MARCH 1988

ZEHR, PURDOM, WEAVER AND GREEN 33

Use of VAS Data to Diagnose the Mesoscale Environment of Convective Storms

RAYMOND M. ZEHR, JAMES F. W. PURDOM, JOHN F. WEAVER AND ROBERT N. GREEN

NOAA/NESDIS/Regional and Mesoscale Meteorology Branch, Cooperative Institute for Research in the Atmosphere (CIRA),
Colorado State University, Fort Collins, Colorado

(Manuscript received 26 January 1987, in final form 2 December 1987)

ABSTRACT

The utility of VISSR Atmospheric Sounder (VAS) retrieval datasets for mesoscale analysis is explored. A
detailed mesoscale air mass analysis method is presented in which VAS soundings, satellite imagery, and con-
ventional surface data are used to diagnose mesoscale differences in air mass character. Comparisons are made
with radiosonde observations of the same air mass differences. A mesoscale air mass analysis is presented with
a discussion of the role that the various air masses play in subsequent convective development.

In a second technique, several VAS-derived thermodynamic parameters, such as positive and negative buoyant
energy, are shown to be well suited to operational forecasting of convective storm development and evolution.
The derivation of these parameters and their applications in forecasting are illustrated.

1. Introduction

Convective storms play an important role across
many spatial and temporal scales in meteorology. Lo-
cally, convective storms may initiate weather-related
events that affect everyday life. While thunderstorms
provide much needed water for agricultural purposes,
they can also produce tornadoes, hail, flash floods,
downbursts, and lightning, all of which pose serious
threats to life and property. On this convective scale,
improvements in short-range forecasting (often termed
nowcasting) are much needed (Browning, 1982). How-
ever, before precise local forecasting becomes a reality,
an improvement in the understanding of convective
storm genesis and development is required.

Most of the available information on convective
storm development and intensification is focused on
either the large-scale conditions favorable for devel-
opment (Miller, 1972) or on the individual convective
storm (Byers and Braham, 1949; Brandes, 1978). More
is known about synoptic-scale development and cloud
microphysics than about the mesoscale, which remains
both poorly measured and poorly understood (NCAR,
1984). This lack of mesoscale knowledge has been due
mainly to a gap in meteorological observing capability
in the era prior to the high resolution geostationary
satellite. However, with the advent of the Geostationary
Operational Environmental Satellites (GOES) this ca-
pability has become available, and many advances have
been made in the area of mesoscale meteorology
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through the interpretation of satellite cloud imagery
(Purdom, 1982).

Additional mesoscale information became available
in 1980 when the VISSR (Visible and Infrared Spin
Scan Radiometer) Atmospheric Sounder (VAS) in-
strument was placed in geostationary orbit. VAS has
the ability to provide frequent sounding data over me-
soscale areas (Suomi et al., 1971). Sounders similar to
VAS have been a part of NOAA’s polar-orbiting sat-
ellite observing system since the early 1970s. Therefore,
algorithms to compute vertical profiles of temperature
and humidity from satellite-measured radiances had
been developed many years earlier (Chahine, 1968;
Smith, 1970). Profiles such as these, referred to as re-
trievals, are available from VAS. Satellite-measured
radiances in combination with “first-guess™ fields or
statistical information from conventional data are used
to compute the retrievals (satellite soundings).

Smith et al. (1982) have demonstrated the potential
of using VAS-generated parameters to detect features
important to severe thunderstorm development. More
recently, VAS retrievals have been used to support se-
vere thunderstorm forecasters at the National Severe
Storms Forecast Center (NSSFC; Wade et al., 1985)
and for tropical cyclone applications at the National
Hurricane Center (Velden et al., 1984). Another ap-
plication of VAS data has been the initialization of
mesoscale numerical models (Kreitzberg, 1976; Mills
and Hayden, 1983; Cram and Kaplan, 1985).

Although VAS retrieval data have been available to
forecasters at the NSSFC for several years, their op-
erational use has been somewhat limited, due to the
usual problems associated with introducing new in-
formation to forecasters constrained by operational
duties coupled with the inconsistent availability of VAS
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TABLE 1. VAS instrument characteristics.
Weighting function
Central Representative :
Spectral wavelength Absorbing Peak level thickness Surface or cloud
channel (um) constituent (mb) {mb) emission effect
1 14.7 CO, 70 150-10 usually none
2 14.5 CO, 125 - 200-50 nothing below 500 mb
3 14.2 CO, 200 500-50 nothing below 800 mb
4 14.0 CO, 500 . 800-300 weak
5 13.3 CO, 920 SFC-500 moderate
6 4.5 CO, 850 SFC-500 - moderate
7 12.7 H,0 surface SFC-700 strong
8 11.2 window surface - strong
9 7.2 H;O 600 800-400 weak at surface
10 6.7 H,0 400 700-250 nothing at surface
11 4.4 CO, 300 800-100 weak
12 39 window surface — strong

data. The inconsistent availability of VAS data has
mainly been due to the unfortunate reality of having
only one fully operational GOES satellite during the
period August 1985 to March 1987 and the inability
of the current generation GOES satellites to do both
" sounding and imaging simultaneously.

Mostek et al. (1986) concluded that VAS data, when
appropriately combined with conventional surface and
radiosonde data, can help resolve some of the processes
which lead to the development and maintenance of
convective storm systems. Their paper presents a
quantitative assessment of temperature and moisture
structures previously described with VAS imagery by
Chesters et al. (1983) and Petersen et al. (1984). In this
study, VAS data are used to diagnose the differences
among air masses which influence convective storm
development. The emphasis is on assessing the poten-
tial of mesoscale air masses to support deep convective
clouds, severe thunderstorms, and mesoscale convec-
tive systems (MCS).

2. VAS data
a. The VAS instrument

The sounder portion of the VAS instrument mea-
sures outgoing radiation from the earth—atmosphere
system in 12 different spectral bands (channels). Char-
acteristics of individual channels are given in Table 1,
and their weighting functions for the U.S. Standard
Atmosphere are shown in Fig. 1. These weighting
functions illustrate the sensitivity of each channel to
atmospheric height (pressure) and thus the vertical res-
olution of VAS data. In terms of horizontal resolution,
all twelve channels can resolve 13.8 km while 6.9 km
“fields of view” are available from six of the channels.
The VAS instrument -characteristics, calibration, and
performance details are given in Menzel et al. (1981).

The VAS instrument can be operated in one of three
modes: 1) a normal VISSR mode for routine visible

and infrared imaging, 2) a dwell sounding mode which
uses all or most of the sounder channels to collect data
for retrievals, and 3) a multispectral imaging (MSI)
mode in which VISSR data plus two additional VAS
channels are sampled. The MSI mode allows frequent-
interval water vapor imagery. The three modes of op-
eration are not independent; when the satellite is op-
erated in one mode, data from the other modes are not
available. When VAS is operated in the dwell sounding
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FIG. 1. Radiance weighting functions of the VAS channels for the
U.S. Standard Atmosphere. Dashed lines indicate the shorter wave-
lengths, which may be influenced by reflected sunlight.
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mode, data from the various channels may be viewed
individually or processed to produce mesoscale sound-
ings.

b. Retrieval algorithms

Radiance measurements from the various VAS
channels are used to compute (retrieve) vertical profiles
of temperature and humidity. Two types of retrieval
algorithms have been employed to derive VAS sound-
ings. A physical method based on an iterative solution
of the radiative transfer equation is outlined by Smith
(1983), and an empirical method based on statistical
regression techniques is described by Smith et al. (1970)
and Lee et al. (1983). The VAS retrievals shown in this
paper were obtained in near real time from the Co-
operative Institute for Meteorological Satellite Studies
(CIMSS) at the University of Wisconsin. These datasets
were produced routinely in support of both National
Weather Service operations and research field pro-
grams. VAS soundings were computed at approxi-
mately 80-km resolution by eliminating cloud con-
taminated fields of view and averaging pixels to increase
the signal-to-noise ratio. Each VAS retrieval consists
of geopotential height, temperature, and dewpoint at
constant pressure levels.

The VAS soundings for this case study were com-
puted with the physical retrieval algorithm described
by Hayden and Menzel (1986) and Smith and Woolf
(1984). This new method calculates temperature and
moisture profiles simultaneously. It was designed to
correct some of the problems of the original physical
formulation (Smith, 1983), particularly the large errors
in moisture content. The first-guess fields used in the
computations were the LFM (Limited-area Fine Mesh)
model forecasts.

This paper does not deal with evaluation of retrieval
algorithms or data resolution, but rather with the ap-
plication of VAS data to meteorological problems.
However, the validity of VAS soundings and retrieval
methods is an important topic on which additional
research is needed. A few comments and findings per-
tinent to retrieval algorithm evaluation and VAS-ra-
diosonde sounding comparisons are included in sec-
tion 4.

¢. Microcomputer workstation

One of the ongoing research goals of the authors
during the past several years has been the development
of a microcomputer-based meteorological workstation
suitable for research and operations. This system has
been used for real-time support of the Oklahoma-
Kansas PRE-STORM (Preliminary Regional Experi-
ment for Stormscale Operational and Research Me-
teorology) operations (Purdom et al., 1985; Green and
Weaver, 1985) and was utilized for much of the re-
search work described in this paper.
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The hardware components are based on the IBM
series of personal computers with peripherals from
various manufacturers. The base processor is an IBM
PC/XT with a 10 megabyte hard disk, 640K bytes of
memory and a numeric processor to increase floating-
point calculations speed. Two video monitor displays
are used: 1) a monochrome screen which provides the
text display for menus and alpha-numeric data, and 2)
a color screen for graphical displays and imagery pre-
sentations. A dot matrix printer provides the capability
of hardcopy of products displayed on either screen.
Data transfer from the mainframe computer utilizes a
1200 baud automatic-dial modem connected to a
standard telephone line. The workstation can be used
for satellite image display and analysis of VAS retriev-
als. Various color enhancement, animation, and his-
togramming routines are also available. Additional de-
tails are given by Green et al. (1986).

d. VAS-derived products

The VAS retrieval datasets provide input to the
workstation from which numerous constant level fields
and derived quantities are generated and analyzed. A
modified sounding analysis routine, originally designed
for analysis of radiosonde observations, computes var-
ious parameters applicable to thunderstorm forecasting
(Table 2 and Fig. 2). This routine requires 3-4 seconds
per sounding to run on the IBM PC/XT. Although all
variables in Table 2 have been analyzed and evaluated,
the bulk thermodynamic parameters are the primary
quantities of interest for this study. These parameters
are computed from layer averages and thermodynamic
diagram area (energy) averages, and therefore minimize
a weakness of VAS retrievals—poor vertical resolution.

Convective storms derive most of their energy from
the convective available potential energy (CAPE) of
the prestorm environment (Normand, 1938; Haltiner
and Martin, 1957; Moncrieff and Green, 1972). The
CAPE is measured by integrating the positive temper-
ature difference between a near surface-layer parcel
displaced upward adiabatically without entrainment
and the environmental temperature. This energy
source, often referred to as buoyant energy (B) or “pos-
itive area,” is easily computed from sounding data.
Additionally, “negative areas” which must be over-
come, either by lifting or by heating in order to realize
the potential positive buoyant energy, can also be
computed. For this paper, the lifted negative area (N)
is defined as the negative buoyant energy that must be
overcome for a parcel to ascend adiabatically to its
level of free convection (LFC). The energy required to
attain convective temperature defines the area to be
overcome by heating (H), and is represented by the
area between the environmental temperature and the
dry adiabat of the convective temperature (Fig. 2).

The layer from the surface to a height of 1 km is
used to represent the subcloud layer parcel. Therefore,
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TABLE 2. Parameters derived from each VAS retrieval.

Type and name Notation Units’ PC number and abbreviation Comments
Parcel definition
. Lowest kilometer . A mass weighted average computed from
dewpoint DPy_; ym °C 77  0-1 km DEW PT all interpolated levels with heights less
2. Lowest kilometer _ than 1000 m above the surface is used
temperature To-1 km °C to define a parcel.
3. Lowest kilometer
mixing ratio Fou1 km gkg™ 78 0-1 km MIX RATIO
Parcel levels
4. Height of lifling The LCL height, pressure, temperature,
condensation and mixing ratio are corputed
level (LCL) ZicL m 79 LCLHT exactly based on parcel definition.
5. Pressure of I.CL P mb 80 LCLP :
‘6. Temperature of LCL TicL °C 81 LCL TEMP
7. Mixing ratio of LCL.  rc gkg™! 82 LCL MIX
8. LFC (level of The pressure level of the LFC, EL, and
free convection) CCL are computed as the first
pressure Pipe mb 83 LFCP interpolated level above their actual
9. EL (equilibrium level. Therefore, there is an error of
level) pressure Py mb 84 ELP +AZ, where AZ = interpolation
increment.

10. CCL (convective The CCL is defined by the intersection
condensation of the lowest kilometer mixing ratio
level) pressure PecL mb 8 CCLP line and the temperature sounding

line.
Stability indices
11. Lifted index LI °C 86 LIFTED INDEX LI = Ts00 mp — Parcel Tsoo mp
12. K index K °C 87 K INDEX K = (Tgso — T'so0) + DPyso + (700 mb
DP depression)

13. Totals — Totals °C 88 TOT — TOT INDEX Totals — Totals = [(Tgso — Ts00) X 2]

— (850 mb DP depression)
Thermodynamic energy parameters ,

14. Positive buoyant Thermodynamic energy parameters are
energy B Jkg! 89 POS BUOY computed as mass averages of

15. Negative buoyant . appropriate temperature differences
energy (LCL to using all pertinent interpolated levels.
LFC) MicL-Lee Jkg! 90 NEG E(LCL-LFC) Parameters 14, 15, 16 and 17 are

16. Negative buoyant determined by the parce! (parameters
energy (surface 1-3) and by the temperature
to LCL) NsreoroL J kg™! 91 NEG E(SFC-LCL) sounding. Parameters 18 and 19 are

17. Negative buoyant determined by a parcel defined by
energy (total parameters 3 and 20.
below LFC) N Jkg™! 92 TOTNEGE .

18. Additional heat
energy required
to reach
convective :
temperature H J kg™! 94 E TO CNVCT TEMP

19. Positive buoyant '
energy from
parcel at the ) :

CCL Beer Jkg! 95  POS BUOY CCL
Additional thermodynamic parameters

20. Convective Convective temperature is defined as a
temperature T, °C 93  CONVECT TEMP surface temperature with the same

21. Maximum possible potential temperature as the CCL.
updraft velocity Winax ms™! 9% MAXVYV

22. Minimum wet-bulb The maximum possible updraft velocity
potential temperature is based on the positive buoyant
6. e °C 97 MIN THETA W energy, B.
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TABLE 2. (Continued)

Type and name Notation Units PC number and abbreviation Comments
23. Height of minimum HT,, m 98 HT MIN THETA W
Bw
24. Wind directions at
height of 6,,
minimum bDIR,, deg 99  DIR MIN THETA W
25. Wind speed at height
of minimum 6, SPD,, ms™! 100  SPD MIN THETA W
26. Height of 0°C wet- :
bulb temperature HTr,., m 101 HT WB ZERO
Wind parameters
27. Mean wind The mean wind is a mass weighted
direction in average. Heights refer to above the
3-10 km layer DIR3 0 km deg 102 MEAN DIR (3-10 km) surface, not MSL.
28. Mean wind speed in
3-10 km layer SPD:_10km ms™! 103 MEAN SPD (3-10 km)
Average magnitude
of wind shear vector:
29. 0-3 km layer ms'km™ 104 0-3 KM SHEAR
30. 3-10 km layer ms'km™ 105 3-10 KM SHEAR
Average turning of
wind
31. 0-3km deg km™! 106 0-3 KM DIR TURN
32. 3-10km deg km™! 107  3-10 KM DIR TURN
Combined parameter
33. Mean Richardson Ri-(8 80\ /(aV\?
number (Ri) from '“\saz//\az
LCL to 10 km 108 RI

the average lowest kilometer temperature and mixing
ratio define the adiabatic parcel ascent which, along
with the environmental temperature profile, deter-
mines the bulk thermodynamic parameters: CAPE (B)
and negative areas (V and H). As the lowest kilometer
is heated, there is a resultant increase in CAPE. For
some applications, it is advantageous to remove the
diurnal heating and cooling effects on the positive area
(e.g., the morning surface inversion). This can be done
by introducing an additional CAPE parameter (Bcer)
defined by the lowest kilometer mixing ratio and the
convective temperature (Fig. 2). This positive area rep-
resents parcel ascent from the convective condensation
level (CCL). As the boundary layer is heated, N and H
approach zero, and B apprcaches Bccy . Therefore, Beep
often allows an assessment of afternoon convective
potential from morning soundings, while values of B
may not.

The purpose of computing the thermodynamic pa-
rameters from VAS soundings is to aid the analysis of
convective potential on mesoscale space and time
scales. The CAPE parameters measure buoyant energy
available to thunderstorm updrafts, while the negative
area parameters measure the forcing required to initiate
thunderstorms. Applications of the thermodynamic
parameters are illustrated in section 3c.

3. The 21-22 June 1984 mesoscale convective system
(MCS)—a case study

Several mesoscale convective systems developed in
the Great Plains during the late afternoon and contin-
ued through the night of 21-22 June 1984. This case
study will focus on one of those mesoscale convective
systems which developed in Kansas. The primary goal
of the case study is to illusirate the contribution of
VAS soundings in assessing the mesoscale character-
istics of the atmosphere over the central Great Plains.

a. Synoptic-scale setting

The 1200 UTC surface analysis, superimposed on
the 1200 UTC infrared image in Fig. 3, depicted several
features of interest. A cold front, which had pushed
into the western Dakotas, trailed westward through
central Wyoming, and a stationary front extended
southeastward from central South Dakota to eastern
Kansas. Showers and thundershowers were located
along the front in both South Dakota and eastern Kan-
sas. A lee trough extended from western South Dakota
to a region of low pressure in southwest Kansas.

At upper levels over the central Great Plains, the
flow pattern was generally weak (Fig. 4a). Winds at 500
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FI1G. 2. Skew T-logp diagram illustrating the bulk thermodynamic
parameters computed from VAS retrievals. Circled numbers with
shaded areas indicate: 1) positive buoyant energy, B (also referred to
as CAPE, convective available potential energy); 2) negative buoyant
energy, N, between LCL and LFC; 3) negative buoyant energy, N,
‘between surface and LCL; 4) heating area, H, heat energy required
to attain convective temperature (7¢); 5) positive area, Becr , positive
buoyant energy with convective temperature.

mb were southwesterly at 10 m s™' over Nebraska and
Kansas, becoming light and variable further to the
south. The 700- and 850-mb analyses showed anticy-
clonic flow over most of the south central plains. At

850 mb (Fig. 4b), awind maximum (18 ms™!)exténded -

from southwest Texas to Kansas. Dewpoints at 850
mb in this flow ranged from 11° to 17°C. The morning
MCS forecast by research forecasters suggested that
storms in eastern Kansas would develop into a large
MCS later in the day in response to the low-level jet
in that area (Weather Research Program, 1984).

By early afternoon, satellite imagery revealed heavy
cumulus cloud streets had formed in the unstable air
near the 850 mb moist axis in Texas and Oklahoma
(Fig. 5). The front which had previously been stationary
had moved slowly northeastward as a warm front.
However, sequential satellite imagery showed that the
previous thunderstorm activity had remained behind.
As the storms dissipated, they left a clear, stable air
mass which gradually encompassed most of the eastern
portion of Kansas. Similar rain-cooled air masses were
found in the eastern Dakotas, extreme northeast Ne-
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braska, and a small region along the western section
of the Kansas-Nebraska border. New thunderstorm
activity was forming in northern Oklahoma where the
low-level moist flow intersected the boundary left by
the earlier thunderstorm activity in eastern Kansas and
Oklahoma.

b. Mesoscale analysis using VAS retrievals

VAS retrievals at approximately 80 km resolution
were available at one- to three-hour intervals during
the period from 1100 UTC 21 June to 1400 UTC 22
June 1984. After inspecting numerous fields derived
from VAS soundings, such as geopotential heights and
thicknesses, the most effective method of identifying
mesoscale air mass features was found to be compar-
isons of individual VAS vertical profiles of temperature
and dewpoint. In the procedure that was developed,
adjacent retrievals with very small differences in tem- -
perature and dewpoint through the entire depth of the
troposphere were grouped together as a first step in the
mesoscale analysis. The result of such a grouping for
2318 UTC 21 June is shown by the blocky, shaded
regions in Fig. 6. The unshaded areas are where re-
trievals did not fit into any particular group or were
unavailable due to extensive cloud cover. The next step
in the analysis was to locate more precisely the bound-
aries separating the mesoscale air masses. Cloud fea-
tures in satellite images along with conventional surface
and upper air analyses were used for this step. The
heavy lines in Fig. 6 show those additions.

Several changes in the surface features had occurred
since the midday analysis (Fig. 5). A dryline had formed

&

FiG. 3. Enhanced infrared satellite image with surface analysis
for 1200 UTC 21 June 1984.
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FI1G. 4. (a) 500-mb analysis and (b) 850-mb analysis for 1200 UTC 21 June 1984.

on the high plains due to diurnal heating and mixing,
corresponding to the eastern edge of air mass 4.in Fig.
6. Meanwhile, the cold front in Wyoming and the Ne-
braska panhandle (Fig. 5) was very difficult to find at
2300 UTC, likely due to very strong surface heating.
However, a frontal region in the middle and upper
troposphere across southern Nebraska is shown by the
dashed line in Fig. 6. This differentiates the boundary
from the others (solid lines) which are lower tropo-
spheric features. As will be noted later, boundaries be-

FIG. 5. Visible satellite image from GOES-East for
1930 UTC 21 June 1984.

tween mesoscale air masses are often confined to a spe-
cific layer rather than through the entire depth of the
troposphere.

Other boundaries are more readily seen on the sat-
ellite imagery. For example, the edge of cumuliform
clouds aligned through central Kansas on the 2315
UTC satellite image in Fig. 7 marks the very distinct
boundary between air masses 1 and 2 (Fig. 6). An arc
cloud line (Purdom, 1973) can be seen in eastern Ne-
braska.

The additional mesoscale features revealed by the
analysis method described above can be seen by com-
paring Fig. 6 with the conventional surface analysis in
Fig. 8. The trough line corresponding to the boundary
between air masses 1 and 2, and the warm front in
Iowa and Missouri, are the only features in Fig. 8 that
appear in the mesoscale air mass analysis (Fig. 6).

Further refinements could be made by devising
techniques which incorporate any additional pertinent
features identified when a radiosonde observation is
available within a particular mesoscale air mass. For
example, a shallow inversion layer might be identified
as an additional air mass characteristic.

It is important to note that for the purposes of this
paper, an air mass is defined as an area in which the
atmosphere is uniform with regard to potential inten-
sity of deep convective updrafts and the magnitude of
forcing necessary to initiate convective clouds. This is
more specific and concise than the conventional defi-
nition of an air mass described by a widespread body
of air with approximately homogeneous temperature
and moisture distribution in the horizontal. The newly
defined air mass is more suited to analysis of mesoscale
features and convective weather systems.

Each of the seven air masses shown in Fig. 6 have
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FIG. 6. Mesoscale air mass analysis at 2318 UTC 21 June 1984. The shaded regions
depict the area covered by representative VAS retrievals within each air mass. Dashed
lines indicate midtroposphere boundaries, and solid lines indicate lower troposphere

boundaries.

specific differentiating characteristics with respect to
their thermodynamic structure and convective poten-
tial. Information about the convective potential of each
air mass is available from conventional surface and
upper air observations and from satellite images. These
characteristics are summarized in Table 3.

The VAS soundings provide additional information
and reveal features unique to each air mass type which

have important implications to the development and
evolution of mesoscale convective systems. Figure 9
depicts air mass differences across several of the
boundaries shown by representative VAS retrievals for
different air mass pairs. Several radiosonde observa-
tions assigned to the air mass at their location are plot-
ted as corresponding pairs in Fig. 10. The VAS-detected
air mass differences in Fig. 9 are qualitatively similar

FIG. 7. Visible satellite image from GOES-West for 2315 UTC 21 June 1984.
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to the differences measured by radiosondes in Fig. 10.
Also, the specific characteristics of each air mass rele-
vant to convective development are detected by both
the radiosondes and VAS. The radiosondes add detail
due to their better vertical resolution, while the VAS
soundings reveal the horizontal extent of air masses.

Figures 9 and 10 illustrate important mesoscale
characteristics of specific air masses. For example, air
mass 1 has a significantly smaller lapse rate at the lower
levels than air mass 2 (Figs. 9a and 10a). Air mass 1
in the satellite image (Fig. 7) is completely clear, in
contrast to air mass 2 with numerous small cumulus
and some cumulonimbus. This low-level lapse rate dif-
ference is seen between air masses 1 and 5 as well;
however, there are also significant differences in the
middle and upper troposphere temperature (Figs. 9b
and 10b). The colder upper troposphere has important
implications with regard to CAPE. Consider two sub-
cloud layer parcels with identical temperature and
mixing ratio (perhaps in air masses 2 and 5). The CAPE
will be significantly larger in air mass 5 due to the colder
temperature in the middle and upper troposphere (i.e.,
greater lapse rate).

A somewhat more complex situation is observed in
the differences between air masses 5 and 6 (Figs. 9¢
and 10c). Air mass 6 has been modified by evaporative
cooling and subsidence in response to a mesoscale
convective system located in southern Iowa. The arc
cloud line seen in the visible satellite image (Fig. 7) is
aligned along a portion of the boundary between air
masses 5 and 6. Figure 9c shows the VAS-detected dif-
ferences between the two air masses, showing a cooler
and drier air mass in the rain-cooled air. Figure 10c
shows radiosonde observations at Omaha, Nebraska,
before and after passage of the outflow boundary. The
cool air is confined to a very shallow surface layer (600
m), and the air layer above it is warm and dry having
undergone adiabatic descent (Fujita, 1963). Because of
its poor vertical resolution, VAS is unable to detect the
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thermodynamic characteristics of very shallow layers,
such as the surface layer depicted in Fig. 10c.

To complete the analysis, brief descriptions of the
vertical temperature and moisture profiles of air masses
3, 4 and 7 are required. These descriptions are based
on surface observations and VAS soundings. Air mass
4 is very dry with insufficient moisture to support deep
convective clouds. Air mass 3 is significantly drier in
the subcloud layer than air mass 2, but enough moisture
is present to support cumulonimbus cloud develop-
ment (Fig. 7). Air mass 7 is quite moist in the subcloud
layer, but convective potential is inhibited by the cool
low-level temperatures (see Table 3).

The air mass differences described above have been
subjectively evaluated by the authors to be significant
and important with regard to mesoscale analysis and
convective weather systems. Further comparison of the
soundings plotted in Figs. 9 and 10 reveal some po-
tentially serious problems in these VAS sounding ap-
plications. For example, the lapse rates in the 700-400
mb layer indicated by the VAS retrievals in Figs. 9b
and 9c are much larger than the lapse rates for this
layer as measured by the radiosondes (Figs. 10b and
10c). The lapse rate differences act to overestimate
the available buoyant energy indicated by the VAS re-
trievals.

Previous studies have documented various consistent
biases inherent in satellite retrievals which have not
yet been fully resolved (Phillips et al., 1979; Schlatter,
1981; Smith et al., 1981; Jedlovec, 1984). The air mass
analysis procedure described above minimizes the effect
of any VAS sounding biases by reliance on differences
among VAS retrievals. Satellite soundings have shown
considerably more skill in measuring gradients rather
than absolute magnitudes of geopotential, temperature
and dewpoint. The analyst should therefore utilize VAS
datasets to locate maxima (minima) and gradients of
a parameter and rely on additional observations when
a more precise measurement of temperature and dew-

TABLE 3. Mesoscale air mass characteristics
from conventional data sources.

Average
Surface Surface 500 mb
Air temperature  dewpoint  temperature
mass Description (°F) (°F) °C)
1 capped, very 83-88 70-75 -8
moist
2 hot, moist 93-97 62-67 -7
3 hot, dry 88-97 48-62 -8
4 very warm, 82-92 35-48 —11
very dry
5 warm, moist, 83-92 62-70 -12
cold aloft
6 rain cooled, 65-81 62-68 -12
subsidence
7 cool, very 78-82 68-72 -8
moist
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point is desirable. This approach is also advisable when
analyzing VAS-derived thermodynamic parameters as
shown in the next section.

Additional information about the mesoscale surface
temperature distribution is available from the infrared
imagery. A technique has been described by Weaver
et al. (1985), in which detail is added to the temperature
analysis from the 11.2 micrometer infrared window
brightness ternperatures at 8-km resolution.

¢. VAS-derived thermodynamic parameters

- An analysis of the type shown in section 3b may not
be possible given the operational constraints of many
forecasters. However, the VAS-derived thermodynamic
parameters (section 2d) can quickly be computed and
analyzed. Figures 11 and 12 show plots and analyses
of VAS-derived positive area (CAPE or B) and negative
area (V) respectively, derived from the same set of VAS
retrievals used for the analysis in section 3b. The anal-
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FIG. 9. Air mass differences as indicated by VAS retn'evals, 2318
UTC 21 June 1984. (a) Air masses | and 2, boundary in central
Kansas; (b) air masses | and §, upper-level front; (¢) air masses 5
and 6, outﬂow boundary.

yses in Figs. 11 and 12 were done subjectively with
considerable smoothing, and the VAS-derived param-
eters are somewhat noisy with a few obviously unrep-
resentative values. Nevertheless, a quantitative assess-
ment of convective potential was produced which
agrees with the qualitative description of the mesoscale
air masses given in section 3b. Large values of positive
area (CAPE or B) are associated with the very high
dewpoints in the lowest kilometer of air mass 1, and
also with the high cloud layer lapse rates (cool mid-
and upper troposphere) in air mass 5. The regions
which are dry in the lowest kilometer have low positive
areas. The maximum negative area (N) values are
found in air masses 1, 5 and 7 due to the more stable
lapse rates in the lower layer.

As previously discussed, the positive areas assuming
convective temperature (Bccy) are computed to take
into account boundary layer heating on the positive
area (B). This is shown in Fig. 13 with analysis of both
Band Bccp at 1718 UTC. The Boep quantities are much



MARCH 1988

200

250

300

400

p (mb)
500

700

850
1000

200
250
300
400 A <
~
p (mb) \\A \\\/ ™
500] SR g e, N ~
\ \\ ™ N AN
R SN \\
N T —
N\ SNOONL A ~
700 \\ ;\ ~.\_\__ ANY
850 /< )\7 g /
\\ ~ ~ 6}5} N
1000 N ~ IR N
yAS AN A

-20 20 40

0
T (°O)

FIG. 11. VAS-derived positive buoyant energy, B (J kg™'), also
referred to as CAPE, 2318 UTC 21 June 1984.
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F1G. 10. Air mass differences corresponding to those in Fig. 9, as
indicated by radiosonde observations. (a) Air mass 1, Monett, Missouri
(UMN)}) and air mass 2, Dodge City, Kansas (DDC); 2315 UTC;
boundary in central Kansas. (b) Air mass 1 (UMN) and air mass 5,
North Platte, Nebraska (LBF); 2315 UTC; upper-level front. (c) Air
mass 5, Omaha, Nebraska (OMA) at 2315 UTC and air mass 6,
OMA at 0300 UTC; outflow boundary.

higher than the B values and are comparable in
magnitude to the 2318 UTC analysis of B shown in
Fig. 11.

The four VAS-derived thermodynamic parameters
defined in section 2d have been computed from the
representative VAS retrievals for each air mass (Fig. 6)
and are listed in Table 4. Several radiosonde-derived

" quantities are shown for comparison. The quantities

in Table 4 reflect the air mass features qualitatively
described earlier and also the apparent overestimates
of positive area from VAS noted in section 3b.
Additional useful information is available from VAS
retrievals due to their frequent time interval. The com-
bined influences of advection, vertical motion, and
diabatic heating (cooling) can be assessed with a time
sequence of VAS datasets. Also, when a particular me-
soscale feature and its characteristics are identified in
independent datasets, the analysis of that feature be-
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FiG. 12. VAS-derived negative buoyant energy, N (J kg™,
2318 UTC 21 June 1984.

comes more credible. For example, the analysis pro-
cedure outlined in section 3b was applied to indepen-
dent datasets at other time periods and produced sim-
ilar analyses (not shown). The time continuity of the
VAS data for this case study is illustrated in Fig. 14
showing the lowest kilometer dewpoint analysis for
several time periods. Note the persistence of features
such as the low-level moisture minimum in Missouri.
The temporal continuity provided by VAS data is not
available with the 12-hourly observations of the stan-
dard radiosonde network.

d. Diagnosis of the mesoscale convective systems

In order that a mesoscale analysis be truly useful,
the information must be applicable to the diagnosis
and prognosis of mesoscale convective systems (Mad-

v 26 15 §
[1H 920/' 54/ ang

e \wd 1
6
Moo

VOLUME 3

TABLE 4. Characteristic derived thermodynamic parameters
(J kg™") for each air mass type (Fig. 6) at 2315 UTC 21 June 1984.

VAS average Radiosonde
Air

mass B N H BCCL B N H BCCL
1 2316 242 285 3130 937 120 445 1774
2 1829 118 231 2560 — - - —
3 1250 108 115 1513 993 59 283 1453
4 989 55 8 1002 — - - —
5 2578 226 152 3053 1995 112 192 2600
6 1738 286 442 2730 462 345 400 1525
7 1145 215 415 2046 — — — @—

_dox, 1983; Rodgers et al., 1984). Forecast techniques
" of that type often require a careful reanalysis of rou-
tinely available data with emphasis on the mésoscale
(Doswell, 1982). VAS retrievals offer a new data source
with mesoscale space and time scales to supplement
other data sources for optimum mesoscale air mass
analysis. The analysis methods in this paper are pro-
posed to aid in the diagnosis of thermodynamic and
dynamic mechanisms pertinent to mesoscale convec-
tive systems.

During the afternoon of 21 June 1984, a severe
thunderstorm formed in northwest Kansas along the
boundary between air masses 1 and 3 (see Fig. 6 and
the satellite image in Fig. 7). During the evening hours,
this activity evolved into a mesoscale convective system
in central and eastern Kansas. The infrared satellite
image in Fig. 15 shows the eastern Kansas system near
the time of its maximum extent. The Kansas MCS
appeared to evolve and grow due to the high CAPE of
air mass 1, yet required other mesoscale features for
its initiation. A larger MCS developed in eastern Mon-
tana and propagated into western North Dakota, and

SHOG PARAN: __POS BUOY CCL 21JUK84 171800

1500 e 2 og
.
4
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FIG. 13. () VAS-derived positive buoyant energy, B (J Kg™"), at 1718 UTC 21 June 1984. (b) VAS-derived positive buoyant
energy at convective temperature, Boc (J Kg™'), at 1718 UTC 21 June 1984.
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FIG. 14. VAS lowest kilometer dewpoint (°C) analyses. (a) 1718 UTC 21 June 1984; (b) 1948 UTC 21 June 1984;
(c) 2318 UTC 21 June 1984; (d) 0218 UTC 22 June 1984.

another MCS formed in northeast Colorado. Each of
these was supported by air mass 5.

This case study illustrates that VAS data, along with
satellite imagery and conventional observations, can
help delineate specific areas favorable for convective
storm initiation. In addition, the fields of convective
available potential energy (CAPE) can be portrayed
with considerable detail.

4. Applications of VAS data to forecasting

a. Improvements in forecasting convective weather sit-
uations

In recent years, new observations, increased knowl-
edge, and better technology have enhanced our ability
to understand and predict mesoscale convective
weather events (Ray, 1986). The contribution of VAS
data to the detailed analysis shown in section 3 is an

example of a means for improving forecasts. However,
the information of air mass structure and distribution
of available buoyant energy must be combined with
additional data on large-scale dynamics, convergence
fields, horizontal advection, etc. Therefore, require-
ments for utilizing VAS data to improve forecasts must
include that the data be timely and easy to assimilate.
The capability of transmitting VAS data and VAS-de-
rived products to forecasters in the field for real-time
applications has been clearly demonstrated (Wade et
al., 1985; Birkenheuer and Snook, 1985; Purdom et
al., 1985). One of the advantages of using VAS-derived
thermodynamic parameters is that information perti-
nent to forecasting convective development and evo-
lution can quickly be evaluated. The analyses of VAS
thermodynamic parameters identify important meso-
scale features, although individual quantities may be
suspect due to VAS sounding biases and other data
problems. Therefore, further improvement to meso-
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FIG. 15. Infrared satellite image at 0530 UTC 22 June 1984.

scale convective forecasts attributed to VAS may be
anticipated with increasing skill and experience in ap-
plying VAS-derived parameters, as well as improve-
ments in the accuracy of retrievals.

b. Vertical distribution of water vapor

An accurate analysis of low-level water vapor is im-
portant input to forecasting thunderstorms and me-
soscale convective systems. The convective available
potential energy (CAPE) that fuels convective storm
updrafts is strongly dependent on the amount of water
vapor in the layer below cloud base. A simple sensitivity
experiment with the CAPE quantities used in the pre-
vious section shows that the primary contributing factor
to CAPE is the mixing ratio in the lowest kilometer.
The spatial and temporal resolution of the conventional
radiosonde network cannot adequately resolve the im-
portant mesoscale variance of moisture and tempera-
ture in the convective environment (Barnes and Lilly,

1975; Browning, 1980). Hillger and Vonder Haar .

(1981) have detected low-level mesoscale features with
water vapor retrievals from the polar-orbiting High
Resolution Infrared Sounder (HIRS) and such features
are also detectable using VAS data.

Chesters et al. (1983) have proposed a method for
deriving low-level water vapor fields from a pair of VAS
channels. The algorithm is based on the different ra-
diative properties of two VAS spectral bands (11.2 and
12.7 micrometers). This method (termed “split win-
dow”) has been used to produce high resolution images

of the water vapor patterns. Petersen et al. (1984) have
combined images of this type with 6.7 micrometer VAS
water vapor images to reveal patterns indicative of the
vertical water vapor distribution. '

Zehr (1986b) has shown an example to illustrate the
utility of VAS retrievals in identifying very shallow
moist layers. A few additional case studies (Petersen et
al., 1984; Zehr, 1986a,b; Mostek et al., 19865; Robinson
et al., 1986) have shown that VAS exhibits some skill
in detecting the vertical distribution of water vapor.
However, it remains to be demonstrated- that VAS
soundings can reliably and consistently measure the
average mixing ratio in the layer below convective
cloud base. This is particularly true considering the
wide variety of temperature profiles which occur near
the surface. Hayden et al. (1981) have pointed out the
problems involved with deriving vertical water vapor
profiles from satellite radiances. They illustrate the im-
portance of using layer-averaged values when analyzing
satellite soundings. Togstad et al. (1982) have proposed
a method to improve the moisture structure of VAS
retrievals. -

Additional research aimed at improving the vertical
profiles of VAS-derived water vapor amounts is needed.’
The VAS-derived thermodynamic parameters shown
in this paper include the contribution of the low-level
(0-1 km) water vapor only. The midlevel (above con-
vective cloud base) water vapor amounts do not directly
influence available buoyant energies (CAPE), but are
very important in determining downdraft character-
istics of convective storms (Knupp, 1987).
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¢. VAS comparisons with other types of information

Radiosonde observations and aircraft measurements
offer the only “ground truth” data to assess the accuracy
of VAS soundings. Sufficient aircraft data are not
available. Ground-based radiometers may prove valu-
able in the future, but those soundings suffer from the
same lack of vertical resolution as do satellite soundings
(Hogg et al., 1983). An evaluation of VAS soundings
based on comparisons with radiosonde data is therefore
a necessary but difficult problem. It is important to be
aware that although each data source is interpreted as
a “vertical” profile of temperature and humidity, the
sampling methods are vastly different. The radiosonde
gives a point source measurement over a 30-45 minute
ascent through the troposphere along a nonvertical
path. VAS, on the other hand, samples a relatively large
volume of air at a skewed viewing angle from geosta-
tionary altitude. For optimum mesoscale analyses, the
two data sources should be complementary and not
competitive. For example, VAS provides information
on time changes and horizontal air mass extent not
available from radiosondes. The location and magni-
tude of mesoscale horizontal temperature and moisture
gradients can be specified by VAS. However, VAS can-
not resolve fine vertical resolution structure such as the
height of inversions and frontal surfaces. Since a ra-
diosonde gives a point measurement, a question of
representative area is naturally associated with each
observation. The VAS information may help define
uniform regions or air masses for which a radiosonde
observation is valid.

Statistical correlations of vertical profiles from VAS
and radiosondes, both for temperature and dewpoint,
have been documented (Jedlovec, 1984; Fuelberg and
Meyer, 1986). The differences between dewpoint mea-
surements are quite large. The mesoscale analysis pre-
sented in this paper is strongly dependent on accurate
dewpoint soundings. It has yet to be shown that VAS
observations are sufficiently consistent and reliable in
measuring convective potential and bulk thermody-
namic parameters, and more studies of this type are
needed. Improvements in retrieval algorithms should
be assessed according to their effects on key thermo-
dynamic parameters.

Surface observations and numerical model forecasts
could be used to generate thermodynamic parameter
fields independent of VAS measurements. Comparing
those analyses with VAS-derived thermodynamic pa-
rameter analyses would give an evaluation of additional
information from currently derived VAS datasets. A
thorough study of this type on a daily basis has yet to
be undertaken. However, the case study illustrated here
and papers by Zehr (1986b) and Mostek et al. (1986)
suggest that additional important thermodynamic in-
formation is indeed available from VAS.
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5. Concluding remarks

The case study and analysis presented in this paper
are shown to illustrate the potential of VAS soundings
as a forecast tool and to propose new methods for their

-applications. With the anticipated operational use of

VAS and the added capabilities of future GOES
(GOES-NEXT), further development of forecast tech-
niques utilizing VAS-derived thermodynamic param-
eters is needed. Additional refinements of information
available from VAS, particularly in measuring tem-
perature and moisture in the subconvective cloud layer,
are necessary and should prove invaluable for meso-
scale convective analyses. The next generation polar-
orbiting satellites will carry advanced microwave
sounding units which will have more channels and
higher spatial resolution than the current microwave
instruments (Heacock et al., 1986). The next generation
geostationary satellite will have an improved sounding
unit with the sounding and imaging function separated.
The imager will be multichanneled, with higher reso-
lution infrared data and improved rapid scan capability
(Heacock et al., 1986).

The case study in this paper is intended to show how
VAS data can currently be put to use. It is hoped that
the discussion of these results will also shed some light
on future applications of new satellite data to improve
forecasts of convective storms.
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