programs. A description of the
types of observations needed by the programs is given, and
an assessment of how accurately satellites can determine these
necessary parameters is made.

1. Introduction

The advancement in meteorological satellite technology
has been rapid over the past decade. In the 1960s we
saw the development of sun synchronous polar orbiter
satellites with both visible and IR wavelength sensors
that could monitor “weather” twice daily. These were
very useful in monitoring synoptic scale disturbances but
lacked the temporal frequency necessary to monitor
short-term weather features. In 1966 the first geosyn-
chronous meteorological satellite was launched; it pro-
vided visible imagery (4 km resolution at satellite sub-
point) twice hourly and opened completely new avenues
for satellite applications (Suomi and Vonder Haar,
1969). The time domain allowed such measurements as
wind from cloud motion, cloud growth rates, identifica-
tion of mesoscale disturbances causing short-term weather
phenomena, and many others. In the 1970s the NOAA
and DMSP (Defense Meteorological Satellite Program)
series of polar orbiter satellites were developed, carrying
sophisticated visible and IR radiometers and achieving
very high resolution visible and IR imagery (1 km with
the NOAA VHRR (Very High Resolution Radiometer)
and 0.6 km with the DMSP VHR (very high resolution)
sensor). The satellites also carried the first vertical tem-
perature sounders, which allowed remote sensing of the
temperature structure of the environment. NASA’s Nim-
bus satellites also provided sounding capabilities includ-
ing the microwave region and increased both the vertical
and the horizontal resolution of the temperature and
moisture measurements. The second generation geosyn-
chronous satellites called the SMS-GOES (Synchronous
Meteorological Satellite-Geosynchronous Operational
Environmental Satellite) (Fordyce et al., 1974) have been
developed and are providing both visible (1 km resolu-

0003-0007 /78 /0269-0281$06.50
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tion) and IR (8 km resolution) data twice hourly. The
IR capability allows 24h a day coverage of weather
features for the first time. There are two GOES satellites
presently in operation, GOES-E (east) positioned at
75°W and GOES-W (west) positioned at 135°W. Dur-
ing the First GARP Global Experiment (FGGE), the
world will be girdled by such satellites (two from the
United States, one from Europe, and one from Japan).

With the ATS satellites came a data dissemination
network called the Satellite Field Service Station (SFSS).
These were expanded and received more emphasis once
the SMS-GOES satellites were launched. There are six
of these SFSSs, which act as hubs or distribution points
for photographic data users. Thus, near real-time im-
agery (20 min after scan) is now available from the GOES
satellites to anyone tied into this distribution network.
The quantitative digital data from the GOES satellites
can be even more valuable both in research analysis and
in operations if a suitable system is available to process
the data. This paper will discuss how the digital satellite
data can be used for weather modification applications
and will describe some interactive time domain image-
processing systems that have been and are being de-
veloped for applications use.

Dennis et al. (1973) investigated the usefulness of
meteorological satellites in weather modification pro-
grams. They concluded that, with the observational re-
quirements needed in a weather modification program,
presently available satellite information (as of 1973)
could not by itself satisfy these requirements. Their
strongest recommendation was that imagery from a geo-
synchronous satellite with improved spatial resolution
and the capability of accurately measuring cloud top
temperature (CTT) be provided in real time to the field
users. As we have stated, the SMS-GOES satellite sys-
tems have satisfied these major requirements and have
provided even more in the way of support. We will dis-
cuss these present capabilities, as well as point out what
satellites may offer in the next decade.

2. Application of satellite information to
weather modification programs

a. Summertime cumulus modification experiments
1) CLOUD CLIMATOLOGIES

One of the first objectives in beginning a summer cumu-
lus weather modification program in a given area is
determining whether enough convective clouds are
present naturally for seeding to take place and what
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their natural characteristics are, i.e., isolated cells, well-
developed squall lines, etc. The next objective is to
determine whether these cumulus clouds are developing
with the proper microphysical characteristics so that
seeding would change their natural growth pattern in
such a way as to increase precipitation.

There are several ways in which one could try to de-
termine the first objective. One would be to take a long
history of surface cloud observations to determine how
many days convective clouds were observed and the de-
gree of intensity of the day's activity. This is appropriate
when a limited area is to be chosen or where a number
of surface weather stations are available in a given area
to allow complete coverage. This has been attempted by
the authors and others and constitutes a very lengthy
undertaking. Limited visibility due to rain, low clouds,
etc., will severely limit the quality of these types of ob-
servations. Also, surface observations could not accurately
provide numbers and sizes of convective clouds observed.
Another procedure would be to use radar plan position
indicator (PPI) data to determine the number of pre-
cipitating convective cells, sizes, intensity, rate of growth,
and lifetimes (Bark, 1975). Unfortunately, for many of
the areas that are being considered for summer weather
modification programs, no radar data are available, or
the data have not been archived in a format that could be
easily processed. Use of radar data is, by its very nature,
limited to precipitating clouds. Satellite visible data can
sense all convective type clouds above a certain size
threshold both before and after they reach the precipita-
tion stage or even if they never precipitate. A compara-
tive study between radar and satellite climatology per-
formed simultaneously may show the ratio of the number
of clouds observed (satellite) versus the number of pre-
cipitating clouds, which may indicate the potential of
a locality for cloud seeding.

The third alternative in determining the seeding po-
tential of a given area is through the use of satellite data.
The most useful satellite data in such a study would be
geosynchronous satellite data, preferably with both
visible and IR measuring capabilities. This type of in-
formation has only been available since 1975 when
SMS-1 was first positioned at 75°W with the VISSR
(Visible and Spin Scan Radiometer) on board, providing
high-resolution (1 km visible, 8km IR) data on a half-
hour basis. This type of data is the best source of in-
formation since the geosynchronous data provide the
temporal frequency of the convective activity. The high-
resolution visible data allow detection and measurement
of very small cumulus clouds, and the IR data allow
measurement of CTTs for the larger size clouds. The
latter is needed to determine if the cloud has reached a
temperature level where supercooled water may be
present and seeding can be preformed.* Work is now
beginning in the archiving of this information in digital
form so that a true cloud climatology can be developed

1 This technique would obviously not be applicable to
tropical cumulus undergoing the warm rain precipitation
Process.
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Fic. 1. (Top) Gray shade display of a small sector of SMS
visible data showing the clouds as the white areas. (Bottom)
Computer output giving statistics on the clouds observed in
top photo. The size is in satellite element numbers.

(Reynolds and Vonder Haar, 1976). Figure 1 is an ex-
ample of a computer-derived cloud count using SMS$S
data. The image is reproduced in a gray shade format,
and the number and size of each cloud are given.
Prior to the launch of SMS-GOES, the ATS series of
satellites provided geosynchronous visible satellite data
(4 km resolution at subpoint) on a half-hour basis, so
that at least cloud sizes, numbers, locations, and tem-
poral variations could be determined during daylight
hours. Several years of ATS data have been used to
determine cloud populations and active areas of con-
vection for the three High Plains Cooperative Proj-
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Fic. 2. Cloud size distribution histograms for Miles City,
Mont., area as observed from the ATS-3 satellite. The satel-
lite resolution is 113 km?2.

ect (HIPLEX) field sites (Miles City, Mont.; Good-
land, Kans.; and Big Spring, Tex.) being used by the
Bureau of Reclamation (see Reynolds and Vonder Haar,
1975). Not only can information be derived about the
seeding potential of the sites, but decisions on the opti-
mum location of rain gage networks can also be aided
by having this type of information. Figure 2 shows re-
sults from a cloud population study done over Miles
City, Mont., using ATS-3 data.

Other types of satellite data have also been used for
these types of studies. Stodt and Grant (1976) have used
data from the low-orbiting, very high resolution (0.6 km)
DMSP satellite to obtain cloud numbers and sizes for
weather modification sites over the western United
States. Although this information provides only a snap-
shot of the clouds at local noon, even the very small
cumulus can be detected with these data (see Table 1).

Another aspect of using satellite information for de-
termining cloud climatologies is that the general num-
bers, sizes, growth patterns, and also cirrus extent will
be known for both the target site and areas downwind.
This will aid in determining to what extent seeding may
affect the normal convective activity both at the site
and downwind of the site. This will be discussed in
more detail in a later section.

27

There are problems in using satellite data for de-
veloping cloud climatologies as there are with other
techniques. Cirrus clouds can obscure lower clouds, and
ground resolution problems may cause the smaller
clouds to be missed. Computational time is extensive in
processing the digital satellite data. Determination of
cloud thresholds is also difficult. A man-computer in-
teractive processing system is necessary for this type of
study for accurate results to be obtained. However, we
believe that the satellite provides a valuable tool to help
assess the seeding possibilities in a given area.

2) REAL-TIME OPERATIONAL SUPPORT

As was mentioned earlier, near real-time high-resolution
SMS-GOES satellite photo imagery is available to opera-
tional field sites at half-hour intervals. This allows quali-
tative analysis of both synoptic scale cloud features, as
well as smaller mesoscale convective cloud developments
to aid in the “nowcasting” of target site conditions for
deploying aircraft or starting seeding operations.
Reynolds and Matthews (1976) and Reynolds and Von-
der Haar (1976) have described how geosynchronous
satellite information has aided in supporting operations
for HIPLEX (Bureau of Reclamation). It was noted that
such convective triggering mechanisms as dry lines,
vorticity centers, and fronts could be defined using the
imagery and used for making the day's forecast of con-
vective activity (Fig. 3; see also Purdom (1974)). Since
all of the HIPLEX sites are located east of mountainous
terrain, some of the convection passing over the sites is
generated over the mountains. The generation and
movement of these cells and whether or not they are in-
creasing or decreasing in intensity can easily be moni-
tored using the satellite imagery. Enhanced IR imagery
can provide this type of information by monitoring
CTTs to see if they are increasing or decreasing. Figure
4 is an example of this type of imagery, and the change
in CTTs can be noted by the change in gray level of the
tops (see Corbell et al. (1976) for details).

3) USE OF DIGITAL AND IMAGE SATELLITE DATA IN
POSTEXPERIMENT ANALYSIS

Operations debriefing and evaluation. Much of the
postanalysis work to date has been in using imagery to
help locate certain synoptic or mesoscale features that
may have influenced an experimental day's activities
and to monitor their time histories. Reynolds and

TaBLE 1. Mean values for days with convective clouds, July 1974
Palmer Upper
Miles City, Goodland, Big Spring, NE Lake South Arkansas
Mont. Kans. Tex. Colorado* Divide Park  River Valleyt
Average cloud cover, % 49 10.1 8.3 44 11.1 20.3 27.0
Average number of clouds per 10¢ km? 4 6 9 8 1 18 19
Average size of cloud, km? 144.1 172.1 87.3 54.7 158.1 115.2 140.5

* National Hail Research Experiment.
t Leadville and Buena Vista.
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Fic. 3. SMS-2 2 km visible sector image taken at 2045 GMT on 28 August 1975 showing a line
of thunderstorms developing between Goodland (GLD) and Hill City (HLC), Kans., extending
to the southwest. The 2100 GMT surface observations are plotted. Note the dew point gradient

across the thunderstorm activity.

Matthews (1976) and Reynolds and Vonder Haar (1976)
have discussed these types of techniques in detail. This
type of research analysis allows stratification of a given
day’s events into certain categories, which may be filed
for later reference, regarding the time when a seed/
no-seed decision must be made. One of the most im-
portant features that must be defined by this study is
determining those days when organized rather than
isolated convection will be present. With the use of
conventional meteorological data, those days when or-
ganized convection was observed with imagery to de-
velop may be studied and classified. It is felt that
ultimately, to generate meaningful increases in pre-
cipitation, generation by seeding of organized, long-lived
convective systems is needed. Satellite information may
aid in developing the technology for identifying these
situations.

A very important observation that the satellite is
capable of making, and one that is critical to the evalua-
tion of any weather modification program, is a com-
parison of the convective clouds behavior on seed versus
no-seed days. This specifically addresses the problem of
relative differences between cloud characteristics on the
randomized seed/no-seed days. The visible digital satel-
lite imagery can quantify such cloud characteristics as
size, number of clouds, reflected brightness, anvil extent,
cloud duration, movement (both speed and direction
with respect to the environmental winds), cloud or-
ganization (line cluster, etc.), cloud separation distances,
etc. The IR data can monitor CTT (height) variations

of clouds on the seed/no-seed days to determine both
temporal and spatial growth patterns on the different
days. This may be important in assessing whether a
dynamic seeding approach is modifying the growth pat-
terns of these clouds. The IR data will also be important
for they will be the only data available after sunset.
This technique will require several seasons of data before
an evaluation can be made, but from present experience
it should offer an important evaluation mechanism.

The satellite data may also provide information on
exactly how random a seeding program might be. This
would concern itself with whether the “equality of the
draw” was really equal. A comparison can be made of
the general surrounding cloudiness (areal visible extent,
vertical development (IR)) to determine if on the seed
days more generalized convective development was ap-
parent than on the no-seed days and vice versa. Thus in
the evaluation of the seeding results, if a bias did exist,
it could be eliminated before the final statistics were
tabulated. This method might also lend itself to the
determination of covariates for objective decision mak-
ing of the day’s events. For example, if more well de-
veloped cloudiness is observed, a look at the synoptic-
mesoscale weather analysis may show a particular fea-
ture that could then be classified for future use.

Cloud parameter determinations. With use of digital
satellite data, certain quantitative measurements can be
made of individual clouds and cloud systems, and these
results can be compared to other ground and aircraft
observations. Emphasis must be placed on collection of
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Fic. 4. (Top) The 0115 GMT, 22 June 1976, enhanced IR
image showing two large thunderstorms located in the Texas
panhandle. (Bottom) The 0215 GMT, 22 June 1976, enhanced
IR image showing that the northern storm has increased in
height while the southern storm appears to have remained
constant.

digital rather than photo image data for these quanti-
tative studies. There are several reasons for this:

1) Digital data can be earth located, “navigated,” ac-
curately for proper location of target sites and co-
location with other data (Smith and Phillips, 1972).

2) Data can be normalized for sun angle changes and
viewing angles using bidirectional reflectance mod-
els (Sikula and Vonder Haar, 1972).

3) Data can be directly input into digital processing
systems (see Section 4) for analysis, and this allows
computer mixing of several different types of data
as well as time-sequencing capabilities.

Probably the most important parameter that must be
measured in any weather modification program is pre-
cipitation. Given an area as large as the High Plains
region of the United States, it is very difficult to have
enough rain gages available to obtain good estimates of
rainfall. Radar coverage is very limited in these regions
but is the next most accurate tool for use in rainfall
measurements. However, recent HIPLEX
show a single Z-R relationship is very difficult to obtain.
Over the past several years, work has been done in at-
tempting to estimate rainfall from visible and IR satel-
lite data (Grifith et al., 1976; Follansbee and Oliver,
1975: and Scofield and Oliver, 1977). In an attempt to
extend some of this work, we compared digital SMS

studies in
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satellite data (available every 7.5 min) to digital radar
data over the Goodland/Colby HIPLEX sites (Negri
et al., 1976) for 28 August 1975 during weak convective
activity. The main conclusions from this study were
that:

1) with use of a reflected brightness thresholding tech-
nique, precipitating versus nonprecipitating clouds
may be defined;

2) a lag of as much as 20 min may elapse between the
time this brightness threshold is reached and a radar
echo is noted;
brightness does not seem to correlate well with any
radar echo parameters such as area, volume, or in-
tensity, but it does seem to be related to cloud size,
and the center of maximum brightness locates well
with the maximum radar reflectivity during the
growth stage of the storm;

the areal growth rate of a cloud may relate to storm

severity and to determine these growth rates, rapid

scan data are necessary (5-15 min interval data).

3

~—

4+

~—

These studies are in their very formative stages, and
much work is needed to test the possibility of this pro-
cedure.

In relating cloud visible brightness to cloud parameters
of interest, a separate study was needed to determine the
relationship between changes in cloud brightness and
simple changes in the cloud’s vertical or horizontal ex-
tent (Reynolds et al.,, 1978). This is a very important
problem if we are going to use satellite brightness data
to quantitatively measure changes in intensity of pre-
cipitation. Preliminary results seem to indicate that
geometric factors outweigh change in cloud microphysi-
cal characteristics in influencing cloud brightness
changes. McKee and Cox (1974, 1976) have discussed
this problem in detail on a more theoretical basis, and
the question must be studied further.

One other aspect of using quantitative satellite data
is for input to and verification of cumulus cloud models
(Kreitzberg, 1976). Omne-, two-, and three-
dimensional cloud models are being used in many
weather modification programs. Ideal input to these
models requires a closely spaced rawinsonde network
for determining the atmospheric temperature and mois-

even

ture structure and the wertical and horizontal wind
components. With the advent of vertical temperature
sounders onn NOAA polar-orbiting satellites, high hori-
zontal resolution (approximately every 70 km) tempera-
ture and moisture measurements became available for
use in these types of models. Hillger and Vonder Haar
(1977) have used VIPR (Vertical Temperature Profile
Radiometer) data in conjunction with the conventional
rawinsonde network to obtain mesoscale temperature
and moisture fields over the High Plains. Figure 5 is an
example of the use of VIPR data to derive mesoscale
fields of temperature and precipitable water. (Although
vertical resolution from satellite data is poor, having
gradients in these parameters over short horizontal dis-
tances provides much information at the mesoscale.)
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Fi6. 5. (Left) Combined NWS and VITPR 500 mb temperature (in degrees Celsius) field for 9
August 1973. The thermal winds for the 700-300 mb layer are shown as derived from the VITPR
data. (Right) VTPR-derived total precipitable water field (in centimeters) for 9 August 1973 at

1700 GMT.

This type of information is now being integrated into
HIPLEX so that it will be available in real time for
input into cloud models or for analysis of mesoscale
features likely to cause convective activity. When
GOES-D is launched in the 1980s, it will provide the
first geosynchronous vertical temperature sounder data,
allowing soundings to be made at rapid intervals over
small areas where convective activity is likely to occur.

4) SPECIALIZED APPLICATION AREAS

Tropical cumulus modification Two general
areas can be specified when discussing tropical weather
modification activities. The first includes such activities
as the Florida Area Cumulus Experiment (FACE)
(Woodley et al., 1976), which is involved in the seeding
of tropical cumuli to increase rainfall. The seeding
hypothesis of the FACE program is to increase the or-
ganization of the convective activity by seeding certain
elements of a cloud line increasing the dynamics of the
system so that it may precipitate for a longer period of
time. As was mentioned earlier, Griffith et al. (1976)
have been using satellite data to determine rainfall over
the target area for a limited data sample. Other uses of
satellite data are to simply pinpoint areas of existing
cloud lines or clusters so that seeding aircraft can be
deployed to these areas in time for seeding to occur.
With the IR data now avilable from SMS-GOES it is
possible to monitor these cloud lines and note any
changes in CTT during seeding or the extent of cirrus
for the seeded versus non-seeded storms. These IR data

study.

will also allow comparison to radar data to further ex-
plore satellite-rainfall relationships.

The other specific application area that is immedi-
ately thought of is that of hurricane modification. Satel-
lite data allow the only consistently available monitoring
system for determining storm strength, motion, and the
changes in these parameters. A more direct verification
method to evaluate hurricane modification can be ac-
complished by using geosynchronous satellite data to
determine wind speeds from cloud motions within the
storm system. With a clear view of the eye, measure-
ments can be made of cloud motions along the eye wall
(Gentry et al., 1976). Dvorak (1975) has developed a
technique for determining the intensity of tropical dis-
turbances that can be used as a type of climatology when
seeding occurs to determine if any radical effects have
taken place. Project Stormfury, which is to begin again
in 1978, will rely heavily on the SMS-GOES satellites
for the monitoring of these storms as well as for the
evaluation of the experiment.

Extra-area effects (downwind, etc.). The question of
whether seeding effects are limited to the local area in
which they are applied has been discussed as a political
and scientific issue since weather modification activities
began. There are several ways in which summertime
cumulus activity and the modification of this activity
can affect other areas outside the proposed target site.
One method is that the cirrus outflow from the seeded
storms could be more extensive than in non-seeded
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Fic. 6. DMSP 0.6 km visible image showing thunderstorm
development along the front ranges and mountains of Colo-
rado and New Mexico. Note the cirrus blow-off and the new
cell under cirrus.

cases; this could decrease the local heating under this
cirrus canopy, thus reducing convection. Satellites pro-
vide a complete view of all areas both in and out of the
target areas and can easily monitor the cirrus outflow
of both the seeded and non-seeded cells to determine
any differences in cirrus extent and whether convection
is growing through the cirrus canopy or suppressed in
areas where the canopies existed. It may also be that the
cirrus can act as a natural seeding device by injecting
large amounts of ice crystals into developing cumulus
clouds to increase cloud growth. Figure 6 is an example
of a DMSP 0.6km visible image showing convection
along the continental divide and front range areas of
Colorado and New Mexico. Note the extent of cirrus
outflow of these naturally forming clouds and also the
new cell development under the cirrus outflow of an
earlier cloud. It is this type of monitoring that can aid
in the analysis of extra-area effects of seeding programs,

b. Wintertime cloud modification experiments

1) CoLD OROGRAPHIC AND PACIFIG FRONTAL
RAINBAND CLOUD MODIFICATION

The potential for increased precipitation from super-
cooled orographic stratiform and frontal rainband pre-
cipitation clouds is well established (Grant and Mielke,
1967; Elliott et al., 1971; Chappell et al., 1971; Grant
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and Elliott, 1974; Gagin and Neuman, 1977). In fact it
may be that these types of clouds offer the best possi-
bility for seeding and for increasing precipitation over
those areas where they exist. Some of the research ex-
periments that have dealt with this type of cloud seed-

ing are:

Group
EG&G Inc.

Colorado State University
CSIRO

Desert Research Institute
E. Bollay Assoc.

Fresno State University

Montana State University

New Mexico State
University

North American Weather
Consultants

Utah State University

University of Washington

Area for Field Studies

San Juan Mountains of
southern Colorado

Central Colorado (Climax)

Tasmania

Sierra Nevada

Park Range in northwest
Colorado

Sierra Nevada

Bridger Range in Montana

Jemez Mountains of New
Mexico

Mountains near Santa
Barbara, Calif.

Wasatch Mountains of
northern Utah

Cascade Mountains in

‘Washington

Elk Mountain and Wind
River Mountains in
Wyoming

University of Wyoming

Grant and Elliott (1974) have summarized the results
[rom many of these studies and others to show that seed-
ing effectiveness i1s highly dependent upon CTT (see
Table 2.) Their studies show that increases in precipi-
tation can be expected when seeding is performed on
clouds with GTTs in the range of —10°C to —25°C. For
clouds colder than —28°C, decreases in precipitation can
actually occur after seeding. During many of these pro-

TaBLE 2. Santa Barbara 2 (1967-70) average precipitation as a
function of estimated CTTs for seeded and non-seeded cases.™

Seeded Non-Seeded Precipi-
tation
Precipi- Precipi- Ratio
CTT, tation, No. of tation, No. of Seed/
& mm/band Cases mm/band Cases No-Seed
—17 10.7 13 5.1 22 2.10
—18 18.8 12 6.4 23 2.96
-19 16.5 24 6.4 21 2.60
-20 12.5 22 6.6 17 1.88
-21 9.9 21 6.4 14 1.56
—22 10.4 21 7.6 11 1.36
—23.5 8.6 10 .1 8 1.21
—24.5 10.2 10 8.9 8 1.14
—26 11.4 10 9.7 10 1.18
—27.5 15.8 9 12.5 7 1.26
—28.5 15.0 7 8.9 5 1.40
—31 9.4 6 5.6 4 i
—33.5 74 3 5:1 2 T

* Values of precipitation for moving means of two temperature
steps of 2.5°-3°C are centered on the indicated CTT. (Reproduced
from Grant and Elliott, 1974).

T Sample too small to be significant.
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Fic. 7. Relationship between mean satellite-observed CTTs
and radiosonde-determined CTTs for the entire data set of
1978-74 for the San Juan Mountain area.

grams, estimates of CTT were derived from either
rawinsonde data or interpolated 500 mb temperatures.
These have frequently proved to be inadequate in that
only 3-5 rawinsondes can be launched per day and cloud
tops cannot always be adequately deduced from the
soundings alone. In addition, the 500 mb temperatures
do not represent CTTs in many instances. As was stated
earlier, Dennis et al. (1973) noted that one of the most
beneficial uses of satellite data would be in monitoring
CTTs from a geosynchronous satellite to provide half-
hour information on CTT and its changes,

Real-time operational support. The term “opportunity
recognition’” has been used in the field of weather
modification to designate those environmental conditions
in which it has been determined that seeding will have
positive effects. As we have pointed out, the CTT is a
very important parameter when discussing these types of
cloud systems. Another important question of “oppor-
tunity recognition” concerns the spatial and temporal
location of seedable clouds. The inhomogeneities of
actual clouds and their seedability are so great that con-
siderable variability generally exists over even moder-
ately sized weather modification targets. The ability of
IR satellite data to provide CTT information has been
demonstrated by Dumont et al. (1974) in a preliminary
study using NOAA polar orbiter satellite data. Using
the IR portion (10-12 um) of the scanning radiometer
(SR) on the NOAA satellite, they were able to measure
CTTs for clouds over the San Juan Mountain area of
Colorado during the Bureau of Reclamation’s Colorado
River Basin Pilot Project. Figure 7 is a comparison of
satellite-determined CTT and radiosonde-determined
CTT for all cases available. The results show that on the

Vol. 59, No. 3, March 1978

Fic. 8. Enhanced GOES-W IR image from a digital display
for 1745 GMT, 15 March 1977, showing a Pacific storm enter-
ing the California coastal region. Darker gray represents
CTTs from —43° to —47°C; medium gray, from —39“ to
—43°C; and white, from —31° to —39°C.

mean, the satellite observes a warmer cloud top (+1.8°C)
than does the radiosonde. Although such problems as
time differences between satellite and radiosonde obser-
vations, cirrus clouds overlying the orographic cloud, and
cloud emissivity problems affect these comparisons, this
preliminary study demonstrated the general feasibility of
using satellites for this type of measurement. A second
season (1974-75) of data is now being processed; NOAA
polar orbiter data, again for the San Juan Mountain re-
gion, are being used. During this season, the first geosyn-
chronous IR data became available from SMS-1 posi-
tioned at 75°W. Digital data from this satellite are avail-
able, and maps of CTT over the San Juan Mountains
can be generated on a half-hour basis for a 24 h period.

To provide the real-time support necessary for field
operations there are several methods in which the cloud
top information could be provided. The first is using
the enhanced IR imagery data where a specific gray
scale would denote clouds with temperatures in the
seeding window. These images would be available to the
forecaster on a half-hour basis so that he could decide
not only in what locations out of the entire storm com-
plex seeding should take place but also when to begin
and end the seeding operations. This is particularly
important since several studies have strongly indicated
that the main seeding effect is an increase in the dura-
tion of precipitation (Chappell et al., 1971; Gagin and
Neuman, 1977).

A second method would be to strip out the specific
area of interest for the seeding activities from the digital
data taken directly at the satellite ground station and
either to map this information with a computer printer
or to display the data on a CRT using a video recording
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Fic. 9. SMS-2 2 km visible image for 1645 GMT, 9 March 1977, showing a
Pacific frontal system situated over the Sierra Nevada.

system. These types of data could be transmitted to a
field site by phone line to give the forecaster a constant
update of CTTs. More on this video-digital display capa-
bility will be given in Section 3.b.

Use of digital satellite data in postexperimental analy-
sis. During the postexperiment phase of the seeding pro-
gram the digital SMS-GOES imagery collected can be
used to stratify each day's seeding event into CTT cate-
gories. This is being done for the 1974-75 Colorado
River Basin Pilot Project experiment using NOAA
and SMS data and will be done for the Bureau of
Reclamation's Sierra Cooperative Pilot Project, which
began during the 1976-77 winter season over the cen-
tral Sierra Nevada of California. The Bureau of Recla-
mation is now involved in a preliminary investigation
of the characteristics and natural variability of con-
vective rainbands as they impinge on the Sierra
Nevada of California. In cooperation with the Bureau
of Reclamation, Colorado State University has recorded
digital SMS full resolution visible and IR data con-
tinuously from the time the bands are just off the coast of
California to their passage through the Sierra Navada. We
hope to obtain information on the capability of the
satellite to determine the accuracy to which the top
temperatures of these rainbands can be measured, how
these temperatures vary with time, and the effects
topography has on these bands (see Fig. 8). As verifica-
tion, a cloud top aircraft is being flown over these bands
to estimate their height and temperature. Photographs
will be taken, and the presence of clouds, such as cirrus,
that may overcast these bands will be noted. As was done
for the summertime projects, radar-satellite comparisons
will be made to determine if any relationships exist and

whether the satellite data can be used to quantitatively
determine precipitation amounts.

Not only can CTTs be determined, but an assessment
of the types of synoptic situations that give rise to
seedable clouds can also be determined through the use
of satellite imagery and conventional meteorological
data. The satellite allows an overall view of the synoptic
situation (Fig. 9), which can allow categorization of
optimum seeding situations and can be used as a fore-
casting aid for future events.

The same application of the satellite data can be made
in the wintertime program as was made in the summer-
time programs. This relates to the relative difference in
cloud characteristics of the seed/no-seed events as well
as determining any biases in the randomized seeding
events (“‘equality of draw”). For the wintertime clouds,
such observable cloud features as stratiform layers versus
presence of imbedded convection, CTT variation and
magnitude, and visible cloud appearance (i.c., fuzzy (ice
present?) versus distinct cloud edges (possibly only super-
cooled water clouds), etc.) could be analyzed for these
different days. Chappell et al. (1971) have found that
for the Climax Experiment, seeding tended to increase
the duration of precipitation rather then the intensity
of the precipitation event. It may be that by either
monitoring the CTT (height) fluctuation through a
storm period or determining the duration of the oro-
graphic clouds’ fuzzy appearance, the satellite data might
be used to decide if the precipitation event is of longer
duration or more intense in nature.

For determining whether a true random sample has
been chosen for a given experimental period, the satel-
lite information can provide measurements of overall
cloud extent both in and out of the target region. The
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mean CTTs for the entire storm complex can be de-
termined, and the direction and speed of cloud motions
over the mountain barriers and indications of band
structures (associated with either fronts or mesoscale
features) can be observed for all seeding events. If any
biases are present on the seed or no-seed days, then they
can be removed before final analysis. Again, these same
measurements might aid greatly in a covariate determina-
tion technique.

2) SPECIALIZED WINTERTIME APPLICATIONS

As was mentioned with the summertime program, there
has been concern with the effects downwind from the
wintertime seeding programs. Brier et al. (1974) review
much of the work carried out to date in determining
the downwind effects from seeding cold orographic
clouds. Many of the results to date show varying degrees
of effect, from large increases to slight decreases. Brown
et al. (1976) have recently summarized the results of the
seeding program over Santa Barbara, Calif., where
Pacific frontal rainbands were seeded over a 7-year pe-
riod. Their conclusions stated that the primary cause of
extra-area effects is probably a dynamic intensification
of organized convective activity that produces increases
in precipitation ~150 km downwind from the seeding
source and —30° to the right of the 700 mb wind flows.
With satellite data it should be a fairly straightforward
problem to monitor this area in an effort to determine
whether the activity is more intense or continues for a
longer period of time.

Mulvey and Grant (1976) have proposed a separate
mechanism for extra-area effects downwind from the
Climax Experiment in Colorado. Their hypothesis is
that seeding material carried up into the orographic
cloud is not entirely used and is transported downwind
along with unused ice crystals. The seeding materials
and ice crystals that survive the downwind transport can
seed lower upslope cloudiness along the Front Range of
the Rockies, which are warmer and deficient of the
proper number of ice nuclei for efficient precipitation.
This inadvertent seeding then should supply the cloud
with an increased number of nuclei for increased pre-
cipitation. Scheetz and Grant (1976) have prepared a
climatic estimate of the frequency with which High
Plains upslope clouds are seedable. With both visible
and IR satellite data it is possible to monitor the ice
blow-off [rom the orographic cloud. In the area where
this intersects the upslope cloudiness, a change in both
the visible appearance of the cloud and in top tempera-
ture can be monitored to see if this seeding has any
effect. Without aircraft data this is the only way to
meonitor this type of extra-area effect directly.

3. Present and developing technology in satellite
observation systems and data processing

a. Present and near future capabilities

We have discussed many of the present capabilities of

meteorological satellites as they relate to existing weather

modification activities. However, we have certainly not
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Fic. 10. Proposed geosynchronous satellite coverage for the
late 1970s showing that all proposed WMO Precipitation En-
hancement Experiment sites will be in view during all local
times.

discussed all the widely varying activities and uses of
the data. There is one important area that should be
discussed as it relates to the World Meteorological Or-
ganization (WMO) Precipitation Enhancement Experi-
ment (PEP) (List, 1976). Site selection is one of the first
priorities of the WMO. Although there are many politi-
cal, social, and economical influences on these decisions,
one overwhelming factor must be the requirement for
“seedable” clouds to exist at the site frequently enough
that seeding can be done. The satellite data can observe
the presence of clouds and their appearance, i.e., strati-
fied (stable) versus convective (unstable) over a particular
site, aiding in the decision of whether to use a static
(microphysical) seeding approach or a dynamic seeding
approach. As was mentioned earlier, satellite data can
provide this type of information on a worldwide basis.
There exist many years of polar orbiter data with after-
noon cross-over times that can and have been used to
monitor convective activity. Also, on board many of the
satellites are IR sensors allowing the measurement of
CTTs of clouds large enough to fill the field of view of
the sensor, so that it can be determined whether the
clouds are cold enough for seeding materials to be effec-
tive.

By 1979, in cooperation with FGGE there will be four,
possibly five, geosynchronous satellites girdling the globe,
(Fig. 10), allowing for the first time high spatial and
temporal frequency satellite data continuously for the
whole globe. These types of data will prove invaluable in
assessing future weather modification sites both for sum-
mer and for winter programs.

We should mention here that there is one other im-
portant use of the SMS/GOES satellite that can be a
real-time source of information besides providing satel-
lite visible and IR data. This involves the communica-
tions channels on board the satellite that can interrogate,
every half-hour, the transmitters of ground-based data
collection platforms (DCPs). Such observations as tem-
perature, humidity, and wind can be obtained and
transmitted down to the ground station and displayed
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on the aforementioned remote terminal Also, rain gage
data or stream gage data can be monitored, especially
for analyus of seeding effects or for flash flood alerts
and snowpack conditons, to see 1f additional seedmg or
suspension of Seﬁdlng 15 necessary 11 a given area Thas
capability of SMS should be integrated with the digital
imagery to provide extremely useful and tumely informa-
tion ta all aspects of field operations and forecasting

b Real-time satellite data enalysis and
display systems -

As has been mentioned 1n the previous discussions, of
equal importance to the gathenng of new data from
new systems is the development of quantitative digital
data analysts methods These digital data allow the
monitoring of cloud brightness, CTTs, and cloud mo-
tions In addition, accurate navigation of the data can
be performed through the recording of the line docu-
mentation being sent by the satellite (Smith and Phillips,
1972y This wncludes the housekeeping information of
the satelhite such as the geometry of the earth, sun, and
satellite and time marks for each scan line This in-
formation can then be input to an analytic model for
navigation of each wvistble mmage to *1 (1km) satellite
element (relative picture to picture) Knowmg the earth,
sun, and satellite locations also allows brightness nor-
malization to be made, which can account for changing
sun angle effects and can try to compensate for cloud
ansoiropy

Generally, satellite data, to be of maxumum usefulness,
must be available in real tume, Over the past several
years, development of digital data-processing systems
with man-computer interactive capabiliies and CRT
display have been developed The following 15 a hist of
several of these systems mow in use throughout the
Umted States

1) AQIPS—Atmospheric and Oceanographic Informa-
tion Processing System (NASA Goodard Space
Flight Center),

2y LARS—Laboratory for Applications of Remote
Sensing (Purdue University),

3) McIDAS—Man Computer Interactive Data Access
System (University of Wisconsin, Space Science and
Engineering Center),

4) MMIPS—Man-Machine Interactive Processing Sys-
tem (NOAA/NESS),

5) ADVISAR—AI Digital Video Imaging System for
Awmospheric Research (Colorado State University),

G) ESTAC—Electronic Satelhte Imaging Analysis Con-
sole (Stanford Research Imstitute)

These systems, when located with the satellite ground
station, can provide real-ime processing and analysis
of cloud growth rates, cloud motions, change m top
heght, etc, that can be useful to field operation. (Real-
time navigation is now 1n use at the Direct Readout
Ground Station at the Space Science and Engineermg
Center 1 Wisconsin} These systems operate through
input of digital satellite data, which can be stored on
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digital systems and displayed sequentially through rapid
refresh of a CRT monitor Thus, 2-3 h of satellite data
can be “looped” through, allowing cloud motions to be
determined and thus providing mformation on meso-
scale divergence, convergence, etc Also, the operator can
mnteract directly with the data to enhance through color
or black and white shadmg methods, he can zoom 1n on
small features or rotate or translate the image and can
determine, through use of a joystick and cursor, CTT
or brightness of any cloud he so desires Through recent
and ongoing advances in solid state electromics, these
types of systems can be remotely placed in the field
away from ground stations with just a telephone hook-up
to a keyboard and GRT necessary for data access and
manmpulation. At the present rime, work is under way
i developing such a system that can meet the needs of
not only weather modificatzon programs but also severe
storm forecasters and many other satellite data users,
including industrial meteorologists (Bristor and Raynore,
1977)

4. Future advances in satellite observing systems

Future advances m satellite technology sheuld be as im-
pressive and as rapid as those that teok place durmng the
last 10 years One mmportant new development that
could provide dramatic technological advances will be
the Space Shuttle The Space Shuttle will put much
larger sensor payloads into orbit either by constructing
them 1n space or by launchmg them on the Shuttle and
then boosting them into geosynchronous orbit by space
taxis Thus, large microwave (passive and active} an-
tenna systems can be launched allowing direct measure-
ments of precipitation over land and oceans and also
allowmg measurements of water vapor profiles at very
high horrzontal resolution (~10km} and having 2-5km
resolution 1n the vertical Shenk and Kreins (1975) dis-
cuss some of these future breakthroughs that will come
about in the 1980s

Not all of the advances will have to wait for the Space
Shutile Planned for Iaunch around 1981 will be the
GOES-D satellite equpped with VAS (VISSR Atmo-
spheric Sounder) This will be the first sounder placed
mro geosynchronous orbit and will provide soundings
at ~30km spaang every half hour for a 750km north-
south latitude band and entire earth width The VAS
will have nmne channels, sensing temperatures (resolu-
tion to +2 5°C) below the 100 mb level (thus tempera-
ture every 100mb) and two water vapor channels for
determining precpitable water

The next generation of satellites being considered
will be Stormsat {Shenk and Krems, 1975), which wall
improve both the 1maging and the sounding capabilities
of the GOES series of satellites This will be a three-axis
stabihzed spacecraft, which means 1t will always be pomt-
ing toward the earth and will be mechanically stepped
hoth in the east-west and in the north-south direction
Thus, very rapid scan mnformation over a 750 km® area
will be available Also, soundings usmg microwave
channels can be made m overcast regions with 2°-3°C
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temperature resolution at a 50 km mterval every 30 mun,
and these mcrowave channels will allow moisture
determimation (10-15%, accuracy 1 relatwve humidity)
for 30 lm tervals every 30 min This type of informa-
tion can be used directly in two- and three-dimensional
numerical cloud models for both inrtialization and
verification

There are now even plans to fly radiometers that will
determine something about a cloud's physical properues,
1e, cloud top pressure level, the density and phase
(i e, 1ce versus water) of condensed water in the clouds,
a drop-size parameter, and the cloud thickness, both
optical and geometrical

5 Summary

We believe that sateliite information has the greatest
utiity for weather modification application when 1t 15
mcorporated 1nto a research operation along with other
data sets Over the past several years, satellite technology
and analysis technology have improved greatly The last
section of this paper was designed to show the projected
advances that may take place in the next decade, even
though they may be overly optimistic Satellite sounder
systems offer one of the highest potenuals for applica-
tion to weather modification programs, and 1t is hoped
that, through the use of muluspectral mstruments, a
high degree of vertical (albeit still crnde compared to
radiosonde) and horizontal resolution can bhe obtamned,
both m temperature and in moisture Continued re-
search s needed on quantifymg observed features from
the satellite 1mage, quantification must be such that the
numbers can be incorporated into numerical models to
help predict cloud development, seeding potential, and
possible extra-area effects
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- SATVLLIIL CTOUD CLTMATOLOGY OF SEMBIRITME CUMHULUS 1 GEARCH AREAS

Richard . Stodt

and Lewis O Graat

Pepratnent of Atmo pliciie Scronce
Coleorado State Umvers:ty
Tort Colian., Ceolorado

1. IRIRODUC LION

Satellate imgery nroduced by the
Defense - teorologueal Sarcllate Progr un J(IRIST)
has povided very high resolation vi«ml 1iroges
of Lhe western UnJred States once dasly during
diyliglhie hours (rom c¢ach setellale.  lias study
utilayes D'ISP dria avarlalbie for taw sunrer of
1974 to comstrucl a eloud cliaatolagy of areas
where we ithey wedaficatzen or clowd physices
cxperanwents are currertly being cendguctoed or
planned.  These aveas include the tnceec High
Plains Bxperament (UTPLIX) sites at Lolny,
Kansas (CBYY. BDijp Sprinps, Texas (BGS), and
Milew Ciry, Montapa (11LS); South Park, Colorado
{sPL), where tne South Parlk Area GCu~ulus
kxpertent (SPACL) 12 being conductca; and the
fatieaal Maal Research Daperawent (HHREL) 2res in
worthetscern Colovado. The Pelmer Lale Divude
regien (PLD) located belween Denver and Colovardo
Spraugs, Colerado, and the upper &rkansas River
Valley (ARK) belwecen Buena Vista and headville,
Coloraie, were clivsen fur thien prov ity to
curient weather modification projects and bager
potenital as sites fur new weather wodifucation
studies,

The salelldte used an Lhis <tudy
s sun=dynchionous polar ocbiter passing over
the study aireas at approximately 1200 local time.
Digital data Lapes vere preduced from the Lisos-
parcncies and a computer analveils wes accom—
plished, pioducing areas and numbers of clouds
for each area and day as well as proviaing data
for cumulatzve aveiragpes over selecled tine
perrods for each study area. Cloud Jocations
and sazes were slrataified wvach respect fo a
subjective cloud classification sciiene as vell
as wilh respect to synopbtle wealher condilions,
The reclatioaship belwecn clovdiness and topo-
graphic fvalwies was also examined.

2. DELIIL ACION OF STTPY ARLCAS

Tipgure 1 <hows the locatson and
siiape of cach of the arveas analyzed an thrs
study. The thhce HIVMLI X sates are circles with
a 112 Lm (60 n.w) radrus from MY, CBY, und
BGS.  lhese sates are lncluded cevon though a
simrlar study has already been perforwed for
the summ s of 1972-74 weang dara from the ATS-
IIT satellite {(Reynolds and Vonder Haar, 1975)
since the DUSP <iccilite daia has better reso-
lutfion. The KHRL arca wac described for analysis
putpases by asing the 1973 bordeis of the MIRD
study arvea (CAR, 1574). he PID area was
chosen ith the western horder ab the cdge of
the Trout Range of Lhe Colorado Reclavs. The
castein border 1s the masl easterly easLlent of
the divide avself, about 130 ko (70 n.w) east
of the mounrains, The woith-south extent of the

ORIGINAL
OF POOR

study avea it (qual Lo the vudih of the asvide,
from Lhe south wdge of Denver to Lhie nerth edoe
of Colorade Rprinns, a distauce of sbout 90 ke (50
.m). Ihe wve starn boundary ef this arca vis
deternancd Lo have "hot spats” Leat favored
thunderstorir formation (lienr, 1973). ihe

South Parl studv srea (STN) vas chosen to provude
gatellite data coverage of tae geogranlic.] aien
of anterest in che South Paik Area Curmlue
Isperiment (SPACL) presently being condutiva bv
Colorado State Universiti. The arer was docimned
te anclwle all of the topepraphacal features
kncim as South Park as well as fo have 1 ~uotan-~
gular shape for case an compul~r processiuf of
gata. The arva for vhiech satclifre data 15
analyzed 1s bomuled by tne ere~t of the Mosquito
Range to tne vast, the Kenosha and Trovyall
Ranges to Lhe cask, a latitwde Linc thiourh

Buena Vista o1t the wouth, and the Continent i
Drvide Lo the aorth. Llhe area is appro<imilely
45 hm (23 dx.m) cost-wvest and 65 km {35 n.m) nooth-
south, The .eventn 4res encompasses the vpper
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Alnreas Rivar valiey bouaded roehly by Lh.
Coatzneatal Davido netth ol Fowdvelie, oo the
north, the Jatitwde of buen« Vil on Lhe Soull,
the Saecateh rme Lo the w A4 and the lHowquito
ranfv+ to the el the aren of sty booom s
marrowe t to the north aa ths pver valley marrow:s.,
The approsdinate nyee is 65 hw (35 nom) notth-
south nd aver yees 30 bm (36 nom) st —wost.

This arca woo chasen tor study beciuse of 1Ls
prosimaly bvo SPACH.

3. SAJCLLTLE SIHSOR DALA

The DMSP satellite that produced
the data u<ed fn thas study 15 o polar ovbiter
with an everafe spacecraft beaphe of 833 km (450
n.a).  1be orbat 1c eircular vith an angle of
fnclimation of 98.7°. This raclination angle
was <clecled Lo inrure tne satellate orbatl would
be sun—synchionous at this alticude, (Dackinson
et al, 1974) The nedal perzed of this sun-
synchionous orbit 1s 101.56. Sunece the earth
revolves uneer the orbat to the wast, and the
orbit. precesses slightly te Lhe cast, each
nodal crossing is apmoximately 25.4 degrees west
of the previous crowsing. 1he sensor scans ?6.6
degrees of latuude across the subtiack. The
very high resolutaca visusl radiometer ehal
providea the data for tha< study has 2 spectial
range of 0.4 ta 1.) miciometers. lhe resolution
of the imagery 1s nominally 0.6 km (.33 n.m) at
the sztellite subtrack., This deprades slowly Lo
about 3,7 km (2 n.m) at Lhe edge of the data due
to foreshortening. 1t 19 interesting to note
that vhile each nmlal erossang 1s 25.4 degrees
wesl of the previous crossing, the wudth of Lhe
scan tidch 18 2606 degrees of latkitude. Thas
causes a 1.2 depree averlap at the equator
between =uccessive pacsces whieh becomes
progressively Jarfer as Lhe satellite approaches
either pule. Although the iesolution at the
edge of the scan 1s degraded by loveshoitenang,
if the area of interest Falls naar the ed e of
Lwo successive pas<es, data can be ebtained on
cloud movement and cloud growth occureing during
the 101.56 minute oybrtal perfod. The satellate
used for this study (sl 8531) has a nvontime
sun-synchronous ornit, Teor the arca of interest
in this paper, 2 lataitude range fron 32 degrees
to 47 degrees nortly, the longitwde of the
ascendirp node of Lhe satellate as about 7 teo
13 degrees east of the lopgstude of the satellaite
subliacl,. Since best reselution is obtained vhen
the satellite subtiack passes over or very close
Lo the area of anterest, the local solar time
of ratellite passovir vearies Lrom about 20
minuies hefore local noon at BGS Lo about 35
minutes before local noon at IMLS,

4. STLIL IDERIXIF1CATION

The method chosen lor accurately
locatang the study dreas on the satcllite imagery
involved producang an overlay containing several
propecly located geographical refcrence points
large cnough Lo be casaly visible on Lhe imagery.
1he study areps vere then accurately positioned
on the overlay with respect to these landmarks,
Sinee 1ost days duraing the summer had large areas
of clear skies, the method worked well. On days
vhen landrmirhs sere obscured by cloud, the seudy
ares overJay was accurately positioned using the
grid supplacd with the satellite imagery. It

has heen estimited that Land or Toud fearumcos
can be Joutted to wathu 2.8 km (3.5 n.m) across
tracrk md 5.6 ke 3.0 n.t*) an Lthe concet Line
usangt the grad (Wi o<con ot 1, 1974). The
landmark method appeared Lo worl equally s Ll.

5. SYROPTIC VAT R PATTE] bl

In order to provide i bellor
bactmround for tha cloud « 1imitolopy data,
brzel ruwaary of signiiicant weather prttuiin.
for Sumwr 1974 1= 1ncluded here Thi weat hey
of June 31%/4 wan characturteed by a vell
developed broad ridee over the westein wfat¢s
which was accorpnicd by pererstent clowr shies,
warmer than normal mindmum tewmperaturcs, and
gencrally below norm~] precipitation escopt lm
portions of westorn hannas and eastein Colarada,
The first week of June wis cool ant vet * 1th
gnow falling in the (olorado mountaips Jene 8
and 9. The vamm and diy pattern booare
established the second week of June and main-—
tained itself for the rest of the month
(Taubensce, 19/4). The mean 760 mb ridpe
migrated olightly eastuard duriap July ad
became estapliished over the (entral Plits, The
HIPLEY arcas were warwer and ¢drier than normal
with the greatest precaprtation deficieney peing
observed in thz €BY and BCS axcas. The Colorado
nountain and plains arcas generally roported near
normal Cciperaturcs in the mowtfazns (”'lmu‘r,
1974). There were warhed circulation (hanees
from July Lo August over the western sizales and
Great Piains area. Tioughung 2t 700 ub repl wed
the mean ridpe over the central plaine re<ult ing
sn cooler thin normal Lompeiatures oves the
entire rceplon,  Precipitition was gene~1ly
dbove norma] an tie southern and central plians,
near normal 1a eastern Hontana, wvith all th
arcas 1n Colorado wnvolved in this stud/
recelving less than norrel precipitation
(Pickson, 1974).

In Colorado dur:ng the sumrer
months, storms Lypiedally form over the mount.ains,
transiale and propagate castward onlo Lire Hagn
Plains during the afternoon -md evening. lhe
wechanism for storm fowmatreon is 4 combination
of diuvrnal heataing and Jocal mountain-vallewy
breere circulation, The propagation scecme Lo be
controlled by leo Jevel flunes of heat and
moisture, the stability, and the atmoephirie wind
structw ¢ (Libes, 1976). Sance this study 1. a
climatoTogy 3 epresenting only one point n tike
during the da,, thais effect 1s reflected v the
sizc and uumber of clouds observed an the aieas.

6. DATA ACQUISL1ION

Very Iiigh resolution vieual data
for the rouths of June, July and August, 1974
were obLainced from DISP archives maintained by
the Mavere ity ol Uisconsin, ip the foim of
trangparcrcies produced from original <atellste
analog dits. Eighty-eapht days of very haph
resolution (0.6 Lm) dita wore availsble and four
days of hiph resolutson (3.7 L) data walang a
complete et of 92 days of satellate imaperv
near lecal noon available for analysis, lhe
scale of the 0.6 trn dava 49 1:7,5090,000  and
the scale of the 3.7 km rs 1:15,000,000. Two
data r1cduction methods were employed. he [irst
involved subjectave classiflcations of clouus in
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This table shovs Lhe parcentage of days of cach type of major syooptic el insificotion,
Figmics in parentheses Luicare the percentage of occunrence of each ¢loud category

witlun the me ovseale classaivcation.

LXPERIY 1 SITES

2 3 4 5 6 7
CLOUD CLASSIFICME10N 1 HLS By BGS LHEE PLD SPK ARK
COLD TRONT (bynept e Scale) 19% 187 1% 54 2% . 3% 4
UPSLOPE 5% S% 6 7% 6% . 1% 17
MLSOSCALL 76% 7% 93% 89¢ 927 YY" 907

SMATI] CUHOLLS (31%) (41%) (36%) {52.) (25%) (27%) (29%)

< 2 km dia.

150T.A1LD CR (337%) (41%) (27%) (34%) (65%) (49%) (447

CLOUGD CLUSLER (4) (14%) (24%) (2% (67} {20%) (254)

CLOUD LIRLC {232) (2% (47 (10%) (2% (2%) (z%)

EMBIDDLD CB 8%) (2% (9% (22) {(z) (2%) (27)
1OEAL SAMPLL SIZL (days) 92 92 92 92 92 92 92
NO. O DAYS 'I1ll CLOUDS 59 61 59 46 G5 76 75
% DMIS ULTH CLOUDY 64% 66% 64% 50% 71% 83z 827

the project arcas by cloud type and cloud amount..
The sccond method anvelved dagitizang Lhe images
of project arees on the Optical Data Drgivizer
and Dasplay System (O0°) at Colorado State
Universaty. The components of the 0D3 system
are a vidccon camera, a television screen, a
small corpuler, and & typewsaiter foT Lransmitting
Instructions Lo the tystuem. The computer was
prograwned to sense brightness levels from the
screen and convert these into digstal data. The
data 1s stored on miagnetic tape for later
processang. Lot rhe dagiti-ing process, one
pixel or one data bat was cquated Lo the resolu—
tion of the imisiery such that the arca repre—
senLed by one pitel was equal to Lhe haghest
resolutron of the senser.

7. DATA CLASSISICALTION

Subjcetave elassaflication of the
data with respecl to synoptic and 1soscale
iuflvences wis perfarned by inspection of the
satellate imagery. Table 1 shows Lhe cilegories
used aud the percencage of days during Lhe
swrmet Lhit each of these cloya types and
wealher types wvas prescunt. Three major cate-
gorles , cold fiont, upslope, and mesoscale,
were condldered. Mesoscale systoas were [ ther
divaded and values en pas cnthe:es show the
percentage of mesoscale dav. offecled by the
respective cloud types. Thiese davisions were
patierned after a cloud study of the HIPLIX arcas
by Revaolds and Vonder Haar (19/5). The swmall
cutlus category was added because of the
increased resolving power avairlabae from the

DISP sensor. llesoscale proceeses domingled

the weallier paitern over the vegion Tor wost of
the sumwer., Tho Luo mosh common mesosc.ale oloud
types observed on the nnontime wmagely at alld
areas vere the small cumulus, and the i1selated
curmlontebus, Trom Table 1 1L 15 scen that
wbedded cumuloninbhi account Lor 9% of Lhe
mesoscele occuriences at ‘WS, 2% at CBY, and 9%
BGS. If rhe small cumulusr category is removed
to male the gata more coniparibie with the
Reynolds and Vonder daar study and the meso-
scale percentages arve tewalculated, Imbodded
custulonimbl then account for 137 of Lhe resoscale
weather oceurrences at 1S, 3% at CBY, ond 147%
at BGS. 1hese percentdses are latger than those
detcenraned by the previously menitoncd scudy,

no doubt due in part Lo the setiter resolution of
the VP data, Irvental activily was more
appaient al MLS and CBY than at any of the other
arcas, In both e2ses, most of this aclaivity was
observed during the wonth of August. Suilace
frontal systeins dud net appeal to pencliale as
far south as BGS until the last fow days of
Augusi. A larvge number of days when no ¢louds
could be secn owcurved at every i1ea eveepb SPE
and ARK. The fewer nuaber of cledr days at these
statiors can be considered an indication of the
elfectiveness of the ~vrfice heiting, mountain-—
valley ciieulation repzmwe 1n producing, cumnalus
clouds. 1These statistics, thouph i1n syimilar
format to Reynolds and Vander Haar (1975), are
not dircctly caaparible due to ihe inclusion of
1972 and 1973 data 1o the previous siody.
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8. DATA ARAEYSES cjondy vore obeeyved ot U tlnce HEPEE s neas,
- more a¢ o the northorn and contral pl 1das,

The digltised drta ditiniacd probably due 1o g gloater Trequency of sanoptic
Section 6 haw bheew subjected Lo a nurhen of Lests, scile effects.  PID, SPK, and ARN were all
The {irst wovolved determunirg clowd £17a6 zod suid oroan clowd e Cthe Toast mmmber of clowds
cloud wusbeys for cacl of the areas for Lhe pretent were on Lhe contral nortlain plains
sunmer ol 1974, Fhrs is dore by selectung a averaging 4 to 6 per 10,000 b’ . ilere clouds
braghtness threshicld 1o the «Touwd border and WelC present af BGS ned MD, but, by far, the
sunming «31 of the pl (14 withsin that horder Lo giedtest number of clouds were preosent over the
determivre the total arca of the clowds. motnldin atcas.  Avii e coverape was sparse
everywhere east of Lne noumbain, b this tiue
the claoud brapghiness Lhieshold was wilh the groatest pricent cloud cover over Lue
chosen by ¢orparison of printouts of clovl motmlaiin sltes, ‘this compires woll with Lhe
pictures with pirantouts of actul digrid.cd typical diurral summertime cloud regine oves
brightness values Lor each [ile. lhe compater Colorado. hese satellaie data are a valuable
senses each closed Lhreshold brightness value teol for determinling cloud popeliciorr aud with
contour as & ¢loud. The total nuaner of clouds Lthe advont of grosynetnonous sitellate data.
per site, the total ¢loud coverage for the day Cloud systems can be followed Tom developaent
studied, and the average size of the clowls to dassipalion at half{ hour time iucrements,
within the site area werc caleculated. Table 2 '
presents a summary of this output for tune monih 10. ACERIWLLDGEMI LS
of July 1974. ‘“ihree tabulations are presented,
the average percent of cloud cover, tae aversge This research was supported in
nusber of elouds nowmali.ed to an area of part by the Hational Acronautics aml Space
10,000 m=, and the averape sise of the clond in Adsanzsiration under Grant NSG-5011 and by the
kmé for each study area, AL both MLS and CBY - Hatioual Science loundation under Grant LT 71—
the average clowl size was relatavely laige bur 01885-A03.
the number of clouds per 10,000 ki* was low.
Thase data would seem to sndicate that wvhen 1. RLILRLICES
cenvective telivity was piresenl 4t neon 1t was
already well developed. The data for BGS in Dackinson, L.G,, S.T. Boseclly, 1ET, and 17,0°
conjunction with Table 1, showed that large Burgmann, 1974+ Defense lietcorelogical
nombers, of small cumulus clouds predominated at Satellite Progiam (DMSP) User's Guide
noon but (hat the few cases when lawger AWwS=Tech. Report 74-250, 98 pp.
cumulonimbi wes o present increcased the average
andividugl cloul area, NYRW, PLD, SPX, and AR, Dickson, R. R., 1974: Weather and Cireulation of
when considered Loqaether, corrobordate the Angust 1974 - Relref from Veot amd ourht in
descriptien of a typical weatnerg day over the the Tentral United Sitates. ifon. Vep. Rev.,
mountains and hagh plains of Colorado, Since 102., 807-811
SPIL anu ARK air2 hoth loeated an the wountaans,
a noontime climatology should <hov a velatively Lrbes, R. E., and 1.0. Grant, 1976: A Kiner-iac
hagh amount of clouds an these areas. 1has was, Deseripleon of woawe Colorade Thundelscorns.
1n fact, the case wvach SPK and ALK Lhaving an Prepronts of InL’l Cloud Physies Conf.,
average cloud cover of 20.37 and 27% respectively. Boulder, Colorade.
lhere were a large nunber of clouds present with
individual cloudw ha.ing relatively lavne si.oos, Hensz, T, ¥., 1973+ Characteristics of Sevelc
YLD, located adjacent to a “hot spot” for tlhunder- Conveclave Storms ou Colorado’s hizgh Plains,
storm development had less averapge cloud cover Proc. 8th Couf. on Severe Local Siorms,
than the mountaxn areas and fewer clouds, Sance Amer . MeLeor. Sce., 96-103.

all of the activiry analyred at PLD {or this

monlh vas convoctive, the clouds that weic KCAR, 1974: Calendar of Events Duting 1973 Tield

present al tls time were aliecady well davcloped Operations of the Mational NHail Rescarch

and they tended Lo be posrtiened at the vestern Esperament., NHRE Data Report No. 73/1l, 62 pp.

edge al Lhe area, RHRE, beang further away fren

the mownirains had a low average percenl «loud Reynolds, B.UW., and ¥. H. Vonder Haai, 1975,

cover, fcw clouds, and 1 small average cloud Satellire Support to Lhe HIPLLI AcLavii:ies

si1se.  On mosi days durang the month the for 1974, 1Ian.1 Reporl to Burcau of

mountain thonds rostotn cycle did not bepsn early Reclamat ion, Contract No. 14-06-D-76710, 137 pp.

enough for Tugpe cells to rewch BHRL by pass tlme.

Althouph not appliciblc to these data sets, cloud- Tlaubensees, Ro 1, 1974, Weather and (liculitzon

iness should hwe ancreased in the RHRE, LS, CRY, of Junc 1974 - Taciecasing Droupht in the

BGS, and PLD areas later an the alternocon due Lo Northwest., Mon. Vea, Rev., 102, 662-650.

eastward translation and propapation of mountain

indeced timnder.toras, with « coriesponding Wagner, A.1., 1974, Ueather and Circulslion of

decredse 1n mountarn cloudiness, huly 3974 - lleat Uave and Drought Quer the
Middlie Thard of the Country. HMon., Wea. Rev

9. SUMNHARY 102, 736=742.

Hesoscale processes domanated the
weat her pattern over the ealure wiwdy region,
not e so ovelr the meountains than over the ptarns
areas. 1lhe wmillest and least developed clowds
were observed at NHRC. More developed, larger
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Table 2

Moem values for dow with eloude, July 1974

MLS LIY BGS NHRE ™D SPh ALK
Average Cloud Cover (Percent) 4.9 16,1 8.3 &4 11.1 20.3 27.0
Average Mumber of Clouds/10,000 Lmz 4 6 9 8 7 18 19
Average Srse of Cloud Lmz 144.1 172.1 87.3 54,7 158.1 115.2 40,5
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1. INTROTICTTION

Modeling of tne visible rad:zation
scattered from semr—infinaite te finite size clouds
has been attempred for several years. Hansen
(1969) and Twomey, Jacobowitz and Howell (1967)
resolved that for a planme parallel atmosphere
with semi-infinite clouds having optical depths
near 100 (clowd 1 - 1.5 km deep and having liquid
water contents of 2 gm/m°) that these clouds
would be at their maximum brightness. These re-
sults showed that remote sensing of clouds in the
mid-visible wavelengths would be of little value
for clouds of any real vertical extent, and it
would be impossible to determine anything about
the clouds microphysical properties. However,
observatioral measurements from satellites of
convecrive clouds of significant verrical extenr,
(»>2 km), have shown increas:ng brightness with
increasing height, Graffith & Woodley {1973),
Reynolds & Vonder Haar, (1973), Griffith et. al.,
(1976). Recent work by Busygin et. al., (1973) and
McKee and Cox (1973, 1975) have shoun that the
fin'te cloud poses a particular problem for mon:-
toring 1ts brightness due to energy passing through
the vertical sides of the cloud. Thus thexr rea-
sonang for this, observed brightness-height change
1s related to the fact that as the cloud grows it
becomes wider as well as inicker making side ef—
fects less important and alleowing more lighe to
be reflected off the top. However, even this
theory does not account for some of the observed
change in braightness for semi-infinite clouds
whicn will be reported in this article.

During this past summer, a unigue
data set was obtained during the South Park Cumulus
Experiement (SPACE). Data on cloud dimensions and
cloud position were collected through the use of
two cameras which simultaneously photographed the
e<perirnental area. Since these stereo photographs
were taken 1n a time lapse mode, the growth charac-
teristics of the clouds could also be deduced
Cloud microphysical data for the experiment vere
collected by zircraft, radar, and surface obser-
vatians. Three aireraft were used to penetrate
the cumulus clouds  The CSU Areocommander and the
Universicy of Wyomaing Queenaire both are instru-
mented to study cloud microphysical processes
Emphagis 1s placed on collecting data pertainirg
to cloud particle distributions, IN and CCN con-
cgntrations, and liquid water contents as well as
the state patameters The XDAA/NCAR Explorer
sailplane, because of ats ability te remain 1n the
clouds for extended periods of taime vhile collect-
ing microphysical data, was a particularly unique
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data gathering system which was ut:ilized exten-
sively in SPACE. The Limon WSR-57 10 cm radar

and the CSU M-33 10 cm radar provides data om
position, intensity and metrons of clouds with pre-
cipitation sized particles. The CHILL dual 10 cm
and 3 ¢m wavelength radar with doppler cavaoilities
was used to determine position and intensity of
natural clouds and was also used in radar chaff
tracer experiments which have yielded substantial
data on cumulus cloud microphvsical processes and
on cloud morphology. A surface meso-net collected
data or low level fluxes of heat and moisture A
surface chase vehicle provided data on precipita-
tion type and size distrabution, Severzl daily
air mass soundings were taken to provide data on
the changes experienced by the non-cloud air mass
and provided a reference for satellite derived
cloud=top temperatures. All these data complement,
support, ana strengthen observations made by the
satellices of the South Park regiom

Along wath rhas data, digital SM5~2
(Synchronous Meteorological Satellite) visible
(.5 - .7 um) (.9 km resclution at SSP)} and 1infrared
(10 5 - 12.5 un) (9 km resolution at SSP) radiance
data were received for this area through the Mirect
Readout Ground Station at White Sands Missidy f e
This allowed us to observe reflectince pacterns of
the clouds as well as estimate ticis tep hersits,

Using the Mente Carlo cloud model |
for finite clouds developed I ‘ichee and Lo, (1973)
we used different distributions of drop sizes and
numbers (Deirmendjian, 1969) along with varying
cloud depths and widths to determine hov theorxy
would predict what the satellite would view from
1ts given location in space  Results of these runs
along with satellite observed reflectance will be
presented in the following sections

2. MODEL CALCULATIONS

Fig. 1 shows the two drop size dis-
tributions used 1n the model (C.1, C 3), along wath
the average distribution observed during the last
3 days of SPACF. WNote that the two distributions
used bounded that observed during this peried so
that C.2 results would fall hetween the curves
shown 1n Fig. 2  From Deirmendjian (1969), we ob-
tained the 2 phase functilons and volume scattering
coefficients for a water cloud at a wavelength of

7 ym  The phase function labeled C.l 1s charac—
terizaed by a very strong forward scattering peak
while €.3 1s not nearly as strongly peaked. Accu-
racy of the computations depends on the number of
photons processed through the computer program
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Fig. 1. Particle size and number distributions
avarlable for model input (Deirrmend]ian,
1969} South Park observed discributions
are shown as the dashed line dnte
curve continues upward showing large
number of small particles.
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Fig 2. Yodel results showing small variation an
relative radiance for C.1, €.3 arop size
gi1stributiogns over the optical depths
shoewn  Note also that a cloud slab
having a widih to depth ratie of 5-1 by
optical depth 80 as very nearly egual an
braightness to an infinite layer.

The accuracy of the relarive radiance for a semi~
wrfinite cloud and the top of a cubic cloud z2s
indicared by error bars.

Fig. 2 shows the results from thais
computational study. The first test was to deter-
mine what effect the two drop size distributions
would have on the reflected braghtness for the
top of a cebic eloud. To orient the reader, for
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a cloud havang a C.2 particle distribution and a

T = 80, 1ts" vertical depth would be 1 5 km and
nave a liquid water content of IS5 gm/m3. The two
curves show that over a wide ranee of optical
depths, there arpears to be 1 srmall effect due to
phase functions which were determined from the
drop size distributlons This confirms the early
work by Twomey, Jacobowitz and Fowell that remote—
ly semsing cleouds in the mid-visible wavelengths
for determining their micropnysical structure
seens unrlihely.

The second study carried out was
te determine the differences :n reflectance be-
tweent infinite and cubic clouds Fig. 2 1ndicates
the relative radiance for the semi-infinite cloud
15 zbour 50% greater than fer the top of the cube
at optical depch of 80 The relacive aifference
inereases for smaller optical depths. The semi-
wnfinite cloud 15 near a theoretical limit fer
optically thick clouds as the slope of the curve
15 nearing horizontal. The cubic c¢lowds hive a
theoretrcal limit wdeatical to che serm-infrnzite
eloud but require a much larger ontical thicknass
to approach this limit. Cousequently, the cubic
cloud would continue to get brighter for increasing
optlcal thickness.

A thivd feature i1s indicated by
calculating the relative radiance for a cloua with
2 width to depth ratie of 5 to 1 while rarntaining
a square top. Theory indicates the radiances are
claoger to the semi-~infanite laver tnan to the cube.
Obsexrvations 1llustrated an Fig 4 indicate a ratio
of 10 to 1 needed to approach a marimurr brightness,
Feal clouds do not have flat tops 2s 1s the condi-
tion of the cube. Irregular structure a5 likely
to slow the transitioa to a semi-iniinite laver,
since small arregularities will retain character-
1sties of smaller clouds,

3. SATELLILF OBSERVED RLFLICTED
BRIGHINESS

Digatal SMS-Z VISSIR (Visible and
Infrarved Spin Scan Radiometer) data was obtnined
for August 6, 7, and 8rh during che initial seages
of convection over South Park, Colorade. The SME-2
satellite was positioned at 115°0" during this per-
10d grvang 1t a nadir angle of che South Park area
of 46° and 17° vest of a due sourh wvies Thas
gives S!S a ground resclution in this area of 1.2
km 1n the visible. The infrared sensor on beard
allowed cloua top temperature/heights to be deter-
mined for clouds with horizontal dimensions greater
than 12 km. Thus only large clouds could he viewed
For those clouds where heights could be determined,
the maximum heights ranged te 1 53 to 2 km TFag. 3
1§ an SMS5-2 view of the South Park repion showing
the raoge of cloud sizes observed on August & which
was ferrly typical of the clouds observed on the
following two days although this day may have been
a little more active. A comparisoen was first made
of satellite measured vasible radiance versus satel-
lite derived cloud top temperature for co-located
$MS wisible ~ IR digltal sectors. Nine separate
sectors were compared for the three davs, all within
1 hour of local noun. Approsimately 250 dacz poincs
per picture were correlated From this, correlation
coefficients ranged from -.3 to ~.65 These were
fairly low correlations ard seemed to show chat
visible radiance was not well related to top remper-
ature/hexght. The relationship between visible
radiance and cloud horizontal dimersions was al«o
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Fag. 3. SMS-2 .9 hm visible image for 1845Z
6 August 1975. Area of interest is
shown. Scale: 1imm = 6.2 km
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Fig. 4 Satellite derived maximum cloud braight-
ness versus horizontal width for 63
clouds investigated during this three
day period. Numpers under points repre—
sent multiple data points at this loca-
tion

wnvestigated Clouds were chosen from the three
days at three different times around locel noon
and their horizental dimension and maximun braght-
ness were determined, Fig. 4 shows the results
of this study which indicate that the braghtness
does not level off until the wadth approaches

20 km  For clouds approaching the 2 km neight
the ratio of width to depth 1s 10 to 1. This 1s
well past' the 5 to 1 i1atio suggested by HcKee and
Cox where the braghtness changes should level off
This curve may be demonstrating a lack in the
model 1n 1ts handling of the cloud top surface
features. As was mentioned earlier, the model
hanales only flat tops of cloues, while we know
that growing cumulus are distorted, rough turrats
It 3s felt that due to this cloud top configura-
tion, that a clouwd may not approach the infinite

stage until much further in 1ts life cycle
when the top begins to flatten and glaciate.
We should add here that maay of the larger
clouds viewed were conglomerates of clouds
spaced c¢loser together chan 1 2 km so were
averaged by the sensor into a large cleud.
There may pe some interaction between the
cloud sides that we see but this 1s assumed
to pe small compared to cloud top reflectance
properties. Ranges of visible radiance
measured for these clouds for the wavelength
interval used agrees well with what theory
predicts. The discrepancy occurs 1n the
sizes of clouds over vhich thas range should
exist, -

.

&, CONCLUS IONS

Several results have beenr obtained
through leooking at theoretical and observa-
tienal cloud reflectance propert:ies

1) Cannot remotely sense the micro-
phyvsieal structure and chanme taking
place in cumulus clouds in the mad-
visible spectral region for clouds
greater than 1.5 km in depth.

2) Can predict that geometrical factors
will strongly affect the cloud
brightness and far outweigh micro-
physzcal changes but have not pre-
dicted these changes for clouds of
width to depth ratzos as large as
that observed from satellites (10.1).

32) The theory used can predict the
range of brightness that should be
observed, but does specify the width
to depth raties im accord with ob-
servations.

4) Discrepencies from theor: and obser—
vations may be due to theory not
adequately reopresenting the non-
uniformity of the cloud top whach
we feel strongly controls the bright-

' ness observed from satellites.

Work 1s progressing en moairfying this
program to handle more of the shape factors i1nvolvea
with clouds as well as streamlining the computa-
t1onal scheme to veduce the noise problem Tt ap-
pears that some reflection ir needed on previcus
work which has compared satellite brightness to
cloud heights and rainfall rates and liquid water
contents, We may better apprecisre what these
apparent briphtness changes 1n observed clouds are
actually telling us through both theorveical model-
ing and comparison from ground and qircrafe observed
cloua structure, as well as satellite observations.
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ABSTRACT

‘The relationship between a curmnulus clouds’ brightness, honizontal dimension and 1nternal mcrophy sical
structure are mvestigated Cumulus clouds located over the South Park region of Colorado are observed
by the SMS-2 satellite and their boghtuess and size are determined Aurcraft observations were made in-
cloud to obtain the drop size distnibutions and liquid water content (LWC) of the cloud A Monte Carle
cloud model 15 used to rmutate the sun-satellite-cloud geometry mn an eifort to understand the role of cloud
size and microphysical structure 1 affecting cloud brightness

Results show that for clouds of optical thickness between 20 and 60 (1 e, LWCof 0 037 gm~2and 0 11 gm™
fora 2 km deep cloyd), mformation about a cloud’s LWC may be obtained through monitoring cloud bright-
ness for clouds of unuorm depth and vanable width Theoretical results using this Monte Carlo method
approamate very closely the relative brightness changes of clouds of the size and depth monttored by the
$3IS-2 satellite for these tew da2ys Theory and observation both conclude that 2 cloud having a wadth to
depth ratio of approsimately 10 1 (and constant optical thickness) 15 rearly reaching 1te masimum bright-
ness Theory predicts that geometnc factors afiect cloud brightness more than mucrophysical changes.

It 15 also discussen that the previously reported work on the cloud height-cloud brightness refationship
may indeed be seemng imncreazing brightress with increasing honzontal size changes (si1ze being related to
height) with finite small perturbations on top of the growing cloud slowing its approach to masimum

brightness

1. Introduction

Modelng of the visible radiation scattered from
seiml-inAnite to hnite size clouds has been atiempted
for several years Hansen (1969) and Twomey e al
(1967) found that for a plane-parallel atmosphere
with sem-mfimite clouds having optical thicknesses
near 100 (cloud 1-15 km deep and having hquid
water contents of 02 g m=®) that these clouds are
within 20%, of therr mawumum brightness These
results showed that remote sensing of clouds in the
mud-vistble wavelengths would be of httle value for
clouds of any real vertical extent, and 1t would be
mmpossible to determine anythmg about the micro-
physteal properties of the clouds However, obsersa-
tional measurements from satellites of convectre
clouds of stgmficant vertical extent (332 km) hame
shown mcreasing brightness with mcreasing height
(Gr:iffith and Woodley, 1973, Reynolds and Vonder
Haar, 1973) Recent work by Busigin e af {1973)
and McKee and Cox (1971, 1976) has shown that
the finite cloud poses a particular problem for mom-
toring 1ts brightness due to energy passing through
the vertical sides of the cloud Thus ther reasonmg
(022-4928/78/0160-0164305 0¢
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for this observed brightness-height change is related
to the fact that as the cloud grows 1t becomes wider
as well as thicker, making side effects less important
and allowing more light to be reflected off the top.
To further understand cloud bnghtness changes,
a small study was performed using measured satellite
brightness data and comparing these to eapected
theoretical resulis

The South Park Area Cumulus Experiment (SPACE)
collected mucrophysical data on cumulus clouds m
South Park, Colo, during the summer of 1975 The
data set included cloud drop size distributions made
with an electrosiatic disdrometer (Keily and Mllen,
1960) mounted on the NCAR/NOAA Evplorer sail-
plane This instrument measures cloud droplets from
4 to 16 um in 13 pgm increments and has a mnth
channel for cloud droplets >19 pm Tiguid water
contents were stmultancously measured with a Johnson-
Wilhams hguid water content meter mounted on the
Explorer .

Along with these data, digital SMS-2 (Synchronou
Meteorological Satellite) visible (0507 um) (09 km
resolution at SSP) data were received for this area



NOTES
through the Direct Readout Ground Station at White
Sands Missile Range. This allowed us to observe
visible brightness of the clouds as well as estimate
their top heights from the infrared readout using an
appropriate témperature sounding.

A’ Nonte Carlo cloud model for finite clouds de-
veloped' by McKee and Cox (1974) was run using
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different distributions of drop sizes and numbers
(Deirmendjian, 1969), winle varying the cloud depth
and width to deterrmine how theory would predict
what the satellite would view from 1ts given location
in space Comparison of these results to the satellite
observed reflectances will be presented 1 the fol-
fowing sections

2. Model calculations

Fig. 1 graphically compares the two theoretical drop
size distributions (C.1 and C 3) used in the numerical
stmulation of satellite measured wvisible brightness,
with the average drop size distribution observed on
6-8 August of the 1975 SPACE field program The
specific values but not the shape of the depicted
theoretical distributions are dependent on the hiquid
water content (LWC) of the clouds. C1 and C3 m
Fig 1 are adjusted to a LWC of 0055 g m—3 which
was the average observed LWC of the three days
under study. The daily average LWC values ranged
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Fic 1. Particle size and number distnbutrons used for model
irput {Durmendpan, 1969} Average South Park observed dis-
tr:bunans for three case study days are also shown
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radiznce for C 1 and C 3 drop size distuibutions over the optical
thichnesses shown Note also that a cloud slab having a width
to depth ratio of 5 1 by optical thickness 80 s very nearly
equél 1n brghtness to an infimite layer

80

from 0047 gm~2 on 8 August to 0 07 g m—3 on 7 August
This was lower then one might expect for cumulus
clouds but we feel these numbers are representative
The observed drop size distribution 15 alse plotted
on Fig. 1, primarily to allow a comparison of the
shape of the observed distributions with the theoretical
distributions utilized 1n the numerical stmulation The
drop size distnibution observed with the electrostatic
disdrometer has several problems which are discussed
by Dye (1976) One promunent difficulty 1s that the
LWC integrated from the electrostatic disdrometer
15 typically half the LWC observed with a Johnson-
Wilhams (J-W) hqud water content meter The
average LWC as observed by the J-W on 6-8 August
was ~0 18 g m™® Second, the distnibutions are skewed
toward smaller drops by the electrostatic disdrometer.
The observed distributions were measured along the
enfire vertical erient of the clouds For the three days
studied, the distributions were generally monomodal
and showed good collowdal stability The saplane did
observe 1ce particles m the clouds but ice particles
are not considered 1 the celeulations presented
Esvaluation of both theoretical distributions C 1
and C3 were processed through the model because
neither distribution exactly approvimates the observed
distributior and the sensitivity of the simulation may
be sensitive to the shape of the distribution The
theoretical droplet distribution C 1 and €3 and cor-
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responding phase functions and volume scattering
coefficients (at 0.7 um wavelength) for a water cloud
were obtained from Deirmendjian (1969). The phase
function labeled C.1 is characterized by a very strong
forwardscattering peak, while C.3 is not nearly as
strongly peaked.

The relative radiance from the cloud top for the
satellite geometry is shown in Fig. 2 for a cloud layer
of specified thickness and of semi-infinite horizontal
extent (C.3), a cloud with width 5 times the depth
(C.3), and a cubic cloud with two different particle
size distributions. Relative radiance is presented as a
function of optical thickness defined by

F=r —[ 3“"51 (1)

in which 7 is optical thickness, s the distance and 3
the volume scattering coefficient. The volume scat-
tering coefficient is determined by the drop size dis-
tribution and the liquid water content. For a given
drop size distribution the scattering coefficient varies
linearly with liquid water content. Consequently, the
optical thickness varies with the three parameters of
the drop size distribution, with liquid water content
and with geometric distance. Accuracy of the com-
putations depends on the number of photons processed
through the computer program. The accuracy of the
relative radiance for the semi-infinite cloud and the
top of the cubic cloud are shown by error bars for
one standard deviation. For reference, a cloud with
a C.1 particle distribution, an optical thickness of 80
and a liquid water content of 0.15 g m~ has a vertical
depth of 2.0 km. The two curves for the cubic cloud
indicate only a small change in relative radiance due
to particle size distributions for a large range of
optical thickness.

In contrast, the changes in relative radiance for
the semi-infinite cloud is about 509 greater than for
the top of the cube at an optical thickness of 80.
The relative difference increases for smaller optical
thickness. The semi-infinite cloud is approaching a
theoretical limit for optically thick clouds as the slope
of the curve is approaching zero. The cubic clouds
have a theoretical limit identical to the semi-infinite
cloud but require a much larger optical thickness to
approach this limit. Consequently, the cubic cloud
would continue to get brighter for increasing optical
thickness.

Another feature of shape is indicated by calculating
the relative radiance for a cloud with a width to
depth ratio of 5:1 while maintaining a square top.
Theory indicates the radiances are closer to the semi-
infinite layer than to the cube.

3. Satellite observed refiected brightness

Digital SMS-2 VISSR (Visible and Infrared Spin
Scan Radiometer) data were obtained for 6-8 August
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1975 during the initial stages of convection over
South Park, Colo. The SMS-2 satellite was positioned
at 115°W during this period resulting in a satellite
zenith angle for the South Park area of 46° and a
relative azimuth angle of 17° west of a due south
view. Since all observations were made within one
hour of local noon a fixed solar zenith angle of 23°
was used for model calculations along with the satel-
lite viewing angles. The ground resolution of the SMS
visible data in the South Park area is 1.2 km. The
infrared sensor on board allowed cloud top tempera-
ture and heights to be determined for clouds with
horizontal dimensions greater than 11 km. Thus only
large clouds could be viewed in the IR. For those
clouds where heights could be determined, the maxi-
mum heights ranged from 1.3 to 2 km above cloud
base (cloud base determined by surface observations).
Fig. 3 is an SMS-2 view of the South Park region
showing the range of cloud sizes observed on 6 August
which was fairly typical of the clouds observed on
the following two days although this day may have
been a little more active. A comparison was first
made of satellite measured visible brightness versus
satellite derived cloud top temperature for co-located
SMS visible-IR digital sectors. Nine separate sectors
were compared for the three days. Approximately
250 data points per section were correlated including
some noncloudy regions. From these correlations the
nine coefficients ranged from —0.3 to —0.65. These
were fairly low correlations but for this sample size,
still significant at the 19 level. Thus, although noisy,
some relationship exxsts between visible brightness
and cloud height. In an attempt to further explain
this, we investigated the relationship between visible
brightness and cloud horizontal dimensions. It is felt
that as a cloud increases in height, it also increases
in width with the width increase dominating the

t _18:45 0SAUTS

F1c. 3. SMS-2 1.2 km resolution visible 'u'nage for 1845 GMT
6 August 1975. The South Park area of Colorado and sur-
rounding areas is shown in the outlined box. Scale: ] mm=6.2 km.
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Frc. 4. Digital SMS-2 1.2 km resolution visible display of clouds over the Scuth Park region
of Colorado on 8 August at 1817 GMT. Using a thresholding technique only clouds are shown. The size
and maximum brightness of the clouds chosen at random for this studw were obtained off printouts such
as this. Latitude in degrees, minutes, seconds is given on the right along with the character representation

per count interval used.

brightness change. We hope to show this in the fol-
lowing results.

Clouds were chosen from the three days at three
different times around local noon and their horizontal
dimension and maximum brightness [here maximum
brizhtness refers to the brightest pixel measured for
each individual cloud as taken from the digital display
(see Fig. 4)] were determined. Fig. 5 shows the results
of this study which indicate that the brightness does
not level off until the width approaches 20 km. For
clouds approaching a height of 2 km, the ratio of
width to depth is 10: 1.

The solid lines in Fig. 5 are the theoretical relative
“radiunces (brightnesses) from clouds with fixed thick-
ness of 2 km and a variable width which ranges from
a cube at width 2 km to a slab 40 km wide. Maximum
radiance from theory has been scaled to coincide
with the highest satellite maximum (count of 37)
brichtness so that relative changes could be compared
with theory. (Note the convergence of the two lines
at optical depth 40.) Two different liquid water con-
tents are represented to illustrate the effect on cloud
brichtness. Optical thickness 60 is derived from a
liquid water content of 0.11 g m~3 and optical thickness

60

50
(]

55

50

NUMBER OF CLOUDS
K0 $ (210 » 18ITZ B/8/75
(24) « 1915Z B/T75
sk @ . : (201 © 1847 Z B/6/75
(3 {65) CLOUDS

[J *+ THEQRETICAL RESULTS

CLOUD BRIGHTNESS (mox.) RELATIVE UNITS(0-63)

L L L 1 i 1 i )
() 5 10 B 20 23 3% 40 45

CLOUD WIDTH (km)

F1c. 5. Sateilite ¢erived maximum brightness versus honizontal
width for 65 clouds investigated during the three-day period.
Numbers under points represent muitiple data points. Also
shown are the theoretical resuits (for satellite geometry) using
the C.1 distribution for a cloud of fixed depth (2 km) and vari-
able width. The = of 20 and 60 correspond to LWC's of 0.037
and 0.11 g m™?, respectively.
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20 from 0037 g m~3 The theory predicts both the
magnitude of the brightness change and the shape
of the change rather well and mdicates 2 sensitivity
to the hqud water content The sensitivity to hqud
water content 15 actually restricted to clouds with
optical thickness $60 Resalts of Fig. 5 indicate a
distinct possibidity of infernng liquid water content
of cumulus clouds from satellite measurements. Mcre
work 15 needed to separate effects of particle size
distribution and hguid water content on the scat-
tered radiztion.

4. Conclusions

Several results have been obtained through looking
at theoretical and observational cloud reflectance
properties-

1} For clouds of optical thickness between 20 and 60,
information about a cloud’s hquid water content may
be obtained through monitoring cloud brightness
changes for clouds of uniform depth and vanable
width. Beyogd this point, geometrical factors dominate

2) Theoretical resuits using this Monte Carlo
method approvuimate very closely the relative bright-
ness changes of clouds of the size and depth monitored
by the satellite for these few days.

3) Theory and observations both conclude that a
cloud having a width to depth ratio of approximately
10 1 15 nearly reaching its maximum bnghtness for
a specified optical thickness

4) Theory predicts that geometrical foctors wnll
strongly affect the cloud brightness and far outwegh
microphysical changes Thus, fimte perturbations on
top of a large cloud (3>2 km i depth) may account for
these types of clouds increasing in brightness past the
theoretical limits shown here

Some imtial work has been done mn adding finute
shapes onto semunfimte clouds in the Monte Carlo
program These show that the finite perturbations do
decrease the rate at which 2 cloud will reach maximum
brightness Thus theory lends evidence to our final
conclusion that a cloud mey continue te increase in
brightness past previously indicated size limits 1f the
top of the cloud has distorted fimite shape factors, 1¢,
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growing cumuius clouds. As satellite resolution con-
tinues to increase, this finite cloud problem must be
dealt with to a greater degreeif satellite reflected bright-
nesses are to be interpreted correctly with respect to
cloud heights, ramifall rates and liquid water contents
A Dbetter appreciation of these apparent brightness
changes in observed clouds will be revealed through
both theoretical modeling and comparisons to ground,
aircrait and satellite observations
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INITIAL CONVECTICH DURING SPACE!, 1975

7
by
Daniel Breed
INTRCDLCYIION

The reason for locating a cloud physics experiment in sSouth
Park was that the early formation of small, isolated cumuli
over the Mosquito Range and their subsequent growth and move-
ment eastward over éouth Park created a natural laboratory for
surface observations and aircraft operations. This study at-
tempts to determine the time and location of initial convec-
tion {"first puff") in the South Park area using 5K5-2 satel-
lite photos for the 1975 season {(July7-August 7). 'he formation
of these cumulil é%e attributed to the differential neating of
the mountains and to the adequate summer moisture supply in the
park. Location of primary heat source arecas are attempted,
and one case study of thunderstorm oreanization and movement
is presented as an intreoduction to various studies that are
feasible using this data.

The data base for this study was SMS-2 visible photograph:
scanning a particular sector every half hour.2 One mile resciue-
tion photos {one data point per square mile) for the XBE sector
(central North America) were available for the entire period .
and the visible pictures usually began by 14:45 CMT. For part

of the period, one half mile resolution photos were used for

1South Park Area Cumulus Experiment

2There were a few SHS5-1 pictures also.



more accurate location of first puffs when the scanned sector
included South Park {(e.g. 32N102W, printed as the last row of
numbers on the upper right portion of the photo)}. Table 1 lists
the days, times, and resolution of the available visible satel-
lite photos that include the South Park area. A-log book of
field observations and first puff forecasts from the morning
‘rawinsondes were used for verification and comparison of the
satellite-determinedé initial times. The 07:00 MDT sounding was
Fusually followed by én afternoon sounding between 12:00 and
14:00 MDT which would be useful in following the growth of

these cumuli. Other data available for use with the satellite
photos include cloud stereo-photography {(terretrial photogram-
metry), a doppler radar (with hail signal), a mesoscale network
measuring pressure, temperafture, relative humidity, and winds,
and cloud physics aircraft penetrations. Development of precip-
itating cumull, distinction between hail and non-hail convective
systems, wind shear and flow fi1elds are a few satellite projects

that could use the surface observations as ground truth,

PROCEDURE
A. Set-up R

\ The ODJ was used to magnify the pictures so that visual
analysis could be made more easily. ‘I'he digitizer and compu-
ter were not used in this sludy, because the abundance of vis-
ual landmarks in South Park and the complications of setting

up orieatation overlayvs to account for the wobble of the $MS

satellite Jjustified the procedure of visual locations of- first
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DAYS TIMES(GMT) RESQOEUTION DAYS T LSS (GMD) R.SOLUT 10N
7/7 14:45-23:45 1 mile 7/24  14:46-23:45 1 mile
’ " 14:46-00:15 + mile
7/8 14:45-23:45 1 mile
7/25 14:00~23:45 1 mile
7/9 14:47-23:45 1 mile " 14:46-00:15 3 mile
" 20:45-21:15 z mile ' .
7/26 14:45-23:45 1 mile
7/10 15:15-23:45 1 mile u 14:45-00:15 % mile
7/11 14:45-23:45 1 mile 7/27  15:15-23:45 1 mile
" 15:15-00:15 3 mile
7/12 14:45-23:45 1 mile ’
: 7/28  14:45-23:45 1 mile
7/13 . 14:45-23:45 1 mile L 14:46-00:15 3 mile
7/14 13:30-23:45 1 mile 7/29  13:30-23:45 1 mle
" 13:30-00:00 3 mile I 14:45-00:15 3 mile
7/15  15:45-23:45 1 mile 7/30  14:46-23:15 1 mile
" 13:00-23:30 % mile
7/31 14:45~23:15 1 mile
7/16 14:45-23:45 1 mile
" 17:30-23:31 3 mile 8/1 e 1 mile
7/17 12:45,14:45-23:45 1 mile 8/2 R 1 mile
7/18 14:45-23:45 1 mile 8/3 14:45-23:15 1 mile
7/19  15:15-23:45 1 mile 8/4 14:45-23:45 1 mile
7/20  14:45-23;45 1 mile 8/5 14:46-23:45 1 mile
g 16:45-23:45 2 mile n 14:45-00:15 Z mile
7/21 14:45-23:45 1 mile 8/6 15:15-21:45 1 mile
" 15:15-00:15 £ mile " 15:15=-22:16 5 mile
7/22 14:45-23: 49 1 mile 8/7 14 45-21:46 1 mile
" 12:45,14:45-00:15 2 mile " 1h:45-22:15 L mile
7/23 14:45-273:45 1 mile
n 14:45-23:45 % mile

TABLE 1

Available visible satellite photos that include South Park (1975).
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puffs., “he equipment could be used ;n determiming cloud top
brightness or other characteristics in a hail study. Exten-
sion tubes were tested to increase the magnification of the
picture onto the TV screen. But, the contrast became so poor
and the quality of the picture became so coarse that the trade-
of f between magnification and contrast resulted in the use of
the camera lens with no extension tubes. The picture to be
studied was put on the light table under the camera and flat-
tened by the glass cover. It was then adjusted so that South
Park was centered on the TV screen. The f-stop was adjusted
for the best contrast and the focus was adjusted for the sharp-
est picture, This was the initial set-up for examining the
satellite photos.
B. Initial Time

The time of the Tirst puff was determined by examining the
early merning photogravhs by eye or ﬁltﬁ a magnifying glass,
and then choosing two pictures, one with the first visible con-
vective element and one a half hour earlier. These two photos
were examined on the ODB, first checking to see 1f there was
any trace of the cloud in the earlier one, and then using the
photog;aph that contained the first visible cumulus to deter-
mine location. Accuracy of the initial cloud time is # 15 min-
utes, using the averame time of the two photos (no clouds and
Tirst puff). Also, since the resolution is = mile at best,
this time would tend to be an overestimate because of the growth

time necessary to develop a cumulus large enough to see on the

satellite picture. There were a few days when high clouds and
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mesoscale systems obscured the South Park area, and rough esti-
mates were made when the first corvective elements could be
detected on the pictures.
C. Location

The first puff on any particular day was located ds accur-
ately as possible from surrounding landmarks. Mountain valleys,
peaks, reservoirs, and ridges gave a gray scale contrast on the
SMS-2 photos that was readily comparable to an ERTS composite
photograph of Colorado. In order to locate the bouth Fark
area and orient the shapes of the landmarks as they change
with the wobble of the satellite orbit, the ERTS photo and thne
SMS-2 photo with no clouds (and a clear shot at South Frark)
were kept handy for reference, Although detailed topographic
maps of the area were available, the size of the National Forest
maps worked best for the accuracy of this study.

The Arkansas River valley to the west of the hosquito Range
and the westernmost edge of South Park are separated by 10
miles at the narrowest part. About one flf%th of that separ-
ation was detectable over another fifth. In low contrast areas,
this detection limit would decrease to about one fourth. 5o,
although the resolution was at least one mile, visuzl detection
was limited to 2 to 2.5 miles. Allowing for other errors, a 3
mile grid (9 square miles) was set-up og a Pike National Forest
map of the South Park area (Figure 1). A San Isabel sNational
Forest map would have been useful as it includes the area west
of the Mosquito Range, but it was not immediately avallable.

Figure 2 shows the gridded area and some landmarks on a trace



from the ERTS photo.

The grids are numbered with four digits, the first two
identifying the 15 rows (01 the northernmost, 15 the south-
ernmost) and the last two identifying the 12 columns (01 the
westernmost, 12 the easternmost). So, in Fig. 1, the bold
number 5 would be in 0809, the bold 3 in 0409, and the bvold
8 in 1112. (The bold numbers happen to be the locations of the
mesoscale weather stations.) The locations of the initial

cumulus clouds were identified using this grid.

RESULTS

Initial times and locations are assembled in Table 2 and
the X's in Fig. 1 show the grid frequencies of the locatioms,
The general comments in Table 2 describe other convective areas,
areas of further or rapid development, the quality of the photos,
and the days when the park was obscured or partially obscured
by early clouds. If a line of clouds had formed, the brightesp
cloud was considered to be the first. Two or more grid loca-
tions on a single day indicate that there were two or more
clouds of equal brightness on the examined photo. Although the
west side of the park was of the most interest, there were times
when convection was clearly dominant in the north or east areas.
The comments should clarify the differing situations,

The moraing sounding was used to predict the taime of the
first puff. A knowledge of the normal morniig heating rate in
South Park, a judgement of molsture adequacy, and a synoptic
forecast wevre used to determine when the surface inversion

would be broken and how fast and deep the clouds would grow.
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iime and locatiou of fairst pulfs (1975).

COMMENTS

Cu line along los. Range, also Cu north
Kenosha Range.

Many landmarks obscured by early clouds

At 15:45 a Cu shows over 0201, cloudy
over Leadville valley

Partially obscured by early clouds so
first convective element reported

Obscured by early clouds, couvection
starts on 14:45 photo

Two convective elements reported, mostly
obscured by early clouds, photo is Tuzzy

Cne cloud at 1504 on 14:45 photo that
dissipates

Missing 15:15 KB8 photo

Some Cu north of kenoshas at 15:45

Fartially obscured by early clouds, Cu
form over Kenoshas at 15:15

Possibly Cu on 14:45 photo but very light

Cu also over south Kenoshas and Tarryall
Reservoir (0612)

y day early convection obscured by clouds

TABLE 2
GRID
DATE  TIME(GNT)  LOCATION
7/7 16:00 0405
7/8 15:30 0804
7/9 16:00 0303,0703
7/10 15:00 0607
7/11 14:30 not
possible
7/12 16:30 (0701,0801)
(0504,0405)
7/13 15:30 0902
7/14  15:15-15:30 0604
7/15 15:15 0704
7/16 16:00 0704
7/17 14:30 0803
7/18 15:00 0306
7/19 15:30 0105,0903,
0703
7/20 case stud
7/21 [i5:00 0112]
15:30 1104
7/22 16:00 0506
7/23 14:30 0903
7/24 15:00 1103, 0811
7/25 15:30 1104

(of marginal interest)
Over lMos. Range by 16:15

Many early clouds, Cu also over lios.
Range by 16:15

il:45 photo poor quality, 15:15 shows
ravnid development

A line develops just south of Kenoshas

A couple less bright Cu near Sheep NMt.



16:15 shows rapid development in this
area, and development beginning north
of the park

This 1s a lone cloud, none over park
unti1l 21:15

Cloudy over Leadville area, eckis—se-=
3 gfere souHivest

rro xrs dan = 4
e S e =
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Cells beginning in far southwest

Convection reigns by 16:45

1101{very faint) Best convection is south of Buena

TABLE 2 (con.)
GRID

DATE TIME(GNMNT) LOCATICN
7/26 15:30 0712
7/27 16:30 1103
7/28 15:30 0504,0403
7/29 15:00 oLoL
7/30 15:00 0403
7/31 15:00 0605
8/1 not done
8/2 not done
8/3 20:30
8/4 16:00 0502
8/5 17:30 0311,0110
8/6 16:00 0407,0505
8/7 16:00 0704

Vista and over FKenoshas at 22:45

Cu over Thirty-Nine lile Mt. at 15:45,
major cells develop far south end

Cu north of kenosha Pass at 17:15, con-
vection started at north end, over MNos.
Range by 18:15

16:15 photo is fuzzy

Two Cu just north of Copper Mt.
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This was operationally important in determining 1) whether
or not the day was an experaimental day, 2) the best time for
NCAR's sailplane to take-off, 3) the possibility,of an early
morning chafft?hr the doppler radar to follow, and 4) the time
to start the photogrammetry cameras. Table 3 contains the
first puff forecasts from the morning souadings, observations
at the time of launch, and any additional comments from the

daily log that were pertinent to this study. Satellite-deter-

mined times in MDT are included for comparison.

CONCLUSIONS AND DISCUSSION

At the beginning of this paper, differential heating was
sited as a factor influencing convection during SFACE. These
conclusions continue alont that line. All but five days have
initial convection along the eastern slopes of the Mosguito
Range or southeast of the Continental Divide (northcentral to
northwest border of South Park). 1t is obvious that the early
morning sun strikes these areas first, causing an initizl
temperature difference to form between these slopes and the
environment. This is also supported by the fact that convec-
tion was prevalent over the Kenosha Bange on most days. This
range has a northeast facing slope with no ridges to the ezst,
therefore enhancing its abilaity to differertially heat since
the sunrise was a little north of east during the period stu-
died.

Grid 0703 1s reported twice and grid C7C4 1s reported

three times. This hot spot is characterized by the proximity



DATE
7/7
7/8

7/9

7/10

7/11

7/12

7/13

7/14
/15

7/16
7/17
7/18

7/19

TABLE 3

RAOB FORECAST

Not Available (1M/4)

9:30, good moisture and
instability

10:00, very good instab.

9:15, good moisture

10:C0, upper inversion
9:30, low CCL
9:00, two upper level
INVersions

$:00

9:15

9:30, pretty unstable

8:45, pood instab. til
inversion at 18K!

9:15

8:45, ?pper inversion at
1 K

6.5K' (possibly unreported

high clouds)

OBSERVATIONS

7:45, hazy, stratus
over north mts.

7:15, clear, stratus

7:05, fog on foothills
hazy, low clouds

8:20, fair, cirrus
and middle clouds

7:00, fair, scattered
fog

7:10, fair and cold,scne
fog,Cu pancakus on mts.

7:15, fair, clear

6:45, fair, some cirrus
and cirrocumulus

7:55, sone haze, cirrus,
Cu pancakus

7:20, fair, cirrus, some
Cu over west mbs.

6:50, fair,clear,some
Cu over mts.

N/&

Initial times and comments from radiosonde data (in MDT)

SAT.
LOG BOOK COMMENTS TIME
N/A 10:00
N/A 9:30
N/A 10:00
10:00, clouds popping 9:60
all over park, still
gen'l cloudiness
Cu deck til 10:30 8:30
14:30 small isolated Cu
8:00 low clouds 10:30
12:00 scattered Cu
Rain at 15:30 9:30
9:00 first small Cu 9:15-6:30
10:50 Cu starting to 9:15
close 1n on park
N/a 10:00
Convection not material- 8:30
izing thru 12:00
15:00 fair wx Cu 9:00
Clouds are small g:30

pet
o



DATE
7/20

7/21
7/22

7/23
7/24
7/25

7/26
7/27
7/28
7/29
7/30
7/31
8/1

8/2

8/3
" 8/4

RAQOB FCRECAST

9:45 not good instab. til

14.5 K!
106:00
g:30

9:00, two upper inversions

9:15
9:45
9:hs

10:15

10:00, good instab.

)

radiosonde was late and puffs

g:30
9:15

100G

0

:CO
(15

O N

TABLE 3 (con.)
OBSERVATIONS

7:10,fair, middle deck
of Cu, cirrus

6:35, fair,clear

N /A

6:35, fair,clear
6:35, fair,clear

6:50, fair,stratus

N/A
6:45, fair,clear
7:00l fair,stratoCu,Ci
7:00, stratoCu
had already formed by
6:45, faair

N/A

M/A

6:55, surny,clear

8:30, balmy

LOG BOOK COMMENTS

9:00 cameras on
11:00 small showers

9:00 cameras on

12:00 clouds of me-
dium size

N/A
11:00 sailplane up

9: 41 cameras on
10:30 good 1so. Cu

no comments

fl

no comments

sonde very stable

7:30 chaff drop
picked vp by Cu

q004
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sonde stable and dry

13:40 fair wx Cu
N/A

time (?)-fair wx Cu

SAT.
TIME

9:30
10:00

8:130
9:00
9:30

9:30
10:30
9:30
9:00
9:006
9:00

——

14:30
10:00

11



DATE
8/5

8/6

8/7

RAOB FCRECASTS

9:15, good instability
9:15, two upper level
inversions

9:00, capping inversion
at 19 K

TABLE 3 {con.)

OBSERVATIONS

'6:50, fair,clear

7:00, fair, some
cirrcCu

N/A

LOG BCOK COMMENTS

Al very dry, few
small Cu

12:00 sailplane up

8:20 first puff

SAT .
TIiHE
11:30

10:00

10:00

¢l
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of Sheep Mountain and the valley containing Four Mile Creek
(site of the Mountain Met. course two summers ago). Another
frequently sited location is the 1103, 1104 area {twice each).
Buffzlo Peaks are {o the southwest, and Buffalo Neadows and
Long Park surround this area. The area north of Fairplay is
rather active also. Although there is no favored grid location,
this part of %the park is a broad sloping area up to ft. Silver-
heels, Palmer Peak, and Little Baldy Mt. Also, there are many
éulches that could act as pockets for moisture. The mechanism
most probable for initial convection i1s the heating of the ele-
vated surfaces to a higher temperature than the surrounding air
causing convective currents. This heating breaks through the
inversion more quickly being at a higher altitude. Alsc, sone
mixing must occur in the lower levels prior to the break, because
the CCL of the morning sounding was consistently lower but al-
ways close to the true cloud base. The mixing does not have to
be very intense, as 19wer levels with higher moisture content
are close to these hot spots. Hence, convection occurs rapidly
at these locations, transporting moisture effectively to create
the first cumulus clouds in the South Park area.

Some personal observations follow that support these find-
ings. The area southwest of VWeston Pass- appeared as a valley
between the Buffalo Peaks and the Mosquito Range from the radar
site (see Fig. 2). This was often the site of the first radar
returns with the showers often ﬁ%lng northeast over the radar
site. The three or so occasions when hail occured directly

above the radar appeared to come from this region also. It 1s
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interesting to note that the four locations where data was
taken by the chase van (equipped for raindrop distribution
meagurements and electric field changes) were situated just
downwind from these hot spots (e.g. 180°-270°). The chase van
usually locateqés close to the strongest echo as possible.

In summary, the first puffs appeared above slopes with the
longest time of intense sunlight, and followed fairly closely
the predicted times from the morning sounding. Also, 1t 1s
evident that the strongest echo-producing cells may grow from
these first puffs, or at 1east take advantege of these hot
spots. While these results are not earth-shattering, many
interesting studies could be done with the data presented.

As an introduction along these 1;nes, a- descriptive case study

of July 20th is presented.

CASE STUDY: JULY 20,1975

This day was chosen for many reasons., The first was the
fact that initial convection could not be locked at on this
day because of cloud cover, but the day looked too interesting
to pass up. Secondly, half-mile resolution pictures that in-
cluded South Park were availlable and of good quality. Another
important reason was that initial cursory examination revealed
some real intense storm cells developing during the day, and
upoﬁ reviewing the radar log, the 20th turned out to be a day
:‘of many hail events.
The sequence of pictures to be discussed begins at 16:45 GNT

and ends at 21:49 GMT. It appears that the Colorado-iew-liexico
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area is under some general dynamic lifting because of the fre-
quency of thunderstorm activity. This 1s not immédlately ap=
parent from the 500 mb pattern. However the map does show
light and variable winds in the South Park area, accounting

for the variability of direction and of speed with which the
reported storm cells move. Early storms are evident along the
southern Colorado border and in southeastern Colorado, and con-
vective cells have formed over the Breckenrridge-Copper lit.
area. These cells érganizejn;ove eastward as a storm center.
It loses definition during 18:15 and 18:45, but beccmes well
defined as an intense center in the 19:15 photo (19:15 is miss~
ing). It eventually organizes with a larger system to the
north.

During this time, another strong cell develops in the south-
ern Arkansas River valley near Salida., This one grows and
moves northeasterly, organizing witﬂ‘a line of convective cells
probably originating over the Collegiate Bange. This line
moves northeasterly over the Mosquito Range, and possibly organ-
izes with the first storm between 18:45 and 19:45, making 1t so
mtense and well defined. General cloudiness and some small
cumuli move in behind this system. However, the area around
Buena Vista has been relatively clear for an hour or se, 1in-
creasing the instability in that repgion, "The small cumuli,
upon moving over this area (19:45-20:15) grow rapidly as sep-
arate entities, }By 20:45, some rather intense cells have de-
veloped, and continue to grow and organize to some extent by

21:49, Although South Park is obscured after this time, the
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growth and extent of some of the cells over the park become

very impressive, The radar data available on this day could

serve as groung trith for investigating storm cells with a
possible hail signature. (Note: Around 16:00-17:00 MDT,
pea and marble sized hail accumulated in large amounts

(drifts) at the radar site.)
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TIE LVOLYUTION OF CUdil ONTIBGS SYSIIMS IN RFLATTON 10
LOU=LEVEL THLRUWLLY-DRIVLY IDSOSCALF SYS19+S

Willaam R. Cotton and Raywond L. George

Deparirent ol Atmosnherlce Scirerce
Colorads Stabe Unaver sity
Fort Collans, Coleorade

Roger A. Puielke
Department of Lnvivonwenlal Sciences

bpiversiiy ef Virginza
Charlotiesvalle, Virgan:ia

1. ; INTRODUCTION penetraliag do.mdrafrs, that the extra-ctorm
scale mecoscale convergonce fields are no ionger
The irosovtance of extra-story scale of prame importance. Recsatly, Pirelike (1974)
mesoscale systems to the genesis and propagarion daveloped a fully three-dimcasronal pesposcale
of rurulimous systerc is enly recently becoring model of the Florada ser Praeze circulation. Tre
fully appreciated. A nurber of worhkeis (fialhis sea breeze was 1nitaated and evolved in resoorse
and Riehl, 196%, ‘latsunoto et al, 1%67; Lavoie, te tne boundary laver flures of heat and mowenium
1977; and Bourralar, 1973) heve fouau tnat and interacled wath the large scale Elow  fhe
cenmulus activaty is strongly corralated wath effects of feep, precipitating cuwii .nd
mesosecle and syruptic Scale CONVergence ZONES. cumuloaiwbi on the nesoscole circualation were not
Chang 2nd Orvalle (1973) found that a two- consicered in the siswlat.on. In spite of tpis
dimensieonal cunules rodel responded ruch more neglect, Pielke found that on synoptacaliy
vigesonusly and peactrated to a consiaerable undistuibed davs with generally weak flov tnrough
depth vhon large-scale convargence was mposed the deptn of tne tropospnete, the prelictec
on tne bourdary of the comulus wodel. Further- patterrs of cenvergence 2greed Severaly with the
rorz, Cotton, Pielle, ana Gannon (1976) showed observed locations of ciouvas and showers throusn—
that 2 one~damensionsl time-dependenl cumulus out an extensive portion of the dav. Conlrary to
nodel developes a significantly deeper, Ioipier the generally accepled view poinbk mentioned abowve,
lasting cloud vhen the initial sounding was the agreement between the locaticis of predicted
replaced by theoratical soundings predicted with convergence zones and locations ol acho paiterns
the Pielke (3974) nesoscals model in the vacxnaty of extcnsive tnunderstorm complexes improveld as
of ohserved cumulus models, the day progressed. Faigure 1 zlliscrates such a
correspondence.

In addition, Cotton et al (197G)
found the sea breeze mesoscale system modified -
the cummlus scale enviroarent by

1., Increasing the depth of the EovngWQp VELOCITY AT {22%% MIAH! WSRS7 RADAR HMAP
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The interpretation of this rosult
is as follovs. Indavidual cumulus congestus and
cunulonimbus ¢louds can be initaiqted by swall—
scale moisture anomalics nob necessarily well-—
defined by a mesescale model. COnce rilliated,
a cell may survive ana propag.ate by virtue of
penctrating dowadrafts for periods of 45 minutes
to 1 1/2 hours, A comple. of cunulonimbus
systems, on the other hend, processes so mach
moisture that they cannmot survive for an e-ten—
sive period (pae to three hours) without the
enrichment of moisture convergence by cxtra-
storm scale mesoscale systems. This inter-
pretation has been corroborated by the analysas
of severazl casc studies, onc of whach has
recently been reported by Cotton and Pielke
(1976a,b). Tn this study, they found that the
general complexes of cumulonimbi evolved and
migrated across the Florida peninsula in response
to the lower trepospheric wands similar to the
predictions of the Pielke model., Individual
cumuloniwbus cells, on the other hand, were
observed to propagate an response to deep trop-
ospnsric winds 50 to 75 km avay from the mazn
centroid of cumulonimbus complexes, In adaition,
the magnitude of the ratio of eddy transport of
molisture at cloud base to tne 11 Lm mean moisture
transport was found to be on the ordexr of 2 ko
6%. At the same time, 1t uvas found Lhat Lthe
ratio of eddy kinatic energy to mean kinetic
energy ranged from a high of 1700 in the vicanily
of cumulus congestus and isclated cumulonimbi ko
a low of oune below extensive cumulonambus
complexes, It 1s thus seen that thermal scale
and cunelonimbus scale eddies make substantial
contributions to the kinetic enargy budget of
the subcloud layer, while the clouc base moisture
fluxes are dominated by mesescale eddies.

3. OBSERVATIONAL AND THLORETICAL
STUDIES OF THE COLOR4DO RIDGE~
VALLEY CIRCULATION

We are now in the process of deter—
mining whether or now our conclusions from the
study of the Florida sea breeze can be general-
ized to other theimally-driven mesoscale eaircu-
lations such ag the riage-valley circulation
whach forms over the Colorado Rockies, As in
the case of the sea breeze carculation, the
idealized two—dimensional solenordal faecld set
up by elevated heat sources is fairly well
understood. Using a two-dimensional vortieity
model, Darks (196%) showed that a prevailang
flow wath vertieal shear pvoduced a pronounced
tilt to the circulatzon cell above the slope so
that part of the cell appeared teo break off aand
form a much larger carculation cell out over the
plains. Figure 2 xllustrates such a clrculacion
cell, In addition, a simulation of the onset of
the nectural regime demonstrated a strong
enhancenent of vertical rotlon over the plains
as the downslope flow carried the upper level
westerly romentum downward and outward nto the
plains. ‘1his is shovn in Fig. 3, )

As we have found in the samulatdon
of the Florida seas breeze, the actual tliree-
dairensional flew 1s considerably moire complex,
This 2s particularly crue of the wountarn-
anduced wesoscale flow where the complexz
topogrdapoey 21llualrated 4n Fig. 4 can inatiate
antense dynamle interactions s/ath the prevarling
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Fig., 2. Evolution of the devialion stream
function {selid laines an 102 n2 sec™1) and poten—
t1al temperature deviation (dashed lines in C deg)
ficlds for Case D, Top of superaezabatic region
15 shown by heavy dashed lzne (A).
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Fig. 3. Eveolution of the deviation stream
funclion {solzd lines in 102 w2 sec™l) and poten-
tial temperature deviation (dashed lines in C deg)
fields for Case E, Tame 1s in hours past sktart
of diurnal sine wave.

flow aloft as well as complicated patterns of
elevated heataing which can drive the upslope flow.
To study the gpatially and temporally varyving
pattern of surface Lemperature, cross sections

of surface temperature were measured from air-
craft with a Barnes PRT-5 IR radiometer. Faigure
5 1}lustrates an east to west cross section
observed at 0900 LST on August 2, 1975, from a
point nearly half way between Denver and Colorado
Springs, Colorado. over the plains, westward to
Leadville, Colorade. The data have been averaged
over 11 km intervals and the variance with respect
to such an average s shown an Fig. 5c. Hot
surprisingly, the regions of contrast between the
plains and foothills, and mountains and plateau
are the regions of mavimum terperature variance,
Vhat is most smprising, hovever, is cthat the
South Park elevated plateau heats up considerably
faster thar any of the surrounding eastward
facing slopes or the plains Lo the east. The
magnitude of the dafference in temperature
between the plateau and the piains to the east
reaches pES maxirmm between (0900 and 1100 MST
with values greater then 10°C, While the exact
reason for the difFferences in response to solar
heatang of the relatively horicontal surfaces is
not fully understood, 1t appears to bhe largely a
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Fig. 4. Smoothed topogiaphy (2 and 4Ax trends
removed for a 11 km gi11d) used as anpuat in Lne
Piplke mesoscale model. (conLour interval 250 @)

funetion of differences in thermal fnertiz of
the so1l types. The importance of such a
temperature difference 15 even more straiking
vhen one realizes that the plateua represents
a large-area elevated heat source some 2600 Lo
4000 feet above the surrounaing plains. Thus,
it would appear to be a major driving force ain
the mountain upslope fiorr,

E
o
-
E
IR GROUND TEWP (°C)

Another characterastie of the
pattern of clevated heating 1s that the plains
to the east rapadly catch up to the elevated
plateau eshibitaing a surface terperature
comparible to the plateauy. Shortly after local
noon the plateav begins to cool, partly zn
response to exteasive developing cloud cover
and precipitation along the haigher meuntains to
the west and partly due to the lower tnermal
inertia of the plateau soil. During Lhe same
perrod, the plains to tne east conrcinue to
warm, finally reachaing their ma—imum surface
temperature around 1400 LST, Associated =1ith
the cooling of the upper level plateau 1s a
reversal in flov from a generally easterly .
upslope to a prevailing westerly current. The
impact of this pattern of elevated heating and
associated flov reversal on the genesis of
cunulonimbus systems over the western plains
will be analyzed by combined nurerical experiment
with the Piclke model and satellite and radar
data analysis.

The 5115-2 satellite photograph at
2145 GMT (1445 LSTY allustrated in Fig. 6 shous
the extensive cloud cover which shrouds the
hagher elevations, as well as two preferrced regions
of conveclive activity over the uvesiLein great
plains. The regions of cumulonimbue activity are
generally located over the Cheyenne radge to the
north and the Palmer ridge to the south. Also of
possible importance is the fact that both rrdges
li1e to Lhe ecast of major plateaus, namely- South
Park and North Park.

4, SIMRMARY AND CONCLUSIQONS

It 2+ elear that thermally driven
mesoscale systems such as the Florida sea breeze
and Colorado ridge/valley circulations play an
impotrtant role in the genesis, organization and

.
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irtuensicy of cumulonimbus systems, In the case
cf the Colorade ridgefvalley circulation, how-
ever, the arportance of the circulation to the
genesis and provapatrion of severe storm systems
over the western great plainsg still remains to
be demonstrated. The emphasis in the oral
presentation will be on the evidence indicating
the role of such a crrculation in the genesis
and propagaticn of hail producing storms.
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THE CHARACTERISTICS OF EVOLVING 1'ESOSCALE SYSTEMS
OVER NOUNTAINOLS TERRAIN AS REVEALED BY RADAR AND PAM

Raymond L. George and Willian R. Cotton

Colorado State University
Department of Atmospnerzc Science

Fort Collins, Colorazac

1.0 INTRODUCTION .

The 1977 Colorado Scace Uivers.ty (CSU)
Soutn Park Area Cumwlus E.perimertc (5P\CE) was
a4 compredensive summertire fiela ogroject
designed to investigate the struciure and
evolutlon of cumulus clouds arg conveccive
resoscale systens over mounfailnous terraln
Most fzeia weasurerents werz taken in Soutn
Park, Coloraao, a flar mountain park measuring
about 100 km north-south and 350 Lm east-west,
wLin a2 mean elavactron of 2.8 km MSL Locatad
about 150 kn southwast of Denver, South Park 1is
a naruwral genasis area for cumglus clouwus, wich
tne 4000 ~ 1 MSL Mosauite Range a.rectly co the
west and smaller ranges on the Southwest, norip-
west, and northeast edges. Wwichin the park,
1RC2N51lVe MeaSUrements ware taken fron 19 July
1977 o 13 iugast 1977, usiprg powered zircrafz,
t 2 NCAR sailplane, rawinsondes, bounaary layer

ro®ilers, acoustic scunders, micromereorologi—
cal tovers, lidar, searcn radar, triple-
Jopoier radar, and a squara grid of surface
receorological stations, olacea at 10 ka
intervals In cocoperation * 2th the Bureau of
Reclaration High Plains Ec<periment (HIPLEX),
an e tended area fron Soutn Park east to
Sooglane, Xzasas was also covebed using search
radar, satellite, rawinsonaes, and surface
neteorologacal szations. Figure L shows the
ipcacions of search radars, ratinsende units,
2rd suriace wereorological stations that were
used 10 tne comolrea SPACE/HIPLEN evperimeat,
along with averagad 1000 foor (30%4.3 n)
Le2rrawn contours.

The presence of the Rocky Mountains,
toothills and Jouth Parh immeaiately wesc of
tne Colorade dign Pla:ns creates an Lateresting
set of —esoscale-dyranic ana cherrodynamie
inflzences on the convective precipltation
process. The 1nitiation of snall cumulus
occurs earliest wu the day over the “osquito
Range and otner high peaks and rrages  This
1S5 cue o the nrgnctime dra.maze of 2ool,
stavic air off the slopes, so that the
norn.tg solar heating causes the planscary

bounucr layer (PBL) to deepen zo cloud pase
nuch ~ore avickl, (ofcan n: 1000 BT in

Sout ch} thin over rhe pla.rs o che aast
whi. terve Lne coeol Jraimagn air

Stror, solar heatiag on cast-facing slopes
generales an upslope flow in tne lowest
lavers, creating convergence of mass and
nolsture above east-facirg nmountaits and

80523

ridges. Darks' (1969) two-dimensional vorrtzexty
model over a heared east slope indicaced thac
upoer vacurn Ilow from this upslooe circula-
tion would create a zone of subsidence 50 -

100 Wm east of the wmountains, over an area
whare observea semnmertise rainfell i1s in face
less tpan im extner the nounceins to the west

or the plains to the sast

Thunaerscorm activity is also observed
to occur garliest near east-facing slowves,
Henz (1974} vsaea daca from the vVarional
Weather Service (NWS) 10 cm search racar
(WSR-37) at Lzron, Colorado, to shovw tToat
oreferrac regions of eche genesis are founa
naar the east-facing slopes of tne froat
range Cunulonibus cells from ecnese 'not
spots” often prooagate eastwara, oroviding
Tucn of tne syTnmerciTe precipifalion wWollh
falls on the nearby vlains Hourly rainfall
dazra show zn eastrard shifc of the cime of
maximuy precipalation, heginnins 1ir the after~
roon 1t tne Front Range, madnignt in wastern
fansas, and eariy mor-:ing in eascers Kansas
This suppores the hypothesys thar ecarly "hot
svot'" conveciion us responsible Zor tche
formation of or pariicipation i @ dygarnic
Meso-vaAvVe WhRlcn propagaies sastwarc
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July 19, 1977 was chosen as tne Zivst
vase for wntersive analysis., On tnis day,
streng cunusonlnbus cells ferxzea :n Scuch
Park as well as otner parts of tne Coloraco
Rock.es and in tne pieins jast 223t 5f che
footiiills, whila all copvection Was sSuppressea
east of Limon, Coloraco Cells tangcea to "oOve
apctm, ~:d wrtn the rean flow, tmu3 roc
IM1Tlat.eg OF DArELlCLDATIDG 1n any <ine of
eastward-roving —asoscaid disturpance. A
concrasting case stucy day is &4 dugust 1977,
in whien a streng squall Iine with high
precialitarion Ior—ed ipn the gastera vart of
Soucn Pzr« ang prooagalea east»ars througa
Kansas and ifissour: We will concantrate ot
the analysis of 19 July 1977 n the written
presencatiorl grven unera. Qur oral ore-
seazaiior will -nelode 2 coToarzsiv2 2nals513
of these two agays.

2. RADAR AND SURFACE EQUIPIENT

The N¥ational Center for At-ospneric
Researca Field' Observing Facility (\CAR/FOF)
prosidea tne Portable Automatic Mesoner (Pa)
and tne CP-3 5 5 cm Doppler ragar. PAM
provided one minure averaged winds, wet and
dry opulb temperacures, prassure, ana tainfall
ar 20 locations, shown in Figure 2. Yote
that three of the locations were at the crest
of the Mosquito Range at elevatiors of over
3.8 %m MSL. Data were telemenerec to a cencra.
site, where they nere rnmediate.y availaple for
d.splav and were also storeg on rape (Cog:on zna
George: .978). N
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Figure 2 Map of Zough Park, snowing the

PAY/C2-3 local coverage aren
Fiwnres 3-15 have e<actly tne sage
seole rpd goverage as this map
Actual terrala contours are sho.,
with sol:d conteurs beleg aven
1000's of Feet (304.3 m), dasnad

contours 500's of feet (152 4 m)

Alchougn er:igimally iastalled for triple
Doppler use, the CP-3 radar aoubled as a2
searcn radar pefore 1 lugust 1977, wnen tma
737 FPS-18, 10 cm searcn radar, came 1uto
service. CP-3 woule veriodically iaterrunc
ics Dopoler scans to parferT rull vorure scans.
CP-3 data for 19 Jury 1977 dre extremsly
detarled ard comnlesa, aprd oz very higa
qualiey.

3.0 1LARGE SCALE ANALYSIS FOR THE MORNING
OF 19 JULY L977

At 1200 GMT (500 .DT) on 19 July 1977,
a vast subtropical hign deminated the weather
fron the EZastern U S west to Colorado. At
500 mp, a branch of tnis nigh was cantered 1in
2astern -~arsas, with rasaltart southerly flow
bringing not, dey desert air over eastern
Colorado. In “woming and nortowestati
Colorado, a baroclanmie zone provided soutn-—
resterly winds wnich advected deep Pacific
rorsture inte the Rockies auring che day.
A wea< snortwave in this zone turnee the
Grzna Junetuion, Colorasco 300 ~b winds to 250°.
Goad 300 mp moisture ectencee from Grand
Juncrion throuzh hveming to Souzn Dalota Oor
cne surface, a 1ow «~25 centerea :n South
Dakota, w~:th 2 surface trough enterding south-
ward t0 cover eastern Colorado Figure 3 1s

a surface analysis for {600 DT, shoving cne
low pressure trough and associated light wipcs
i1n 2astern Colorado, with sironger winds at cr
soutn and east edges of the trongn
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Frgure 3. Surface analysis {or 0600 MDT
(1200 GuT), 19 July 1977, from
NWS nourly reports Prassure

contour interval .s 2 mb.

An east-west cross-section of 1200 OMT
(0600 MDD) rawinsonces Ls shown in figure 4
The cross—section extended for 680 km and
ircludes rawinsondes from Grand Junctiron,
South Par. iad-Laimon, (olgrado, and Govalaand,
hansas Porencial temperature 9 (°K) and
speciite 1wm.digt gy (g kg77) are contoured,
ard «.G2s 3Te shown ab 0 nb wntervals.  2oth
Lison ana Goodland nid deep dry-adiabat.c
layers, with low values of q, (3gr he~l).
This 1s tne result of severzl days of strong
heacing w~ith lictle horizontal motst:rra
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advection or morst convection. ZIne Grand

Junctron sounding showea the oresence of deep b *ﬁ/
Pacific moisture and the effects of deep (] \
cumulonimous activity which occured the r ) o
oravious day 2nd nizht {as ravesled by o <\
satellzte pnotographs) Winds .n tne lowest Koo et o
80 mb were worth or north-easterly at ootn oM » s
Scucn Tark ard Limon, snowing tre eff2ccs of \
tn2 surfice t-ousn over zastern Cororaacco o\ e oes X
Moiscure az tne 350 mb level over South Parg T ' s
definea the locatron of a cirrus weck whica -
coverad the eastern slopes of the Rocxies Lol oM oy
early in tne mormingz and subgsequently dissi-
pated. o m':
esvmes 0500 MOT ./
) . =) _-J___‘__._t———‘J ’W::I —_—
FILS S
trr =
) yf
3284 e -}
g 1e "
:le et s oM
oM /u
‘w,‘ i} c;: oM
L]
LA -]
& yen
Ark Junthon . :-q' tm 1) Seczra | K0 Db ~"41
8 gtk
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Figure 4 East-vest cross—section of 0600 MDT
(1200 MDT) 19 July 1377 sounaings (qu. 59
Lowest line shows approximace surface » luu
elevarion. . ]}? o
* FHE)
:’r:// v, om
oM EY g
4 EVOLUTION OF THE PLAVETARY BOUNDARY LAYER ol on
"
Five-minufe average surface winds, 8, and e 0% am
qy observed witn PAM are shoum in Figure 5. Ly
At 0890 MDT (bafore sunrise), drarnage wainds oM e
pooled the coldast air into the center of South . e e -
Parl., Ac 0800 MDT and 1000 DT, lignt winds 0o HOT e ‘
were present 1n tne park, with stronger
westerly 'inas on the mountain crest bringing Figure 5 PAM surface data for 0600 0800, ané
a somewhat argher g, ineo the oark  The 1000 1000 MDT. 192 July 1977 DM mears
MBT South Park soundtng {Figure &) showed that data missing Ke' on page o
the olanecary boundary layer already exeenaed
up to 600 mb, with § = 321°K and q, = 6.5 zm R

kg~ Yo subsidence rnversion was preésent

The cloud condensation level (CCL) vas 5490 mb,
grving & wei—pulb potenzial temperature 8y of

22 1°¢  This inaicates a convective iastability
of apout 1°C at 300 mo, with cloua tops of only
7-8 knm 1f, however, the mlied-layer q, was

8 gm kg™" on this sounding (as was available

on the 0600 MDT Grand Junctien sounding), a

8, equal to 23 2°C at tpe CCL of 580 mo, a

500 mb instabilicy of 2.3°C, and cloud tops of
at laast 12 3 “m MSL would be obtained. A

t1me seccron of the four South Pari sound:ings
(Figure 7) shows that the PBL haa deeganed to
500 ne bs L300 MDT, wizth 9 = 324 3K are a

nt ed-1rver qp = 5 5 gm kg™ The decrease in
moilsture was due to che eotratoreat of Jdrier

arr rnto the £BL. Li~on radar 2nd sagellice
phoco.raphs show thar cep convection nad o .
beyu w2302 moon Lo T 2 LSt gna goroovest T YT RE
of Svuth Park

wltTudk fag

20 -
[T

Figure /.  South Park souraing ar LOJD MOT,
19 July 1977, shew-T, log-?
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Figure 7, Ploc of the four South Park
soundings vs time, showing tne

tobaole evolut.on of the planetar~
boundary layer over South Parc
during the day. Note the additicn
of higrer values of ¢, afrer L1500
MDT 2n the PBL  Key on Figure 4.
5. AFTERNGOYV RATAR AVD SURFACE AMALYSIS

At 1232 “BT, the CP-3 radar began

recovding datz  Figures §-15 are composite
CP-3/PAl maps  Echoes ave conteurea for a
scan elevation of 5.5° projected onte a
hortzontal plane, with only echoes of 30 dBz
or greater intens:ity shown. PaM dara and
derived parametaers are five minute averages
apout the time of tn2 radar scan. Locations
of convergence lines or gust fronts are
estimatee from s.mgle-starion tima plots by
determining the tiwe of vina shifts, temperaturs
crops, etc., and advecting the gust front alorg
witn tne speed and directron of the winds
benind tne gust fromc.

Around 1200 MDT the first precipitating
cells forred in South Park along the west anna
northnest slopes. Figure 8 soows PAM and raaar
Comparing this

presentations for 1239 BT

UV v

reg-n

e / lh:
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Figure 8 Curpirad PAM/CP-3 racar plots for
1237 .97, 19 July 1977, Key te
Sy~ools on pags b. - -

figure with figure 7, we can see chat tne
easterl winds Lndtcatead at low lavels on the
1246 MDT Soutn Parw rawinsonae ware corfined o
a small arca of che park that was sheltered
fror tne prevailicg wesrerly ard southwasterls
winas pv the mouncains The oalloon was
opserr2d to ascend near a cuntlonimbus clouc,
probacly the nook snaped echo nortn of the base
shown 11 Figurz 8. Several convecrive cells
ware activa 1n the rorcth 2ad of the park.-witn
ane SErong precipifatlor area near CP-3 (ac
this close range, the scan 1s oulv 2 few
hunared neters apove ground level). all of
thesa cells were moving toward the -worth at
about 5 ms™ ", aoparentiy in responsa to upper
winls

Small
northwest of the base and
the climatolegically most favorea echo
locatzons (Huggins, 1973)  One ceil was
opsertad on raday to wntansify greatly as atc
approached Hoosier Pass from the south (see
Frgure 2). By 1333 ¥DT (Figure 9), a2 lare
of strong thunderstorms nad forred in the Blue
Rxver wvaliey north of Hoosier Pass. Range
Feignt Inazcator (RHI)} scans, which were

racar =ecnees continued o form
west of CP-3, in

synthesizea from a series of constanc elevaticn,

full voluwme scans (Koupp, et al, 1978) show
that these cells had tops of over 12 5 k=,
wnereas the smalier cells within South Park had
tops of 7-8 “m  This indicates that the
incerassaa pounaary layer moisture {8 gn kg_lj
needec to supporc deep thurcerscorns, as
'ndicatad by rawvinsonde daza, was available
just o the norshwest of tne park PAM data
11 Figura 9 inaicate that this moisture was
beirng advected across the mouncazains The
remail~dar of the park, e<ciuvairg the nortn ana
west edges, continmuee unger strong heating,
ugitn surface q, decreasing to 6=7 gm ‘-cg"l as
drier air continued to be enzrainea frem above.
Limon radar data for 1330 T saowed tnat the
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Hoosier Pass stotvs wer2 pare of a larger
coenvective pand wnicn estended nortneastward
for 150 hm.

At acout 1430 MDT, surface winds 11 tne
southeastern part of tan sarh pegan to snXfc
towerd che east 1715 Z.ow graduolly aifsctea
che entire sascarn edge of che park. The
vesultart convergance pattern generated
TUTerv.Ls 32ail corvactive cells froa 1436-
1600 MDT. Surface temperarures remained nxgh,
ingrcating Sfrong neating ana ingreasing
instabality in che center of Soutn Park.
Around 1600 MDT che =2asterly Zlo7 invadea tne
center of the park, and together wich the
Stromzer westeriies in Ina wescern portion of
tne park, forvee a convergence Line wnich
generated a line of cthunaerstorms. At this
trme, two intense cells formed at the nortn
end of rthe park near <znosna Pass.

In Figuras 10-15, the convect:ive cells
are numbered seqaentially relative to their
probaole initigtion gimes. AL LH23 MDT
(Frgure 10), Eour cells (C3-C&) were wisibla
over the convergence line, witn the second of
the scrong c=lls (C2) fartoar .orth. Yote tha:z
C2 moved well to the west (left) of the upper
winds, while the smallar cell C4 moved from
160°, aporo-i—azely aleong tne lire of con—
vergence PAll rain gauge cata Snow that
station 28 received 1-2 -m of precipitation
per miquie for at l2ast 13 manutes wnile cell
C2 was overnead. A visuzl oosarvation of a
ha:l snafit fron this cell was reported at
about 1600 DT A mesoscale cold front nad
forrad scutsn of cell €2, pernaps ceomsisting of
ourflow Iron C2 and ceils farcher aorth. #Wina
velocities in tite spuchwest sector had 1in-—
creased to 7-10 ms™", and considerable
cyclonic vind shear eristed near cne frontal
boundarv (cell C3),.

By 1702 MDT {Figure 1l), the meso-cold
frone had roved about 20 km south on tne wvest
s1ge of tne corvevgence line (traveling at
8 @ms 7). In succession, cells C4%, C5, C6,
and €7 haa wnceasified to over 40 dBz
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Fiugures LO-13. Combinoed PWM/CP-3 ridir plots
for 1623 ‘DT througn 1939 “IOT
at 40 minute intervals  Rev
Eo sv-pols above. Arrows are
uSTA Lo Saggest possible non-
guancicative streamlines
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raflactivity as tne frortal winds approached
Cells C4% and C5 bac part.allv a=ea ed oy 1702
MDT These cells moveq from apour 170° ac

5 ms™+, with new cells naving continuousl:
formed on the souch end of the l.ne. Pre-
cip:rtarior at ratas of up to 100 ~n ar © .as
mezsurec it che west =zge I L)  dota tha
waak radar recurn d:reccly over tne Continenzatr
Divaide, =ath rexnteps.fia2d 2cphoes aver the

Blue Valley noxtrwvest ¢f Cne oark.

At 1742 MDT (Figure 12), surface winds
were more or less norcherly througnouc che PaM
network. The latest cell (C9) was also the
most intense (over 48 dB3z). %est of the
convergence lire, wimas wera stranger, and
values of 8, (equivalzat dotencial zempararurs)
highar, than that under ana east of the line
of cells.

By 1822 IOT (Figuere 13) cthe characcer of
the line had begun to changa  Call C8 had
split 1nto fwo parcts, witn the more rntease
part {C3) moving at i30° while the smaller
cell {C8a) movea almost due roren. A gust
front, possibly caussa pv outilow from C8, C9,
and Cly, was -oviwg 1ito tie nzses of new
cells Cil and C12. Cell ClI zrew very quickl.
1ato the gomipant storw of fne cav. By 1836
MDT (Figure 1%) a nco--snapea acno protruded
to the southwest of Cl] A suriace station
under thls hooa & cer:ienced sracibliziil” ror2s
of apout 200 mm nr~*, provaoiv inciwaing natl
Cell Cll movea at &4 ms™* from 125°, «ell to
cne Left of the mean winds Moist outflow fron
other cells continuec ro feed this cell f{rom
tne nortn  Call C3 woved fro- 13C°, whaile
other cells 1n the lins movea even farther to che
rignt. Cell Cll contznueed to move slowly ard

“intensified to at least 56 dBz at 1922 DT,

wnile the otner c¢cells in the Iire decreased 1in
wntenstty By 1939 MDT (Faigure 13), cell C11
fiad pegun to gacrease in 1mtensity wmile
increasing 1ts speed to 10 ms™—  All the other
cells an the line had dissipacea, while a new
line of cells, orientsd east-wasc but scill
moving toward the norch, had pegun 1n tne
northeast part of the pari. Wings 1in South
Park became lignter and wore wvariaole after

tha passage of Cll, wien cold, —woist air
occupying the area. Alchougn no furcher radar
data are availaple, PAYM raznZall data 1ndicatas
that Cll may have noved over tne crest of tne
mouncsins at aboat 2015 ¥DT

Total precipitation cata for tne perioca
1600-2400 MDT are shown in Figure 16. Note
rhe maxama at the 2¢tre—z2 norce (Srom (2},
cencaer ({rom €8), anrd excrerme south (from Cl1}
Rainrall at station 128 may have been hijher
than snown because LE vecurrad agf 16300 MDT,
when thera were voids 1n The PAM sata.

6. LARGE SCALE AMNALASIS FOR 1300 MDT, 19,
JULY 1977

A very conples picture of lower tropospher.c
flow patrerns emerged .izn Tthe analisiz or 18GH
MDT {0090 Gilt. 20 oulv 1977) svooptic and larre
mesoscale dita. At 300 ~o, soucherlv flow haa
rasvned cnrow gh rost of Ceoloraace, but the Souen
Park sounding tor 1710 DT sc:ll had a 2357
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Total rainfall in mn observed at
PAM rain gaugas, for The tfine parlec
1600-2400 DT, 13 Jely L%77

Figure I5-

wind at 560 ob {(Figure 7}, indicacing cop-
tinued odvection of Paciiic wolstdrs @urOsS3 Ine
mouncairs. Surface cata (Figure 17) showad &
strong low pregsure center in the platns 200 m
soutneast of Sourh Parl, parc of zne persiafent
eastern Colorado surface trough This low
prassure cenler naa deepened aqur.ng the dav.
probably -—n resporss to pors sur’ace n2atirg
ana 2 weak short wave wnich may nave passad
througn tna ragien.

Sarellite pnotograpns ta<sm at L8230 !OT
show the encire Rochy Mountain region coverad
with clouds Tne deepesr storrs vers locatsg
in tares north-souetn bands, eacn entending frea
cent—al Colorzao rnzo goutnern Wyorirg. The
easternnost of these bards extended norgi-nerch—
eastrrard from Seoutr Park Co a point ndria of
Chevenne, Wyoring  This convectiwve sand
probaolv warked the eastermmost zgvance of
moisc Pacific axr in the planerary bounazsry
layer  Surface dactz fron 1500 MOT - 2290 DT
show that the first occurrerce of strong
thunderstorns east of the Rochies was at
Chevenne 2t 1500 “DT. At this time, Coeyenn
winds sarftea to portherly, and tne temperstire
dropped abouwz L0°C. This phenorenon then
occurred saquentially at each scation farthar
south along rthe front rangz. At 1300 DT,
the peoundary of tnis wind sarit bad passen
soutn of Danver, 'mile tne nortrerl. wicd
sn:frs opgervea .n South Park nza alse passed
throuzn In Figure 17, a cold froat symbol
15 usued to show the vossibie lecation of tn.s
air moss boundagy

Tue Deaver sounding for 1800 MDY showea
a layer »f liznt nortn-northeasterly wings
estending from rhe surface (at 540 =p) Lo zoout

700 =b s laver nad a porencial temperarure
of about I21°% and an average q, of apout 7 3 zm
kg in Sowch Park at 17I0 BT (see Figur: 7)

there were roreherls and rorcneascer! @ w1las
from the surrace (719 mb) te about #90 b,
easterlies above nat to »00 - {perhans &n
eascerly tlow regime dr.ven Hv tne soutneasst
Calurado suriice low), sournwescerlies from
6006-520 mp, and soutnarly winds aloft This
sounding was launoned onlv a fow —minutes afrer
the northerly surface winds coverea the Seutn
Park rawinsonde site

Figure 17, Surface analysis for 1300 MDT,
19 July 1577 (J000 CMT 22 Jauy
1977) from “WS hwourly reporcs.
Pressura concour .uterval is 2
mb

Farl-er :n the day. at 1333 DI, Soug
Parl, radar and PAM data (Figure €) nac shown
that tne mountain barrier axte~ding To andut
the 650G rop lerel (norc-west of the Par-) nac
been sufficiznc to bloch very moist Paecifie oor
from advectinz into the parh. This moist.re
haa causea deep fhuncarscor> JCLivity justh
cutsice the parg, veot the onsat OL qeep storrs
1n South Pars wes aelaye=a for at least three
more hours This when comoined with avidence
from the sounaing rwina fields at Dermver aprd
souch Park, 1ndicates that advection of Pacif:ic
molsture across the Rochy lfountalns tool placs
at verv low levels, orooueoly below 700 mo. Ia
soutnern f'yoming, a £ap in tne fochv Mouncair
parrier allowed such aavection to procsoed —ore
rapidly nco cne Cheyanne area.

After 1500 ¥DT, deep £nunuerstorrs, wilgh
had beer cccurripng previcusly 1n £ae rouaiains

wsst of Depver, invaded the plains alonz che

front range. Persisrent mortherly flow im ¢
lawvest levels was obsarved at this £17@ 1 2
bana abour 100 im vide  This was an arsa of
east-west paroclinicity in tne lowest levels,
whiie at 300 mb, Litrle heagnt gradient was
apparent Low leval air to tne west of £h:is
zone was coolea by a eompination of tharmal
advection, evajsorating tounderstorn downdrairs,
and lack of surtace hearing due to cloudizness
To ¢ e east, extrame heating contipued in £he
Lloud-fres zone. The resulrant surface
pressure gradiecc, shown in Figure 17,

sropahly provided the fevecing for che nortaeris

n2

winds

T. tasCr ESIon

Tule L9, 1977 was selected as our first
0 wlnev dav for storm-scdle and me=oscale
a 1lvsis bacwse of 1ts rpparent relative
sLplieify.  Extensaive aial:sis or this dov
revazled a very comples puuture of thund: r-
storr scale, large-mesoscale and synvptic~
svale inreracrions.



Eariv convectc-on s tnitlared gver e developea tne PLf siystemn and CP-3 radar. Tne

'fosqu-ro Range 1n the western and nortuwestarn excetlence of tne PAM and CP-3 data :s largel,
porcios of Souch Park im the roist, facific, due to the hard ~or< merforces by FOF field
westarly-flow airemass As cne uav prograssed, sersornel

easterly flow, driven in part oy tre surface

“low southeast of South Park and 1n part by tne 9 REFEREMVCES

a-urnaily driven riage-valley circulation,

wavaded the Park and set up a north-soutn Cotten, W R , and R.L. George, 1978. "A
orierted convergence lime. Soutn Pars was Summer with PAM" preorint velume, Fourth
ararantly the location of the convergence Symposiun on Meteorological Observatiors
Zine pecavse 1t remained cloud free for a and Instrumentation, Denver, Colorado,
o2-or portion of the day and thus became a Apral 10-14.

significant elevated heat source.
- Dirks, R.A , 1969+ A Theorerical Invescigation

Late 1n the afterncon a cooler airmass of Convective Patterns in the Lee of rhe
began invading the northern and of tne Park ) Colorado Rockies, ATS pacer /145, Coloraao
At firsc rt appeared to be outflovw from a State Umiversicy, Fort Collias, Coloraao
single cell As rime procesded, however, the
northerlv flotr became quite persistenc and Henz, J., 1974: Colorado Hign Plains Thunder—
coherent across the Park. By 1742 MDT storm Systams, “S Thes:s, Colorade State
tne cool, norcherl: ~flow alrmass nad invaced Unrversity, Fort Collins, Colorado.
the entire PAM network. Because of the
temporal coherencv and spatial consistency of Hugsins, A , 1975 The Precioitation Sequenda
tne northerly-flow alr=ass, it resarple. a 1 Mountain Curulus, MS Tnasis, Colorace
synoptic-scale Frontal oassage. The Stace Uriversity, Fort Collins., Colorade
ocaurrance of such a frorgal passage was
concervanle since a weak surface front -as faupp, X , K Danielson and 7.R Cotton, 1978
analyzed on the morning surface waps along the A Radar Case Study Analys:s of a Heavil,
southern Uyoming border. 8y 2000 MDT, nowever, Pracipirating Quas:-Stationary Convective
the nortnerly flow over the PAM network had Scorm Svstem', presrint volume, AMS
weakened 1n 1nkensiCy and becowe less consistert, Confarance of Cloud Phrsics and itwospnar.c
suggesting a2 diurnal influence. Electricity, Issaquah, Wasninston, Juls

Jl-Augest oo -

Tne difficulty 1n 1soiating -ésoscale
versus svnoptic scale influences 15 that tne
synoptic-scale baroclinicity was so weah that
= gamot be opjectively uziined At tne same
tane, the Colorado Rochy Mountain barriar 1s sG
large {(1in its vertical and horazzontal axtent)
rhar 1ts associzrted drurnally-driven mesoscale
disturbances aevelop a distinet synoptic—
scale cnaracter Thus considerable furcher
analysis and perhaps numerical experimentation
1s required to 1solate the scales naving the
major controlling influence on tnis day.

It ts interesting fo note tnat the north-
soutn oriented lire of conveciive cells wrich
wds praceded by a north-south orientad surface
coavergence line, retained 1ts general norch-
south orientative during and subsequent to the
pdasage of a well-defined, larger-scale,
generally east-west oriented convergence line
The remarhaole strength of the earlier observad
mesosrale comargence line 1s artested to by
the facrt thac this fearure was sustz2ined
dering the passage of a vigorous larzer-scale
conver _ence line.
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4 RADAR CASE STUDY ANALISIS OF A HEAVILY PRECIPITATING
QUASI-STATIONARY CONVECTIVE STORM SYSTEM

K.R. EKnupp, £ 5. Danielson, W.R.

Cotton

Department of Atmospheric Science, Colorade Stave Unaversaty
Fert Collins, CO 80523

1.0
1

: An integral component of the 1977 South

Park Area Cumulus Esperameant {SPACE), was tne

NCAR Field Observing Facalzcy (FOF) (P-3 C-band
radar. Thisg Doppler radar system was uSed tg
obtain reflectivity and raaral velocity data

from s.mmertime convective SLOTM syYStems occurring
daxly within South Park and aajacent areas. The
NCAR/CP-3 radar was pavt of a tripla-Doppler

Tacar array which incluced the rwo N0AA Wave
Propagation Laboratory (WPL) X-bard radars.

Fig. 1 11lustrates the locations of these radars
witnin South Park.

INTRODUCTICN

On 19 July 1977 an intense 2ng long—lived
Conveckive storm systen was inpitlagead and a2in-
tained by phenomenon organized on rhe mesoscale.
The general synopeic—featuzes acconpanying tie
mesoscale System were low vertacal wind shear
and rorsture advection carriee by relatively
weak southerly flow., George and Cotron (1978),
in & companion paper, have savescizated the
general features and evoluczon of this mesescale
system. The morphological characgeristics of
the July 19 radar echos, wnien xs che subject of
this paver, will fora 3 basis in selecting cells
for subsequent traple-Doppler radar amalyses,

Several distinct and intense convective
precipitating systems occurred on 19 July 1977
Thase convective entrities had inusually long
lifetines, high reflectavities, and high echo
tops when compared with clirazologiczl radar
data from Soutn Park reportad on by Huggins
(1975) 7Two specific intense cells, which differed
greatly in echo setructures were probable hail
producars Opne of the convective systems was
composad of multzple nigh reflect:iviyy cores,
ewrbit. ! non—steady-stacte features, and preceded
the fc-— Iion of convaecien organized on the
mesoscale. The other conveczive syscem formed
after ltaitial mesoscale organization haa taken
place. Concrascingly, chis syscen displaved
quasi-gteady-state echo characteristics.

2.0 GENERAL ECHO CHARACTIERISTICS

Initial convective activity on July 19
occurred shortly before noon 1n the northwescern
quadrant of South Park along the eastern slopes
of che Mosquito Range By 1530 (all tizes are
MDT) the masovr area of convection had shifted wo

the northeastern portzous of South Park, where

rap1dly growing cumulus margea 2und
intense convecglve SYsiel composea
hizgn reflecrzvity reglons.
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stazion locations. [Laleled elevasion contours
are thousands of feet MSL
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Constant 2.5° elevavion radar scans from 1537 DT (2a), 1803 !'DT (2b), and 1907 MDT (2c).
Contowrs are draon ot 5-d2 inservals begiming av

tivity Faotors greavaer than or equal to 55 43Z.

As this system 1atensified, a broken north-
south line of asolated convectiva ecnos over
eastern Scuth Park extendec soutbward from the
intense convectlve system 1n the northeasc. The
develoding line at 1637 1s shown in Fi1g. 2a.
This line remained 1n a quasi-staticnary position
over eastern South Park for the nest two hours.
By 1804 iDT the eche line had attaines a length
of V100 km end a mean width of 10 =15 hm. Faig,
2b c¢learly shows that by 1804 MDT the most
antense convective cells were located a2f tne
soutnern end of the line as opposed ro the
nortrern end at earliexr taimes. A typical defin-
able convectave cell in this line would form on
the southern end of the guasi-statzonary echo
line ard propagate northward through the line

-1
with 2 mean speed of w6 ms ~. Two notable
erceptions to thas scenerxo formed and intemsified
within the line’'s ainterior.

Bezween 1830 and 1900 (DT the coavective
echo line underwent ancther transition as a
large organized, antense convactive system on
the line's soutnern end began te gominate. As
tnaie system ntensifized, cells to the north
weakenad and the organization of the line, wnich
had been a persistent gquasi-stationary Leature
for 2 hrs. rapidly daigsipated. The 1906 3.5°
elevation scan 15 shown in Fiz 2c. HNoteworthy
featuyres are the organrzed appearance of the
convectlve system at the line's southern end and
the lack of intense echos {(only one appears) to
the north. A closetr examination of Figs. 23 -
2e¢ vevexls a clockwise twraing of tne line's
marn a.xs This effect may be dua to local
changes in convergence of the assocrated meso—
scale system. The northweatward propagation of
the dorinant convective ragilon in Fig. 2c may be
a facter _n the line's axis cnange during the
latte- =_.-e periods,

20 @38, CThe dotted arsas repressnv rejlec-

. . . . .
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Figure 3. The Tosel eobo areas, enclosad by 38,
40, 4§, mmd §2 433 conzours, as a jwnzciion of
twme The ecao araas wackude only the ssgrient of
the ecio lire soutn of zne CP-3 radar

PLGAT.

A& sumrary of the major convective cells on
19 July 1s presented in Tabla 1. These data,
when corpared with Huggins (1975) data, ndiecate
that cell cmaracteriscics, lncluding echo life~
time, mavimem acho top, and ecno intensity are
well above normal for South Park thundarscorms.
In kis analysis of 1573 South Park radar data,
Huggans found thar convective achos haq mean
echo too heights of 9.0 km MSL, with extremes
of 13 0 kn MSL. As shown in Table 1, echo tops
on July 19 oftan exceeded 12 and I3 km. According
to Huggins, —ean ecno lifetires of Scuch Park
cells were 30-40 minaces, with cells infrequently
lasting 80-90 minuces. Table 1 1nalcaces that
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TABLE 1. Summary of the major TRW subsystems occuring after 1400 MDT, 19 July 1977.
Time of Ecno | Time of Echo g { Haxamum Top of [ Hexmus

Subsvstem ' Appaarance (MDI) ! Absence {MOT) ! Lifativre (Min) | 20-d57 Ecno fkm MSL) | Intensizv (DEZ)

1 [ ? ? ? | ? { 50~

3 i

2 | is00-1510 ? 125 | SER ; 55

3 | 15001570 [ 2 7 i » 50

4 ] 1530 [ 1740 140 I 13 5 : 5]

! j

5 1600 | 1900 180 | 12 0 R

5 | 1610 I s30 140 i 5 a7

7| 1630 | 1900 150 i 13.3 50+

72 1730 1850 80 | 12 2 50

1635 1945 180 | 41 51
1

9 | 1710 1804 - 12.3 51

% 1720 1740° - 12 8 a7

10 1748 i910 90 13.5 5

1 1740 well after >150 13 7 54

2010 1
12| 1750 1900 g0 12.5 45
1

Average ] ! 130 12.8 51
1 Merged with cell 10
Z Merged witn cell 9 T
July 19 eche lifetimes often exceeded 140 minutes. (The term convective subsystem 13 dafined here
Altnougn ectansave eclimatological studies of as a convective eatity composed of one or more
echo reflectivaties are limitsa for Soutn Park cclls of hagn reficeriviry regrons Yost of the

thunderstorns, the maxinmvm intensities appaaring
1a Table 1 apvear to be well above normal and
aporoach the echo reflectavities measured within
moderataly interse NE Colorado thunaerstorms.
(Foote, et al , 1976.)

Fig 3 presents the time evolubion of the
total area enclesed by 33, 40, 45 and 50 dBZ
achoes after the echo line had attained an
organized state. The values plotced in Fig. 3
were ootained from 2.5° constant alevatilon scans
fron tne portion of the echo line south of the
CP~3 radar. One of the noteworthy features
appearing in Fig 3 15 the relarively censtant
area of echo intensities for the 1700-1830 taime
period  This constancy reflacts the quasi-
steady-state properties of the echo lire as a
whole. However, for the same time perzod,
indiviaual convective cells within the echo line
eshibited wadely varying echo shapes and in-
tensitres The nagh inetonsaity echo areas reached
2 maci-oa aear 1930 DT resultirg primarily fron
the prusence of the rntemse quasi~steady-state
convecctive subsystem deseribed earlier.

The following sectrons discuss in further
detail the andividual convective subsystems
woxeh eanibiced differing echo characteristics..

subsvstems listea an Table ] appeared to be
single~celled at a given 1mstant in time.) The
three suosystems to be described were the ounly
ones on the 19th wnose trajectories were sigurfi-
cantly to the left of the mean envirconmental
cloyd-level winds (170°). These subsystems

were also guite 1ntense when compared to "average"
July 19 convective subsystems.-

The first subsystarz developed praor to the
formation of tne mesoscale echo Iine and dis-~
played multz-ecellular and non—steady-state echo
features. The secoud subsystem studied was the
most dominant ORe occurring on 19 July. It
attained quasi-stcady-state echo characteristies
and appeared Lo comnunicate with and meodify
cercain mesescale fearvras. The third subsystem
was long-lived, and appearaed to eahibat non-—
steads-state echo characteristics as the rasulr
of lts interactions with adjacenz cells and
interactlions «ith the mesoscale




3.0 ANALYSIS OF SPECIFIC ECHOES

3 1 Producticon of a YMulti~-Cellular Storm by a
Merger Process -

Inteprse reflectavicy regroans formed in a
variecy of ways on July 19. Cne zoae of develop-—
Dent wis TOrousSh sucs23sive —mergers of moronolog-
Learly indepencent reflactiv-zy regions. The
development of a convective subsystem (C2Z) shows
an exceilent example of IntensificatiZon via cell
merger. The indivadual cells whien eventually
mergad to become C2 first became prominent at
1510 befora the echo line described an the
previous section became organized. PPL data
suggest that rhis subsystem resulted from a two-
step merger preocess  Appreomawmataly 8-10 separace
reflectivity regions existed initially and
underwvent mergers in groups of 2 te 3, whach
resultad in three larger and more intense cell
groups. RHI's of the two wost intense cells in
two of the cell grouss «t 1532 incicate thar thaa
maximun reflectavacy core of each lies 3-4 Lam
above tne surface. The elevarions of these re-
flecrzvity maxima at 6~7 hm MSL are slightly
belsv buz corsistent with the median values
obsarved for che South Park region by Huggins
(1975) and for NE Coloraco by Dye (1976).

The 1542 elevation scan shown in Fig. 4
porcrays the cell complies C2 shortly after
merger of the three cell groups. These cell
groups are now apparsnt as three maximum reflec-
trvity regions labellea a, b, &nd c. Also shown
in Fig. 4 25 tne locatzen of Cl, a less intense
convective subsystem which was prominent before
C2, It was noted that anctoer ¢ell group to the
south weakenea and dissipated as the merger and
subsaquent intensification of €2 occurrea. 3By
1552 ¢l contaxned one large reflectavity region
with a reflectivaty factor maxzmuz of 38 dBZ at
3.75 km MSL. It s Jikely that this reflectivaty
core cortaipned small harl (or grauvpel) at cthis
tzme The 3.3° elevat2on scans at 1333 and 1602
indicate that the 40 dBZ echos of C2 haa completely
merged to form one large echo. Other noteworthy
fearures ware the tight echo gradients appearing
aleong rhe southeastern edge of C2 duraing its
most intense stazes (1652-1602). This 1s '
contrary to the usual pattern of nign reflectivity
gradients appearing along tne leadrng ecge or
inflow ares (the norcawesrt gaadrant in thas
case} of intense comvective storms. (See Foote
and Fankhauser, 1973, for an example.)

During C2's mature stages, the general echo
structure was characterized by a 45-55 dBZ
reflecrivicy maximum situated near the surfaca
along the systam's souvtheastera edge, and a
seconaar, suspended reflectivity mavcinum located
alei:z (6 to § kn MSL) along the western or
norchwestern adge At times a thard local
reflectivity maxaimum appeared at an intermediate
altrtyve between the other two macma (see Fig.
5) Tae average l(-win. time incterval between
successive PPI scens was too great to track che
evoluc.”n of these maxima The locaczion of the
major 1flow/uodraft region along the northwesrern
quadr ¢t of C2 may avplain, by prooagation
effects, why 1ts trajectory was significantly to
tne lefit (%30°) of tne mean cloua-lavel environ-
mental winds during 1ts incense stages.
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3.2 Single-Cell Growrh in an Environwment Modafaed
by Prev:icas Cloacs

The subsysten aescribed 1 this section
appeared in a tegion sraviously occumiad by
several relatively passive echos at the southern
end of the well-develosed echo line described
earlier This passive 2cno group had roderace
radar reflectivity rerurns for approwimately 20-
30 minutas befora 2m; sig~ifacant intersificacion
of tne ecpo necurrad Tra RAL profile at 1814
MDT 1indicates tmat this cell (Cll) was mulei-
turreted, with an overranging echo aloag the
northwestern and sout-ern quadraonts, A merger
phencmenon 1s not evidant in this casa. Using
surface mesoner darza, George and Cotton (1978)
suggest_that_intensif:catien of Cll colncided _

———



with the arrival of outflew air from cells

lgcated 10-20 ka due rorem

morphology of tne celil {C10,
the oueflow 1s nypothesized,
1804,

this intense subsyscez

E anination of the
Fag o) irom wnlen
andicates that ac
had an extapnsive

ovaerhangirg 435-30 dB3Z echo along ats eastern and
southern porrions., By 18135 nucn ¢f the overhang—
iag ecns had collapsed and maximum intensitres

appearea near the surface along
sputhern guadrzac. The outflow
thas collapse, as inferred froo

the subsystenm's
ragsultisrg Trom
the above descrip—

tive echo evolurion, caincides with the sust
froat detectad by the surisce mescnet and analyzed

by George and Cottom.

The 1837 and 1848 DT core
several interesting Teztures of
morphology ®n tie vertical
of this cell,
1ntense, overhanging echo core.

RHI's show
C1l's echo

Unlike the 1814 RHT
these later data indicate a single,

The secondary
the 1848

indivaideal far-sice acho appearing on
RHI in Fig. 7a 1s associated with the
echo on the scutnern gquadrant of Cll.

echo, whicn 15 shown an che 1848
scan of Fiz. ba, aopears L0 pbe a

5 5°

hook~liks
This hook

elevation

flanking line

L
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equal o <0 dBL. The dasred lices qrz tne hori-

zonval locabtions of the RHEI's appearing in fig 7.

Examination of subsequent PPI's and RHI's
reveals that this subsystom paa the characteris—
tics of a large quasi-gready-state, 1ntense,
single-call scorm  Steady-state features of
this ecell incluce a fxixly persastent PPI hook—
ecno pattarn (Fig. 6), a single, intense reflec-
tasicy core often assocrated with a weak-echo
regron (WER} to the north or northwest (Fig. 7).,
and a asarly constant =aginum ecno tep (Fig. 8)
The 1928 RdI and 5.5° elevation scan revealed
the oniy ewceptlon to the etherwlise constant
single reflactivaty core  These data show a
double reflectaivat- core. The secondary raeflec-—
ctivicy core (30 dBZ) appearing ar this Lime was
locatu. 13 an echo overhavg in zne cell's norch-
west - It should be notad chat the
overha ging echo SCruyctures appearang in Fig. 7
are consistent with other spatial and temporal
core structures of CLL from 1840 to 1950

-3wanc.
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The echo-inferred :nflews ireas of Call L
were 1nitizlly confinea teo the southern Sectors.
The inflow regien transierred te the rovthern
and morcheestern porticns s the call incensified.
Ar 1837 MDT the major inflow appeared t¢ oe
divided almost equally berween the southern and

northwestern portions. - -



T At 1837 a riage of 13-km 20-aBZ echo tops
extended from the south-cencral portien of Cell
1} to the north-central vmorcien. By 1906 three
logal 13-xm maxa—a appeared 2s tne majoer inflow
appaarea teo shift to the northwest quadrant.
The 1926 echo-top contours reverrad to a single
ared of i3-lm tops. TPrese relacivaly 2Unor
fluctuarions {both spatially ana temporally) 1n
Cell 11's eche top mavama seem to indicate a
slignt pen-uniformaity 1m cell’s wpdraft and
inflow patterns. Despite the relatively minor
spatial non-uniformities in echo cores, eche
structures, and echo tops, the persistent hoox
eche and RMI cora ecmo fsapures incicate ghat
Cell 11 was 1n a steady-state condation for the
period 1840 to 1950 MDT.

3.3 A Non-Steady-State, Long-Lived, Interactive
g Subsysrem (C3) .
. Most convective cells interact to differing
degrees with surrounding convective systems.

This example provides soma clues on tne ramporiant
and complex< problems of cell-ceil interacticas.
Many of the physical processes wnich conscifita
this interacrtion nave not peen wall dafined.

The morpnological descraiptaon in this section
presents a hignly xznteractaive subsystem as '
wnferrad from raiisetivity data.

' Throughout zuen of xts lifetime convective
subsysten number 8 (C8) displayed both vertically
and horizontally non-steady-state echa features.
The 1nxtwxal ache oI C8 farst avpeared at the
soutnern ena of tpe ecno line and woved slowly
nerthward through tne line as furtner acno
developnent occurrea to the soutn. As the
subsysten srogressed through the ecno line,
moderate cnanges in reflecrivicy madima, in
reflectivity struchure, and i acpo Areas ware
noted

Sequenta2l RHI cross sections from 1730 -
1837 !OT exempiify the varaability zn acho
strycture and inferred flow patteras of thas
cell. Batween 1730 and 1745, the major inflow
to Cell 8, as inferrea from an overhanging zcho
structure, shifted from the cell's eastern
boundary to izs western boundary. C8, whach had
a width equal to that of the echo line, was
located in the seuth-cenrral portion of the echo
line at this time. For the remainder of C8's
lifaeri~e, major inflow appearad to stay along
the western and norchwestern acno boundaries
During chis same time, the subsystem (C8) itself
remalned proxinal to the western poundary of the
eche line. The transition of this inferrea
inflow ragron bears a striking rasemplence to
tha infleow transation ewhibited by ClL. The
availab.laty of low-level moisture was probably
tmportant in C8's longevity (V3 hrs.), slow

average speed of movement (3-4 ms-l), and 20°
trajectory deviation to the left of the rean
winds.

No signaificant ma.irum reflectivity or eceo
Struct re cnanges accompanied C8's inflow transi-
tion ‘«2Ver, an intease scroang cell (C2) did

develo, near €8 during the 1730-1745 craasition
perzod. Tne 1740 DT RHY vertical sections of

€9 indicate the presence of extensive eche
overhars aleng tnis echo’s eastern edge. Thus,
itiappedrs that C8's inflow change was cen-current

with the appearence of an active cell (C9) =hich
received 1ts moisturs from the same genarzl area
1n wnich C38 received 1ts low-lavel moist.re.

The temporal relationsnip of these evencs suggascs
a causal relationship, the specaifics of wazen
cannot be discerr=a frenm the analysis of reflec-
civity daza 2lons

The relatzve positionsg of C8 and CO
shown ir the 1740 (DT RHL an Fag 9. By 1751 C8
and the northern porcion of C9 appear to have
merged Shortly aftar the C8-CH merger the
cells could not be distinguished from one another.

are

! C8 interacted with two otner subsystems,
Tio

€32 and C10 (see Fig. 2b for locatzoms). CSa
first became prominant at 1757 DT waen it
appearsd as a secondarv cell attachea to the
norcnaszsters quaarzic of 3. €3z znraqsidicc
rapidly to become a separate 47-aBZ ecno enticy
at 1804 DT (see Fig. 2b} and, for the next 30
minutes, travelled due north with a mean sseed
of 7.5 ms L.

tional velocities of C8 and CBa (130°/3-4 ms

The diffsrsnce 1n the rzan prooaga-
1

and 175°/7.5 ms™ Y, respectively) 15 quits
striking The speed differsnces, at least, are
propably dua ro egast—west graadl2pnis 1m the ilow-
level momentum.

Specifically, che northerly comporert of
low~level momentum west of the eche line was
approxararely twice 25 large as tnat ou the
eastern sice. {(See George and Cotron (1978)
Fig. 13.) ¢8, whicn lay along the line's
wastarn border, appearad to be fgeding upon the
relztively strong low-level moist nortnerizes,
thus acquiring northerly momentum. C8a, on tne
other hand, aspeared to be recewvang inilew It
the region east of the ecno line whers tne low-
level northerly momentum was consideraply weaker.
This cell, therefore, would have acquired less
northerly momentum and consequently exhipiced a
faster southerly speed, Factors coatriouring to
the drffevent directzon of propagation of C3 and
C8a have not been rasolved.
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4.0 SWOMARY AWD DISCUSSION

4.1 Comparison of Results With Other Case
Studias

C2's general echo structure. once establish~
ed, appsarad non-steady-stace, with rhe maturse
Stage containing 2-3 reflectaivaty oavima. One
maximun was located along the storm's south-
eastern regiom wnile the ot-ar reflectivicy
maxlmun was present withla tne ecno overhang
along the srorm's nortiwastern sagment. '

Some of rhe echo characserastics that €2
exhibited are similar to the ayltz-cell hail- !
storms examined by lMarwitc (1972%) ane Cnasholm
{(1367). In nis s=udy, Cazsncin founs that storm
"families"” (a family 15 sSynomonous with the ternm
convective subsystem used here) wera composed of
saveral smaller hign-refleccavat; celinlar
gcnes. Each cell formed im 2 areferrea area of
the stora faqily and moved througn the stora
family 1n a aarecfion different from tne overall
movement of the family. Althougn the inarvidual
cells of (2 could not b= accuratair tracked,
they were muitiple and appearsa to form in a
praferred location along the stora's western or
northwestern side. The apnearaace of oultapie
cores 1n C2 implias a storm movement to tha left
of the mean cloud layer winds by ciscrete propa-
gari13~ of indivaiduyal cells.

The echo strusture of Cll, ia contrast to
that of C2Z, aopearad to be guasi-steadv-state
and containea, Sor the oes: pari, a single
reflacelvity "mavimum, an A3s0elaied Wead—ecno
region, and a nook-like ecne. These features
are simnlar to those of sunercell storms aescribea
by Browning (1964) ana Marwicz (19722). However,
several irpertant eiffsrences exist petween the
classacal superecall ano €ll. Mosc case stuaies
of supercells nave foend that tne Storam ususlly
propagatas coatinously to the rignt of the mean
envivonuental winds. Thess wands usually expibit
appreciable vertical shear and vesring with
height, especially 2n the sub-clewd layer. (Cell
11 propagated coutinuously 30-40° co the lefr of
mezn envarenmental {(in-cloud) wind3 wnich con-—
tained small vertical wand shear and -wvhacn
bachea with height The relat:ively shallow
northerly winds did inauce apprecianle wind
shear (nearly a 180° change in wind diraction)
in the suocloud layers. €11 had —ajor inflow
from rortnerly low-level winds alomg its north-
western quadrant and only mainor inflow i1n the
vicarlty of tne hook-iike echo. Typical super—
cell szotms generally have sunstantzal anflow
from low-level southerly winds witnia the weak
echo region along their southern quadrant,
Apparantly, 1nteracrions between Cll anc the
mesoscale were more 1mportant in deterTlning
Cli's echo characteristics than the aynamics of

wind snedr present in rhe usual supercell environ—
ment.,

4 2 TInreractions Among Convective Subswstens

It appears thaz interacilons among cenvecrlve
cells 2f ~nien the line was composea, and intar-
actlons between convectiva2 eells and the local
mesosclle carculavrens, are important in determine-
ing cell caaracterisczes. Harwitz (1972n),
using his data and case studiss py other
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investigators goncluded that & lagnt waind
conditzen 1in the supcioud layer s 2 orominant
chatvactaristic of the rulti-cell storm envirToanent
Lagat wings in the supcloua layer were part of
C2's eavaronrent. During €2's growtn and .
developrent perice, surface winds wére generally

5-10 ms™ " 11 rhe subsloud layer. Conversely, 2
change 1n the nesosczle and s;noptic-scale
fearures of the subcloud snvirorment surrounding
€ll (a guasi-supercaell) producad stropger

10 ns™- northerly winds at the'surface and
greazer subcioud wine shear.

.

Observed intaeractions among cells included
echo mergers ana outfloy kiremaczes  Qugilew
from convective sSuosystems appeared to be 1im—
portant in new ceil procuctaon. Initiatzon OF
new cells apparently resultzd from the cutflow
of older cells, settang up zones of surface
convergence on & were localizec scalz chaa the
mesoscale. A good ewample as Cll. Ir appearec
that intensaficakion of tnls supsysiem was
enhanced by outflow from an aajzcent suabsystem
(C10} Cell mergers zopeaved 0 DIl 2n ,porI=nt
role in tne intensification ang suscenance of
the July 19 convective subsyste~s For examnple,
the zntengificatzon of €2 anpeared to ba the
resuit of seversl cell mergers. Florigca studies
(Vioodley and Sax, 1976; Cumpirg, et al,, 1977)
have aindicated that cumulus Terger averts may
be important in lucraasing ¢onverzance ard cell
infler at lower levelg  iitn the steen vertical
molsture gradients nresent on 19 July, the
2ffact of low-laval inflcyw organrzavion and
intensafication would appear to be 1mportant in
drawviag a gaignafireant ancrease of water vapor
inte the convective subsystsm.  This increase of

—water vapor influc may then be safiicient for

the liguid-water-devendent process of precisltation
formgezon ana tanlstone growth.

On several occasions the dissipatien of
weak to moderate cells adjacent co inteasifyinz
or intense convective suosystems wag noted. For
example, between 1538 and 1352 MDT, a =moderacaly
weak conrective cell 10 wm south of C2 rapadly
dissipaced whale C2 rapadly ancensifiec. It was
also noted thart cells 12 and 13, whicn formad
adjacent to Cll, exhibitea relacivaly skort ecno
Izfetares and echo intensitias corsaraag to the
otner subsystems cbserved on 1% July  Radar
observarions 1n central Iowa of small cenvective
shovers in the vicinicty of wore deminatirg -
thundarstorms nave indicated a simllzr behavior
{H ¢ Vaughan, perscnal commumicatzon). Such
observarions suggest that che circulations
wnduced by a vigorous convective svsre~ apparently
are sufficlent ac times to innibre signifieaac
convection in adjacent ragions

5 0 CORCLUPING REUARLS

The cells and convectlve SuDSYSCeéms OCCUrIlng
on 19 July 1977 econcained unusually nizh echo
antensities and echo tops. The ecno longevicy
and nagh echo intensities are attriburea to Lo
presence of the organized mesoscale lew-level
convergaence zone digcussed oy Ceorge and Cozton
(1976)  Ancother facror in cell longeviey and
intensity may have been the worin—south orieata-
tign of the convectave mesoscale ling which was
parallel to the mean in-cleoud Southerly winds




This affect "“steered'" most cells so chat they
travelleda along the eche line in g near-saturaced
eavironment wodified by previous convection.
Erosion and entrairment effects would nave been
minimrzad by this type of zeometry Also air at
ridga top levels and amove was quite moist,

agai wraimzz.ng encrainwmanz 2£fects.  Thara
appears to be a feeabach mechanism between the
mesoscals czrculacions ane rthe inferred circula-
tions of the conveccive subsystems. The structure
of individual cells or subsystems appeared Lo be
dependent upon the stcage of developrent of the
masoscale system, and the leocation of the convec—
tive entgity relatzve to the mesoscale convective
system. Cll's echo structura and inferrec
circulacions appearad to be more organized than
those characteristics from the other convective
subsysters. This organization was apparently
clezely Telated te ghe organized Zaaturas of tne
assozcated lew-lavel nesoscale convergence field
that was obsexrved at that time.

It 1s nopea tnat suoseguent a2nalysis of
storm-scale motvzons derived from triple-opopler
radar w11l shed furcher lagnc on the nature of
storr-scile and masoscaie zrraragilons.
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1.0 INTRODUCTION

Since the first launch of meteorological satellites, researchers have
been utilizing the resulfant unique data set in various types of convec-
tive cloud studies. For example, Griffith and Woodley (1973) and Reynolds
and Vonder Haar (1973) have related cloud visible brightness to radar
cloud top heights to develop relationships for remote rainfall measure-
ment. Grant and Vonder Haar (1975) have used satellite data to determine
when favorable seeding conditions exist (using IR sensed cloud top tempera-
tures) for orographic precipitation enhancement in the western United
States. The detection, study, and prediction of severe convective ‘
storms (thunderstorms which produce large hail and/or damaging surface
winds and/or tornadoes)} is an area of high interest since these types of
damaging storms occur frequently over much of the eastern two thirds of
the country. The importance of real time detection of large convective
storms which are producing abnormally heavy rainfalls was tragically
emphasized by the Big Thompson flash flood in Colorado this past summer.

Efforts have been made to use satellite data in a qualitative manner
for severe storm identification, mesoscale analysis, and short range
"now casting" (see Purdom, 1974; Weiss and Purdom, 1974; and Fujita
. and Forbes, 1974). Arn {1975) related satellite observed cloud bright-
'ﬁess'to reported severe storm occurrences, and Shenk and Curran (1973)
‘corre1ated brightness to observed cloud top heights. Attempts have

been made to quantitatively relate satellite measured anvil growth rates
to severe storm occurrences (Arn, 1975) and to radar measured echo charac-

teristics {Reynolds and Vonder Haar, 1975 and Negri, et.al. 1976).
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Efforts of this type have been limited by the long time period which
elapses between images {usually 30 minutes at best). Recently Negri,
et.al. (1976) have emphasized the importance of using short interval

(56 to 7.5 minute) SMS data in studies of convective clouds and stormws.

A multi-phased study of severe storms and their environments, emphasizing
the use and interpretation of satellite data, is underway at CbTorado
State University and this paper presents preliminary results which
compare sateliite sensed cloud top radiative temperature fields to

corresponding (in time and space) radar echo characteristics.

2.0 DATA

The SMS-1 satellite collected visible (.5 - .7 um ) and infrared
(10.5 - 12.5 ym ) data+at 5 to 15 minute intervals from 1800 GMT, 24
April to 0200 GMT, 25 April, 1975. Numerous severe storms occurred over
a region stretching from southwest Oklahoma to eastern Tennessee during
the afternoon and evening hours this day. A destructive, killer tornado
struck at Neosho, Missouri and hailstcnes larger than baseballs pounded
the small town of Wewoka, Oklahoma. NASA, Marshall Space Flight Center,
was conducting an atmospheric variability experiment on this date and
provided CSU with upper air data for the eastern two thirds of the
country which was taken at three hour intervals. The area of interest
of this study included eastern Oklahoma, northern Arkansas, and much of
Missouri. Fig. 1 shows this region, some of the storms considered,
along with radar indicated heights ( x 102 ft. MSL ), and the location
of the upper air station at Monett, Missouri. Distinctive overshooting

towers, or tops, are visible on the storms in northeastern Oklahoma.



Fujita (1972) and Pearl, et.al. (1975) have related the rapid collapse

of similar overshooting tops to the occurrence of tornadoes and large

hail at the surface. The large storm complex in Missour: is intersecting

a WNW to ESE orientated frontal surface and a 1ine of cumulus clouds is
visible along this boundary. Qualitative studies by Purdom (1975) have
shown this type of intersection to be a favored location for the occurrence
of intense severe storms. However, in this particular case the storms

in Oklahoma are wmore intense and dangerous, emphasizing the need for
gquantitative means of analyzing and interpreting satellite data.

NASA, Goddard Space Flight Center, provided CSU with the SMS-1 VISSR
(Visible and Infrared Spin Scan Radiometer) digital data, on magnetic
tape, that were used in this study. Radar data used were the hourly
reports taken at NWS WSR-57 radar sites at Kansas City, Witchita, Oklahoma
City, Little Rock, Monett, and St. Louis. Intensity contoured, PPI scope
photographs {(at zero degree antenna elevation) from Oklahoma City were

compared with the sate]lite data for the storms in Oklahoma.

3.0 STORM TOP_COMPARISONS

The semi~isolated nature of the storms of interest made a direct
comparison with the radar reports fairly simple. Radar indicated echo
tops at 1935, 0035, and 0135 GMT were compared with nearly simultaneous
(maximum difference of nine minutes) IR satellite data. I different
radar stations reported slightly different top heights for the same storm
the values were averaged. A total of 25 radar heights have been compared
with the satellite measured radiative cloud top temperatures. The sample

number will be increased when the digital IR data for the remainder of



the afternoon are received and processed - IR data were only available
for the three times listed above. Smith and Reynolds (1976) reported
on several different methods of estimating cloud top heights for a
" variety of larger cloud types. They compared top heights obtained using
cloud shadows, IR-T (Z) relations and radar. Their results showed
a fairly large scatter with a root mean difference for an IR/R:dar com-
parison of 2.53 km. Only large thunderstorms which reached near to, or
penetrated, the tropopause were considered in the current study whereas
Smith and Reynolds studied clouds which ranged from 6 to 15 km in height.
A reliable technique to remotely monitor significant storm tops from
satellite would provide a valuable complement to conventional radar data.
To determine cloud height using IR data it is usually assumed that
the cloud emits radiation as a biackbody and that the cloud top effective
temperature is the same as that of its near environment. Negri, et.al.
(1976) have detailed some particular problems involved 1n applying
these assumptions to obtain top heights for small, isolated clouds in a
hot, dry environment. However, it i1s felt that for large storms reaching
to the tropopause, these assumptions are acceptable. The primary problems
in monitoring this type of storm result from the coarse resolution of the
IR data (one IR data pixel at 35N 95W represents the mean blackbody
temperature for an area approximately 22 kmz) and also from the nearly
jsothermal lapse rate above the tropopause.
Fig. 2 is a plot of the 2100 GMT special upper air sounding taken
at Monett, Missouri. This temperature profile was considered to be
representative of that of the environment of all 25 storms used in the
study. The sounding is potentially very unstable with a 1ifted index of

-6 and is similar to what is considered the classic central U.S. tornado



proximity sounding {see Miller, 1972). The coldest environmental temp-
erature present was 209°k (-64°¢).

An overshooting tower rapidly becomes much colder than its envaron-
ment as it overshoots its level of zero buoyancy and penetrates above the
tropopause height (note the rapid divergence of the moist adiabat and
the environmental temperature above 200 mb in Fig. 2). However, as thunder-
storm tops boil above the anvii level they are entraining environmental
air whose temperature changes 1ittle with height. This effect masks
or smoothes out the presence of very cold temperatures within the nega-
tively buoyant top. Fig. 3 1s a scatter diagram of the radar indicated
cloud top versus the minimum IR temperature measured for that cloud top.
The dashed 1ine is an estimated smooth fit of the points and the solid
Tine is the Monett sounding (plotted using the radar height scale).

The two curves agree quite well up to the tropopause (approximately 42,000
ft.} but with the radar tops consistently higher than IR tops derived
using the environmental sounding. The higher bias of the radar tops is
likely due to the coarse resolution of the IR data which doesn't "see"
small, high rising turrets. The IR temperature measured for the large,
severe storm anvils is indicated on the figure. The anvils were at or
very near the tropopause.

The scatter for tops above the tropopause illustrates the problems
inherent in inferring cloud top heights for severe storms using only
sateliite IR data. More quantitative techniques are needed to relate
IR top characteristics to storm severity. Adler (1976) has studied
areal rates of change for cold cloud top temperatures during the life of
the Omaha tornadic storm. His technique will be considered as this §tudy

continues at CSU, as will other severe storm characteristics. Some



possibilities include: examination of the time rate of change of the
minimum cloud top temperature, development of relationships between extent
of penetration above the tropopause and the difference between the IR
temperature and that of the tropopause, and development of relationships

between both IR and visual characteristics of the storm top to.its

severity.

4.0 PPI DISPLAYS AND IR TEMPERATURE FIELDS

Figs. 4 and 5 present the Oklahoma City WSR-57 intensity contoured
PPI display and the nearly simultaneous cloud top temperature field
(contoured in 4°C intervals with -70°C the coldest region). The very
cold cloud top temperatures correlate well with the radar echo configura-
tions of the large storm complesxes at 070°/100 n.m. and 1300/75 n.m.
The 1ntense echo cells (cross-sectional areas of approximately 50-100 ka)
detected by the radar within these complexes do not show up within the
general IR cold cloud area; however, good agreement was noted between
intense echo cells and overshooting tops apparent in the visible data.
The problem is again most 11ke1yhone of resolution and poynts out the need
for detailed studies of simultaneous radar and satellite data. Pearl,
et.al. (1975} studied overshooting tops on a number of severe hailstorms.
The Tlarge overshooting domes had diameters of 10-12 km, or cross-sectional
areas of approximately 80 kmz. Only a small part of the area is at the
top of the dome and an IR data pixel would have to be centered exactly
on the dome to sense the blackbody temperature of the highest 22 kmz,

An interesting Teature of this situation is the intense echo SSW

of the radar. This storm was dropping large hail at the time of the



photograph, but it does not stand out in the corresponding satellite IR
data and would pose a serious problem i1f it were being monitored only
by satellite. The radar and satellite evolution of this "hidden cell"

is being studied 1n detail.

5.0 SUMMARY

This paper has presented some preliminary results and interesting
features noted during CSU studies of severe convective storms emphasizing
the use of concurrent high space and time resolution radar and satellite
data. Comprehensive, detailed studies of the satellite characteristics
of severe storms are required if the best use is to be made of the tremen-
dous amount of satellite sensed data which are now available to both the
operational meteorologist and the researcher. Methods for quantitative,

optimum analysis of these complementary data sets should be developed.
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Figure 1. SMS 1 visible photograph of severe storms studied. Radar
indicated cloud top heights are shown, as is location of radio-
sonde station at Monett, Missouri. Time of photograph is 2242
GMT, 24 April 1975.
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Figure 2.

Monett, Missouri sounding at 2100 GMT, 24 April 1975.

Of interest are the strong potential instability and the
rapid rate at which a parcel following a moist adiabat would
become colder than the environment above 200 mb.
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Figure 3. Scatter diagram of radar indicated top height versus satellite

sensed coldest IR cloud top temperature. The 2100 GMT Monett
sounding is plotted showing environmental temperature as a func-
tion of height (for example at 30 _X 103 ft. MSL the environmental
temperature was approximately -40°C).




Figure 4.

Oklahoma City (OKC) WSR-57 intensity contoured PPI scope picture
at 0122 GMT, 25 April 1975.




uiuuuuduhnud4&1iﬂ#ltlhihuhuxizvvru‘358-tIlII(/IIII\1/!ou:silt(!(VYlvvaAvvvzu ‘='.il’{ii]}'
NN AN AW WA NN AN WA W TYZ00201308=)S=8) /7 /77 /=0l LTLYEYYRYZYYZIYVIZ 1 P4 = jl1]} 11,
WUVVVVWR AW N AW WA AW AW W Y YZ0N1123569+ (1==811)1) /19T76202Y7YYYYYY0]122202Y0159/ tre11111ingng.
VVVVYVIVVYY VYUV YV VWX Y ZLZ 1 23566RS=3 Lt/ 1/ //7//09T420ZY2YYYYY721234432UL]1459) 111111111111)°
VUVVVYVV VY VYUV VYV AW XY 20 ] 3560es3 /7 ( (/0 /33=096421 7YY YY22112333321102/03718= 111%%44111111:
VVVVVVVYVVVVVVVUVVVVVWRWYYZZ 136937000t ()1)) (/363546117 YXYYZ701232333310£Y7YYY7149 [(%)%*%111]11)3%
VUVYYVUVVVV VYUV VYV YVNWAXZ0L 3580710 )5 ) ) ) ) £A197431 272 YR XKZZ)1 34420 ZYYYYXYNZYLYZYZ715+) = ,#]1% 1 X% BERRET
YVVVVY VYV VYUYV VYV VWWKYZO013D798 /() )1 8) ) /+heZ2 1 ZYXYXX7011722007 Y Xuwnwan v Y2277V 5 wa [ [))%%5
VVVYVVYVVVVVVVVYYVVVEXZLI3R86TS43//7(1)))) /+B5307YXYXYN145543217YX ve®{ (],
VVVUVVVYVVVVVYVYYYYX X0 36B eeaci /7 ([ [/ /7eB63102YYYZ1AAAASI2T 7Y XNVVVVYVVVY VAW XY wd/z==, w][1
VYVYVYV VY VYUV UVYNY D& T90se et 8 [/ /1=aha2077 7 24STRATSINTY R AAWVYVVVILIUNIVYUVVVVVVWWOSSSe ,@nir[T]]
vvvvvvvvavvvvvuvxanj%dq#qq.o.‘.oqu‘;llﬂnn!u?-Wa551?n7VA-ucuvvuwuuuuuunuuvvuvv:7u~=.-r1:11*$151
VYVVVYVVY VYV W XD 235T3R+9= 748764300 Z£013084965202 Y XWAVYUIVIUULUUUUUUUUY VYV WY 1Al ol 18 ])%%

VUV VYUY VVYVVY WY D ISRG0RA00et 1 1 =a T4 27y v/ 030TATSA 1 1 ZX XVVUUUT THUUUUUUUUUIVYUNAAXYYZ 16 4= 0l r R 1%
VvvvuuuuuuuvvaZZEQco---osl11;0560?vvl~séﬁ11llquuuTrTTT1f?uuuuv-xzojwﬁhb”oh-o('-. )
VUUUUUUUUUUUNY Y 23T =/ 2272 77 (/7 *R&2ZY Y7235 ANYXWVIHUTTITTTTITTUVNY0Z5A= (ST 4 e 0000s,

HUUUUUOUULUUVYYX 1598 / (/1=853100135654 1 ZXWVUUTTTTITTITTUUVYZ369/8==,

GULIOUUUDUOUUV S 3RS 7B /71«3 74322336 1 20 Y XWuVUDLUTTITTTITHHUVY 1S3 /=4 .00

UHUUUUUUULUUUVY 1691 / A E =G T7524 32 12 Y aX w VWV UHHUUL TUUDUUIHIUAX ] 4372« .39

UUUUUUUUUUULIUY R 7 3h=// 9RRATisﬁcuvv--uuuuu”TTYTUUUUUnnuvun19/:.
LUUUUULUUUUVWX Z ] 3R+ +9 T7Tﬁﬁ“1llll‘oyVUUUHHTTTTUUUMJHUUVK75‘/ :
DUUUUUNIUUUVE RO Z5T99e9RT 11.AuvvuuvnuduulTTTTHUuuuuuuVY[/ﬁo}o.ﬁ
UUUJJUHUUUthrlabﬂaq37h€!&¢v<vwvvvunurYTTTTTTTHUUVd4uqdl7!%!=-
UUHUUUUUDUUUVAYZ 1 38 TRIBTS2ZXVULUNUUUUTTTTITTTTTHUVWAX ywk06s (=,
UUUUUUTTTUULIYYXYQ 3589964 0XVUT TTUUUUTTTTITITTTULIIVY VYV WY 38 /= 5K
TTTuUurTruuuwﬂxvul!ﬁuH1JVVuululVVVuuu1rTTuuvuuuauwuvvxuso:-. Ll
TTUUULHUNUUVAZ Y 16854 30 Y wUNITUUY YW VUNTTTTUNIVV W wWwyYUWY Ine) = 8
uuuuuunuuuuuvll?br?Slvhuuuvv~w~vvuuTTT!TTuunLuvvvvuainuﬂl=-.,
JULUGUUTUUUIVY XY 1 223 Y WUV W sV VUULUTTT T TTUIU VY AXAY N4 9/ £S5 1{ -
HUUUOUUTUUVVAY X ¢ KWW HHUUVYYUUGUTTTITTT T T Tiivy th{ﬂ?lu :

WLULUHOUQULBYYY VYU TTTTTITTTTITTTITITTI TP T T Ty VX

VUUBUUUUUUTUOL TTITTITTITTITYITITTITITTITITI fuvyZ71n Mg %11111

llUUUUUUUITITTTTT[ITTTTTTYT!TTTTTTTTTTThvll?adﬁ b U 4G 131113151
TITrT I ET T T ST YT T I IOy T I T I IT I veY 01357 il i R ) S E e s

TTTTT?TTTTTUUUTTT?TTT'TT”U”u.unqnan>an0131Q T i ]““s

TTITTTTITUUVVVVVUUTTTULIVWAYYRY AWXyyVVUyaXyl]45/75 -‘::"‘___ q!uﬂnnang1';‘

TTITTITTTULVXRWMVLUUVVVEAZO0210LY ZYRY Xy YY712]) 346 T g

TTTTTTUUUUUVVVYVAYYZ7722]102Y 2 AAwaVivunavil] 347 ‘wlmmrrgnmmm‘

TIIYVUYVV VYV VWG Y ZY Y Y XY X A WA wn Wl AVVVymAY1] 347 TNy A

IWXZ13I2LYYHXWW VY VYV VY VWWYZ014540543211123456918 3 R RS0 .imﬁun-maznuuhnu o

na?aasszvxvvvvv;nuu.rnau-n YUs2207) = - ! ’ b 1455 BT R Y

022127 XYXXX A583==/8=. BB Nl FLIETEE 1307 5541 100619 19 0TI LTI HMISRR RS

IWUVEX03be i/ ) ; * l_[m i Jmmi_ywuﬂpnlgﬁuul.nhﬂ

'WY259 (3. i ; b tp FRETA DA 1 LS Ve L1 TL 71 130V RHTE ML 908t TMATHRE (T 11 1N P

L7780 1 3 T;']‘I T M AN T DT 1 e

133, 313113379738 % iy

P il 5 ¥

IYISS/Sy 0 . B -

IV XY 1145693 ) 4= Y /lemi/)==2 )94 3abBs=3 11 ()= 3

TTUULIJVWAZ2023 1?7:::1277713»To 7 =/+87T831122Yx72¢2 .

TITITTTTULVY vv:uuuuuuuvalav7lll!vsrl ﬁelﬂvxvvvnsvvvvavxtvtxvvvvvnn13ﬁﬁ9o-lh

TITSSSSSTITY TTTUUNUUVY VX Wl AXW VYU ULV XX XYY YYZY7Z]1 344 30 XWVOULULULUVVYVXSYXAYYRYYYYYZ222]2!

1SS5SS55555SS5TT TTTUVVY VYV YV VY VUUUDUT T T T TULULUULUGUOUY V W VVUUOUU DU GGG v XX AR Y XXX XYY YYY Y Y 2

1SSS555555SSTT TTTOVVMYVYYYYOUMUTTITTITITITTITTIITTITIT T T TTULUGUUTTT TTUUDUVIIDULULUVY Y W s W W YXYYYYZ 7,

CERCCIETTY T TV I TTTY PP TP T T Y I TrIY T T TP T I T T I T I T T T T O T T T TN TY QLRI RILIVVVV WYX 7"

Figure 5. SMS 1 contoured IR black body temperature field at 0120 GMT,
25, April 1975. Location of OKC WSR-57 radar is indicated.
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1. INTRODUCTION

High-resolution GOES imagery has been
increasingly incorporated in studies of severe
convective storms. Most uses of this satellite
data have been of a qualitative nature involving
image interpretation. (For examples refer to
Maddox, 1977; Purdom, 1976; and Weiss and Purdom,
1974.) However, some researchers have begun to
use quantitative, digital GOES data in their
work. Adler and Fenn (1976) computed growth
rates of IR measured cold cloud top area for
several severe storms on 6 May 1975 (one of
which spawned the Omaha tornado) and compared
the changes in growth rate with the timing of
severe weather events at the surface. Negri
et al. (1976) contrasted visible cloud bright-
ness changes with the evolution of radar echoes
for several Great Plains' thunderstorms. They
also showed that computed parameters, such as
cloud top divergence, may be affected by the
time interval separating data used in the compu-
tations. Maddox et al. (1976) compared IR in-
ferred storm top heights with radar measured top
heights and showed that large scatter existed
between radar and satellite heights for severe
storms which penetrated the tropopause.

Houghton and Wilson (1975) presented velocity
divergence and vertical motion fields computed
for a severe convective situvation. The winds
were derived from tracking clouds on satellite
photographs. The resultant fields exhibited
horizontal and vertical coherency suggesting
that such applications might eventually be of
operational utility. During the current study
cumulus clouds were tracked to develop low-level
wind fields prior to an outbreak of severe thun-
derstorms. Divergence, moisture convergence, and
vorticity fields were then objectively computed.
These analyses were compared to similar fields
computed using only surface data. Subjective
modifications of the data set were made to dem-
onstrate the sensitivity of the results to vary-
ing spatial distributions of trackable clouds.

The day chosen for study was 24 April 1975
when several severe thunderstorms developed
during late afternoon from north Texas to
Missouri. GOES 1 imagery was taken at 5-min
intervals beginning at 1200 CST (all times are

1Also at NOAA-ERL, Boulder, Colorado
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given in Central Standard Time) and continuing
for 8 h. A NASA Atmospheric Variability Experi-
ment (AVE IV) was conducted this day and upper-
air soundings were taken at 3-h intervals over a
large region east of the Rocky Mountains. (The
NASA AVE program has been described in detail by
Hill and Turner (1977).) An unusually comprehen-
sive set of data was therefore available for use
in the study of the severe storms. Significant
storm reports included: hailstones with a
diameter of 2.75 in. (7.0 cm) at Wewoka, Oklahoma
at 1715; a tornado near Miami, Oklahoma, at 1800;
and a destructive tornado at Neosho, Missouri, at
1840.

25 SYNOPTIC SITUATION

At 1500 (Fig. 1) a slow moving cold fromt
stretched from southern Illinois westward to
eastern Kansas and then southwestward to the
Texas panhandle.

South of the front a narrow band

Fig. 1. Surface analysis at 1500 CST. Note the
dry line which extends from northern Oklahoma to
southwestern Texas. Winds are in kt with full
barb = 10 kt.




of hot, dry air had advanced eastward through
north-central Oklahoma into a low pressure area

east of Ponca City. The region of lowest pres-
sures was located on the dry line rather than on
the frontal wave. The surface pattern resembles
that of the sub-synoptic scale surface low docu-
mented by Tegtmeier (1974). He found that tor-—
nadic storms were most likely to occur within the
northeast quadrant of this type low, and this
particular case was not an exception. The rem=-
nants of a surface boundary, which separated hot,
moist air from a region of cool air produced by
nocturnal thunderstorms, is depicted as a dis-
sipating warm front. Note that in the narrow
warm sector temperatures had climbed into the
upper 80's with dewpoint temperatures holding in
the uppers 60's.

The 500 mb analysis (Fig. 2) showed that
a weak short-wave trough extended from south
Kansas into central Texas. The flow field split
into two branches to the west over the Great
Basin, and this short wave was imbedded within
the southerly stream. A stronger short wave,
within the northern stream, was moving east-
southeastward across the northern Plains. By
0000 on the 25th these two features had moved
into phase and merged just west of the central
Mississippi Valley. Although severe thunder-
storms continued through the night, the most
intense storms were those that occurred along
the southern short wave during the late after-
noon and evening.
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Skew T/Log P plots of upper-air soundings taken

at Monett, Missouri, and Amarillo, Texas, are

shown in Fig. 3. (Release times were 1500 and

1415 respectively.) The Monett plot resembles a

Miller (1972) Type I tornado sounding. The low- o
est 100 mb layer L.I. was -4, and the mean vapor

mixing ratio for the same layer was almost 12 g

kg-1. However, note that the LFC was almost

200 mb above the LCL with a large negative buoy- -
ancy area indicated through the separating layer.

Most veering in wind direction occurred below

the LCL with west-southwesterly flow extending

from 800 through 100 mb. The temperature lapse

rate was strongly superadiabatic in the lowest

30 mb.

The Amarillo sonde was released within the
hot, dry air mass prior to cold frontal passage.
A well mixed, nearly adiabatic layer extended
upward from the surface to 600 mb. Although
strong westerly flow was present at middle and
upper levels, nearly uniform westerly winds of
only 10 kt (5 m s ™) existed in the mixed layer.
Because of this weak flow the dry line moved
only slightly eastward during the afterncon,
except over central Oklahoma, where it moved
eastward toward the low pressure region.
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Fig. 3a. A Skew T/Log P plot of 1500 CST Monett,
Missouri, upper-air sounding.
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Fig. 3b. Skew T/Log P plot of 1500 CST Amarillo,
Texas, upper-air sounding.

Wilson (1976) has computed large scale
vertical motion fields (700 mb w computed with an
adjusted kinematic method) using the AVE IV
sounding data. His 1500 700 mb w field is showm
in Fig. 4, along with the concurrent surface
analysis. Regions where severe thunderstorms
developed during the following 2 h are
indicated. The large scale vertical motion
fields apparently did not play a dominant role
in organizing convection on this particular day
since the storms developed in regions of
diagnosed subsidence, or of only slight upward
motion.

The 1702 satellite photograph is shown in
Fig. 5 with the 1700 surface analysis super-
imposed. The three large storms in northern
Missouri, northeastern Oklahoma and southern
Oklahoma were all severe. The Missouri storm-
complex was oriented north to south and inter-
sected the surface front and an associated east-
to-west line of convective clouds. Empirical
rules (Purdom, 1976) suggest that this storm
would be a likely tornado producer. Similarly, the
large storm in southern Oklahoma would be con-
sidered highly suspect because of its extremely
rapid growth rate (refer to Negri et al. (1976)
for details), and the obvious flanking lines
which extended west-southwestward from the storm
complex. However, it was the less spectacular
storm (as viewed from satellite) located east-
northeast of the sub-synoptic surface low that
became tornadic.
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Fig. 4. 1500 CST 700 mb vertical velocity in
ubars s~ (from Wilson, 1976). Regions where
severe thunderstorms developed during the

following 2 h are cross-hatched.

Fig. 5.
suface analysis.

1702 CST GOES photograph with 1700

3. SATELLITE DATA SET

A low-level wind field was developed by
tracking cumulus clouds through a four-picture
loop which began at 1458 and continued through
1513, The tracking was accomplished on the NASA
Atmospheric and Oceanographic Information Pro-
cessing System (AIOPS). Manual cursor position-
ing methods were employed. (The AOIPS and cloud
tracking techniques are described by Billingsley
et al, (1976).) Acceptance of a derived vector
was subjective and was primarily based-upon
obtaining consistent cloud motion through the
loop.
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The set of 214 wind vectors obtained

is shown in Fig. 6. These data were objectively
interpolated onto a 0.4 degree grid (approx-
imately 9 degrees square and centered on south-
western Missouri) using a 2-D cubic spline
technique which was developed by Fritsch (1971).
The resultant wind field is shown in Fig. 7.

The spatial distribution of the data points
indicated that the validity of the gridded winds
would be most questionable over northwestern and
southeastern corners of the domain, regions not
affected by storms.

Results of previous studies have indicated
that cumulus motion represents the cloud-base
environmental wind to within 5 degrees and
1 m sl (Fujita et al., 1975 and Hasler et al.
1975). Hasler et al. also noted that there
were no discernable biases to the differences
indicating that analysis of a large, closely
spaced data sample might minimize the error
Present.

Several dynamic fields were computed using
the wind field shown in Fig., 7. The represen-
tativeness of these fields is partially a
function of the spatial distribution of track-
able cumulus clouds, and this important
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Fig. 6. Set of 214 wind vectors obtained by

tracking low-level clouds on the NASA AQIPS.
One degree of latitute = 22.2 m s~! and one
degree of longitude = 17.8 m s71.
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Fig. 7. Objectively gridded field of wind vectors.
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limitation is considered in a subsequent sectior
Location of the wind vectors in z-space is also
a2 significant problem. Schaefer (1973) noted
that usually neglected terms which appear when
divergence is computed on a nonhorizontal surface
can significantly affect the resultant fields.
dowever, in this case it was assumed that the
sdtellite derived winds were on a horizontal
surface, even though rawinsonde data indicated
that the LCL ranged from 910 to 800 r  across
the region where clouds were tracked. Al..ougi
simplifying assumptions have been made, the
results do seem promising.

4. MOISTURE CONVERGENCE FIELDS

Hudson (1971), ¥Newman (1972), and Sasaki
(1973) have all shown that severe thunderstorms
and squall lines tend to develop in regions
where values of moisture convergence are large.
Identifiable maxima in the surface moisture
convergence field may precede development of
intense convection by as much as 2 to 3 h.

Studies by Pearson et al. (1967), Steyaert -
and Darkow (1973), and Schaefer (1975) have
presented results indicating that surface mixing
ratios might be combined with the satellite de- v
rived low-level wind field to approximate mean -
mixed layer moisture convergence. Surface mixing




ratios were computed for the 1500 observations
using Tetens' empirical formula for vapor
pressure and the definitron of mixang ratzo.

The mixing ratios were objectavely analyzed onto
the same grid as shown in the wind field of

Fig. 7. These two fields were used to compute
the moisture divergence (V.wV), hence moisture
convergence is of negative siga,

The resultant field is presented in Fig. 8.
Cemparason with Fig. 5 shows rhat during the
following 2 h storms developed in mest of the
regions characterized by large values of mois-
ture convergence at 1500, The main exception
was the lack of actavity within the molsture
convergence zone in central Kansas., The mois-
ture convergence field calculated using only
surface data 1s shown in Fig, 5. The overall
pattern of the two fields is sumilar; however,
significant differences do exist. The most
Pronounced of these was the band of hagh mois-
ture convergence values that stretched across
south-central Oklahoma in the satellite faeld.
The surface analysis indicated moisture
divergence over much of this area. This was an
Inportant gifference since several severe
storms developed across this region.
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Fig 8. 1500 CST moasture convergence field
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Maximum values for satellite and syrface
moisture convergence (~8.5 g kg"l 1) were
similar to values found by Newman (1972) to be
assocrated with severe thunderstorm occurrences.
The Neoshe tornadic storm began to develop within
an hour of the satellite mecasurements and wathin
the area of highest moisture convergence values,
An 1mproved correspondence between maxima and
subsequent severe storm genesis were character-
istic of the satellire field, This may have been
a result of both stronger flow fields at cleud
base and an eliminatzon of local influences which
affect measurements of surface wrxnds.

5. DATA SENSITIVITY

4 modification of the origanal 214 wind
vactor set was made to demonstrate that the
spatial diastrabutzon of trackable cumulus clouds
strongly affects the results of calculations of
the type consadered above. The 24 April tornado
case was unusual because strong synoptic scale
weather systems and attendant large cloud wmasses
were not present. Eleven of the wind vectors
were obtained by tracking indivadual cumulus
within a narrow cloud band that developed te the
rear of the surface cold front. These vectors
were arbitrarily deleted from the data set.



Calculated relative vortacity fields are
shown in Fig. 10 for both the complete and
modified data sets. The results differ both in
general pattern and alsc by as much as two
orders of magnitude. The data modification was
chosen to maximrze differences; however, cloud
patterns associated with real weather Systems are
also likely to systemataically affect the discri-
bution of trackable c¢louds, For example, 1t
would be most unusual to find a cumulus cloud
field in the air mass behind a dry line, and
low-level clouds would often be obscured north
of a surface cold front by layers of maddle and
haigh clouds.

These lamitations emphasize the importance
of integrating satellite determined low-level
wind fields into a boundary layer model (both
diagnostic and prognostic) which incorporates
all available conventionally and remotely
sensed data. This 1s especially true when

operational applications are considered.
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6. SUMIARY

Cumulus clouds were tracked, using short-
interval high-resolution GOES satellite magexy,
to derive a low-level wind field for a severe
thunderstorm situation., The ¢loud tracking was
accomplished during a peraiod prior to storm devel-
opment. Moisture convergence fields were approx-
imated using these satellite derived winds and
surface mixing ratios. Subsequent severe storm
development occurred within regions of diagnosed
high moisture convergence. Satellite moirsture
convergence patterns specified convective patterns
that developed much better than did the same field
computed using only surface observations. These
data suggest that useful applications, using
satellite wind fields, may be possible in opera-
tional severe thunderstorm forecasting.

It was also shown that computed dynamic
fields are highly affected by the spatial dis-
tribution of trackable clouds. Satellite winds
must be accurately located in the vertical before
more precise computations can be obtained. Work
1s underway on development of an.optimum objec~
tive analysis scheme which would simultaneously
analyze satellate winds, surface data, rawinsonde
data, and other types of remotely sensed data,
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MOISTURE CONVERGENCE FROM A COMBINED MESOSCALE MOISTURE ANALYSIS

AND WIND FIELD FOR 24 APRIL 1975

A,J. Negrai, D.W. Hillger, and T.H. Vonder Haar

Department of Armospheric Science
Colorado State University
Fort Collims, CO 80523

1. INTRODUCTION

The launch of geosynchronous satellites has
provided meteorologists with high spatial and
temporal resolutieon data essential in evaluating
mesoscale features whaich may force the develop-
ment of severe local storms (SELS). At the
present time, only radiances from two chanmels,
the 11~12 pym infrared and the 5-7 um visible are
available, so that vertaical temperature profiles
cannot be obtained. However, Vertical Tempera-
ture Profile Radlometer (VIPR) data are avail-
able from the polar orbiting NOAA-& satellite,
which uses the 15 um CO, channels for tempera-
ture retrieval and the rotatlonal water vapor
absorption band to infer precipitanle water
values (Hillger and Vonder Haar, 1976), howvever
temporal resoclution is poor.
the possibility of combining these two data sets
to samulate data that will become available with
the launch of the VISSRL Atmospheric Sounder
(VAS) on the GOES-D in the 1980's. A moisture
analysis of 70 km resolution is combined with
wind £ields derived from tracking low-level cu-
mulus clouds using SMS visible channel data.
This combination alleows for the computation of
moisture convergence ain the boundary layer for
the pre-storm environment.

Several researchers, including Hudson (1971),

Newman (1972} and Sasaki (1973) computed surface
molsture convergence and found good agreement
between those patterns and reports of severe
weather several hours later. Intense moisture
convergence (~ 1073 g kg~l s~1) is one condition
found favorable for tornadic storm development
(Sasaki, 1975).

The day chosen as a case study was 24 Apral

1975, when several severe thunderstorms developed

during the late afterncon from north Texas to
Missouri.

This day is well represented in the litera-
ture, Whitney (1977) examined the roie of the
subtropical and polar jets on this day and con-
cluded that upper-~level diffluence ahead of the
advancing trough enhanced the convective insta-
bility north of the sub-tropical jet., HMaddox

et al (1976} compared satellite sensed radiative

temperature fields to corresponding radar eche
characteristics in an attempt to quantify the
detection of severe storms by satellite. HNegri
et al (1976) examined growth rates zm SMS visai-
ble channel data to determine an operationally
significant parameter for detection of storm
severity Purdom (1975) examined the low-level
inflow into these storms from both an earth
relative frame and a thunderstorm relative
frame and concluded that a relative low-level
southerly flow into a storm is important

in that storm's ability to produce a

This paper explores

tornado  This paper will follow the latter ap-
proach in using low-level cumulus velocities

to compute divergence and subsequently moisture
divergence.

2 24 APRIL 1975
2 1 Synoptic Situation

Numerous severe storms occurred ain a region
stretching from southwest Oklahoma to eastern
Tennessee durang the afternoon and evening hours
this day. A destructive, killer tornado struck
at Neosho, Mo. and baseball-sized hail pounded
the gmall town of Wewoka, Ok, Figure 1 is the
surface analysis for 1600 GMT, near the time of
the NOAA-4 satellitre pass  Features to note are*

1} the intense moisture gradient across the
dry line in western Oklahoma

2) very moist air in eastern parts of Texas
and Oklahoma

3) cold fronkal boundary xin the Oklahoma
panhandle, becoming statlonmary out towards
the northeast

4) squall line from previous days convective
activity running through Oklahema and
Arkansas.

Fig. 1.
1975.

Surface analysis for 1600 GMT, 24 April

lVisible and Infrared Spin-Scan Radicmeter
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Figure 2 is the 1500 GMT 500 mb analysis of data
collected during NASA's Atmospheric Variabality
Experiment {AVE) om this date. The weak short
wave moving through the midwest increased the
instability over the region

500mb

24 APRIL 1975
1415-1500 GMT

Fig 2. 500 mb analysis for 1500 GMT. Data
were collected during NASA's Atmospheric
Variability (AVE) experiment.

2.2 Mesoscale Precipitable Water Analysis

High horizontal resoclution moisture infor-
mation was obtained at 1615 GMT on 24 April
1975. This moisture analysis was avallable in
terms of total precipitable water (PW) values
at a resolution of about 70 km from the VIPR
on NOAA-4. Table 1 shows the spectral charac-
teristics of the VIPR imstrument. Clear column
temperature profiles were retrieved through use
of an iterative temperature retrieval algorithm,
(Hillger and Vonder Haar, 1977). As an initial
guess profile the retrieval program used a com-
posite temperature and moisture sounding c¢on-
structed from 1800 GMI AVE radiosonde profiles.
The temperature profile was then iterated until
the RM5 residual between observed and calculated
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radrances for the CO7 channels reached some limat-
ing noise value (the instrumental noise level for

* the VIPR instrument).

HOAA VTPR CHANNELS

APPROXIMATE
CHANNEL WAVELEHGTH WAYENUMBER PEAX LEYEL OF
HUHBER (microns) {e —}) WEIGHTING FUHCTION
" {m1111bars}
COZ channels {15 micron CO2 absorption band)
1 14.96 558 5 3
{Q branch)
2 14 77 671 5 50
k| 14 38 695 ¢ 120
4 14 12 708 ¢ 400
5 13 79 725 ¢ 600
] 13 38 747 0 surface

HZO channel

{Rotatianal water vapor absorption band)

7 18 69 535 0 700
Hindow channel  (Atmospheric window region}
8 11.97 8330 surface
Table §
Table 1. Spectral characteristics of the Vertical

Temperature Profile Radiometer.

After the temperature profiles were retrieved
using the six €0, channel radiances, a comparison
was then mzde between the observed and calculated
radiances for the VTPR H.O channel The observed
H20 channel radiznce is gependent upon both the
temperature and moisture structure of the sound-
ing column, whereas the €0, chanmels are in gen-
eral less dependent on wmoisture than temperature.

The calculated radiance is an integrated value
obtained by applying the radiative transfer equa-—
tion to the retrieved temperature profile with

the initial guess PW amount. If the retrieved
temperature profile 1s gufficifently accurate, then
the only difference between observed and calculated
radiances should be due to the difference between
the observed and initial guess precipitable water
amounts, The initial guess PW amount is not
changed in the iterative process and does cause
some errors in the derived temperature profile
which are of smaller magnitude than the PW effect
on the Hy0 channel. Since the inmit:al guess PW
amount is a constant value, the H,0 radiance re-
sidual should therefore be proporfional to the
actual PW amount in the sounding column.

For the area of the satellite pass over the



Great Plains, a correlation between the H,0 radi-
ance residuals and the actual PW values at AVE
radiosonde launch sites is shown in Figure 3.

The rather high correlation of -.88 shows that
much of the moisture distribution on the meso-
scale was explained by the radiance residuals.
All the values except Fort Sill, Oklahoma (FSIL)
are within the absolute error bias of +0.5 cm of
H.0 which is considered as a maximum error for
tgis data set.

RADIANCE RESIDUAL - H,0 CHANNEL. (w w/m¥sr Zem™)

2k OMAG
\
-4 X \
CORRELATION = - 88, ®SEP

s \

s L \
\
1 1 1
1.0 20 30

PRECIPITABLE WATER (cm)

Fig. 3. Observed precipitable water values versus
HZU channel radiance residuals.

A least squares linear fit was made to the indi-
vidual points to derive PW values at the places
other than radiosonde sites which were used for
calibration. The resultant PW field is shown in
Figure 4 for the satellite pass time. One region
in question is in central Kansas where high clouds
caused the PW values to be low. The clouds there
extended above 500 mb and the values obtained are
not reliable. Otherwise, the individual values
should be accurate to within + 0.5 cm of FW.
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Fig. 4. The precipitable water field (cm) at
1615 GMT.

2.3 Wind Fields

Five minute Interval SMS visible channel data
were used to track cumulus clouds and derive low-
level wind fields from their motion. Winds were
tracked on NASA's Atmospheric and Oceanographic
Information Processing System (AOIPS) by NASA
scientists and the data furnished to CSU. Cloud
location is determined by means of a cursor, which
is moved about the screen by means of a joystick.
Prior navigation of the images to within one pic-
ture element (~ 1 km) allows for cloud tracking
in an earth relative frame. [A description of the
AOIPS and cloud tracking techniques was presented
by Billingsley (1976).] Figure 5 is one such
satellite image used. Cumulus clouds were tracked
in an area approximately 1l degrees on a side
centered near Oklahoma City, Oklahoma. Figure 5
shows the original wind field, with a vector of
length one degree representing a wind speed of
17.8 ms-l u velocity and 22.2 ms-l v velocity.
Hasler, et.al. (1976) showed that for tropical
cumulus, excellent agreement existed between cloud
motion and the wind at cloud base (V

= Viiad
g It ms~1).

cloud
Fujita et.al, (1975) used ATS images to infer

environmental winds and concluded that cunmulus

turrets 0.3 to 2 miles in size appear to be the

best targets to infer mean winds in the sub-cloud
layer. Accuracy in velocity computation was shown




to he +1 ms ™t speed and + 5° direction. More
tecently, Suchman and Martin (1976) explored the
accuracy and representativeness of tracer winds
in the GATE area. They found that ship winds
used as "ground" truth differed from satellite
winds by less than 3 ms—1, Using 30 mingte in-
terval_imagery, they found a reproducibility of
1.3 ms for cumulus level winds. Cumulus
tracked winds would seem to better indicate
boundary layer motion than do the corresponding
surface winds becausc:

1) a 20 minute "average" of mean flow is
obtained, and

2) surface winds are influenced by topog-
raphy and surface stress.

Doswell (1976) recognized the importance of using
"filtered" surface data in computations of low-
level moisture divergence.
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Fig. 5. SMS visible channel image at 1757 GMT.
3. RESULTS
3.1 Dynamic Parameters

The wind field of figure 6 was objectively
analyzed using a cubic spline technique developed
by Fritsch (1971). Figure 7 shows the objectively
analyzed wind field, using a grid interval of 0.5
degrees, with lengths scaled as in figure 5. The
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divergence field, figure 7, shows the areas of
strongest low-level convergence located in cen-
tral Kansas, southwestern Oklahoma and southern
Missouri. Magnitudes of this convergence are
10-20 x 10™2 s~l, A final compution is done with
the addition of the satellite derived PW fields.
The moisture field of figure 8 was objectively
analyzed onto the same grid as the winds and the
moisture divergence (¥ PW V) was calculated.
This field is illustrated in figure 9, and is
similiar in structure to the divergence field
alone, The maximum moisture convergence was

~30 x 1072 cm H,0 s~l centered in eastern Kansas.
Local maxima are also found in southern Missouri,
southwestern Oklahoma, central Texas and northern
Louisiana. The radar summary at 1835 (Fig. 10)

shows some convective activity ooccurring in
Kansas, however these storms were not severe.
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Fig. 6. Original wind field at 1800 GMT from
satellite inferred cumulus velocities.

Because of the rather large time discrepancy
between the moisture field (1600), the wind field
(1800) and the time of initial storm genesis (2200),
emphasis has been placed on the description of a
technique rather than on demonstrating the possible
correlation between moisture convergence patterns
and the occurance of severe local storms. Maddox
et.al. (1977) coupled 2100 GMT derived winds with
corresponding surface mixing ratios on this day
to determine possible correlations. The authors
are well aware of some of the shortcomings of the
technique described. A satellite wind which was




not accurately located in the vertical has been
multiplied by an estimition of the total atmo-
spheric water content. fhe wind fields are sen-—
sitive to the density and spatial configuration

of the cumulus clouds used to derive chem, as 44
well as to the objecepive analysis scheme used
Total PW content s likewlse nor recrieved per-— A0 5 HEAC amar .

fecrly. Yt is hoped cthat by the time VAS 1s
launched there will be improved algoritnms for
determining HZQ content and its vertlcal dis-
Cribution
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4. SIMMARY

The major results and lamitataons of this
preliminary study of combining two types of sat-—
ellire data included:

1) Using data from sarellite sensors cnly,
wind and wolsture fields can be eon—
structed and then combined to glve meso-
scale horizontal moisture Elux infor-
matcion.

2) satellite inferred cumulus velocities
provide a usable representdation of
boundary layer flow, with the limitation
of not being exaccly lecated in the ver-
tical Subsequent calculacions may be
dependent on the number and density of
wind vectors and on the type of objec-
tive analysis used.

3) While moilsture profiles cannot he re-
trieved perfectly, total precipitable
water can be recovered through its large
negative correlation with radiance re-
siduals, Most of this PW resides in
the boundary layer.

4) Moiscure divergence fields reflect im-
portant mesoscale forcing mechanisms of
severe local storms, notable in the ab-
sence of a wall defined synopric
pattern.

5) Because of the early NOAA~4 pags time,
and a 2 h diseontinuity berweeqg the
wind and moisture flelds, no inferences
can be made to the correlation of low-
level moisture convergence and the oc-
currence of severe local storms for this
case

The proposed VISSR Atmospherie Sounder, with
its high spatial and temporal resolution, will
provide a vital tool for the implementation and
evaluation of this proposed technique.
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