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FOREWORD

This Document contains the proceedings of the Fourth NASA Weather and
Climate Program Science Review. This was the fourth in a series of annual reviews
of the principal meteorological research results conducted under the Weather and
Climate Program of the NASA Office of Space and Terrestrial Applications. The
purpose of the review was two-fold. First, it provided a means for evaluating pro-
gram progress and a basis for justifying future activity. And, secondly, it promoted
information exchange with the meteorological community. To aid in this exchange,
representatives from the National Oceanic and Atmospheric Administration, De-
partment of Defense, Department of Energy, National Academy of Sciences, and the
National Science Foundation were invited to attend. The science review was held at
the NASA Goddard Space Flight Center, Greenbelt, Maryland, on January 24-25,
1979.

The NASA Weather and Climate Program has two major thrusts. The first in-
volves the development of experimental and prototype operational satellite systems,
sensors, and space facilities for monitoring and understanding the atmosphere. The
second thrust involves basic scientific investigations aimed at studying the physical
and chemical processes which control weather and climate. These major aspects of
the program focus on exploiting the capabilities of space technology for: (1) detec-
tion, monitoring, and prediction of severe storms; (2) the improvement of global
weather forecasting; and (3) the monitoring and prediction of climate and climate
change. This fourth science review concentrated on the scientific research rather
than the hardware development aspect of the program.

These proceedings contain 65 papers covering the three general areas: Severe
Storms and Local Weather Research, Global Weather, and Climate. Thirty-seven of
the papers were presented orally during the review. They are denoted by an asterisk
in the Table of Contents. To expedite the publication of these proceedings, papers
were submitted in camera ready format. Each author assumes full responsibility for
the content of his paper

Earl R. Kreins

Science Review Coordinator

NASA Meteorology Program Office
Goddard Space Flight Center
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Paper No. 1

THUNDERSTORM/ENVIRONMENT INTERACTIONS THAT AFFECT
SUBSEQUENT CONVECTION

R. A. Maddox and L. R. Hoxit, NOAA, Environmental Research Laboratories,
Boulder, Colorado

ABSTRACT

Mesoscale kinematics and thermodynamics of severe
thunderstorm-baroclinic zone interactions, and the
development and evolution of mesoscale pressure
systems associated with strong convective storms,
are being studied in an ongoing research project.

INTRODUCTION

Four intensive case study days were selected - 24 April and
6 May 1975; 4 April and 27 May, 1977. Al11 available conventional
data sets have been analyzed for these days. In addition to ex-
tensive subjective analyses, computer generated objective anal-
yses have been performed on selected data fields.

The kinematics of severe thunderstorm baroclinic zone inter-
actions are being considered in the 24 April and 6 May cases. On
both days intense tornadic development occurred as severe thun-
derstorm cells approached strong baroclinic zones to the east of
surface moisture and thermal ridges. A review of other intense,
but relatively isolated, tornado events indicates that this
scenario is not unusual. Detailed time series, both of surface
and sounding data, seem to indicate that horizontal and vertical
wind shears within the planetary boundary layer play important
roles in the concentration of mesoscale vorticity in the storm
region.

The 27 May case is being used to study the temporal evo-
lTution of PBL wind fields near such a thermal boundary. At
midmorning a thunderstorm outflow boundary was situated just
south of the NSSL mesonet in Oklahoma and instrumented tower
time series data are being utilized.

The 4 and 24 April cases have provided an opportunity to
study the development and evolution of two distinctly different
types of mesoscale low pressure systems. In the 4 April case
at least two meso-B scale Tows are detectable and the thunder-
storms associated with these pressure systems produced signifi-
cant severe weather. Upper-air data are being analyzed and
important interactions between the storms and the larger scale
flow fields have been detected. On 24 April a meso-o scale




cyclonic circulation persisted and intensified during the after-
noon helping to trigger storm development within a somewhat
hostile larger scale environment. In the one case a mesosystem
developed in conjunction with, or in response to, intense thun-
derstorms, while in the other case a pre-existing meso-pressure
system acted to initiate storm development.

The following sections present some preliminary results of
this study.

MESOSCALE VORTICITY FIELDS AND SATELLITE IMAGERY

Adler and Fenn (1977) and Peslen (1977) have related sat-
ellite data (IR cloud-top temperatures and derived wind fields)
to the severity of the 6 May storms. In the present study ob-
jectively computed kinematic parameters (divergence, relative
vorticity, etc.) for the surface wind fields were considered
relative to GOES imagery. It was noted that most fields maxi-
mized in regions where severe storms subsequently occurred.

Barnes (1978) suggested that a tornado cyclone's ability
to produce vortices in the friction layer_ depended upon ambient
vorticity exceeding a threshold of 10-3 S-! on scales of about
25 km. Although features on such small scales are not detect-
able in routine surface data, it is hypothesized that analyses
of meso~B scale ambient vorticity fields might indicate the Tike-
1ihood of the required vorticity threshold being reached at
smaller scales. To investigate this hypothesis a vorticity time
parameter was defined:

1073 - (£+f) S

VIP = T () v V-V IEFF)}

Smaller values of VTP (negative values are not allowed) may
~indicate that mesoscale ambient conditions are more favorable
for occurrence of intense tornadic storms. Objective analyses
were accomplished utilizing an analysis scheme developed by
Barnes (1973). This method employs an exponential weight function
and produces a gridded and smoothed field in only one iteration.
The filter response for the examples shown retained >90% of the
amplitude of waves Tonger than 200 km. Analyses are also being
considered for stronger filter responses.

A mesoanalysis of surface conditions at 2200 GMT 24 April
1975 is shown in Fig. 1. The VTP is contoured in regions of
5X10%S and Tess and 2230 GMT™ thunderstorm areas, from GOES image-
vy, are cross-hatched. The thunderstorm in NE Oklahoma was the
only storm coincident with favorable mesoscale kinematic fields
and it generated destructive tornadoes at 0000 and 0040 GMT.
Contoured VTP fields are shown for 2000 GMT 6 May 1975 in Fig. 2
and two favorable (low value) VTP regions are superposed on a
2000 GMT GOES image in Fig. 3. One favorable area existed behind
the surface front in a region where very dry air was being pulled




Fig. 1. Mesoanalysis of surface features at 2200 GMT
24 April 1975. VTP values are contoured
and thunderstorm areas, from 2230 GOES imagery,
are cross-hatched.

into a Tow pressure circulation. No thunderstorms existed in
this dry zone; however, destructibe tornadoes occurred during
the next 90 minutes in both favorable regions shown on Fig. 3.

Although only two cases have been examined, the results
are encouraging and indicate that fields derived from conven-
tional observations might be used in conjunction with satellite
data to specify regions where the threat of intense tornadic
events is maximizing. The short term forecast and warning
applications could be valuable once such a technique is tested in
many situations. An interactive data processing and analysis
system, such as AOIPS, would be of great use in developing and
displaying these types of data blends.

BOUNDARY LAYER WIND FIELDS NEAR THERMAL BOUNDARIES

Individual soundings and NSSL tower data, along with observa-
tional and theoretical boundary layer studies (e.g. Hoxit, 1974,




1975. VTP values of < 5X10* S are contoured.

Fig. 2. Mesoanalysis of surface fea&ures at 2000 GMT 6 May {

Fig. 3. Regions of VTP s.2X104 S within the moist air mass super-
posed on the 2000 GMT 6 May 1975 GOES visible image.




and Cattle, 1971), have been utilized to develop a physical

model of sub-cloud wind profiles near thermal boundaries. Fig-
ure 4 shows a schematic representation of wind profiles in the
lowest kilometer for three different air masses within a meso-ao
pattern often associated with severe thunderstorms. At point A,
within a warm, dry and well mixed airmass, the wind veers slight-
ly with height and the speed increases slowly. In the hot, moist
and conditionally unstable airmass (point B) warm thermal ad-
vection and surface friction produce a wind profile which veers
and increases in speed with height. At point C, in a cool, moist
thunderstorm outflow region, the cold low-level thermal advection
acts to decrease the veering. Winds at this point have maximum
speeds near the surface and veer Tittle with height until a
transition occurs into the warmer airmass above. Within this
cool, moist airmass the cross-isobaric flow is greater than in
the other two airmasses.

LLI—W \\\4 \)s looom
\ SURFACE
A -3 c

Fig. 4. Schematic representation of boundary layer wind profiles
within a typical severe thunderstorm produging surface
pattern. Surface features and isotherms (°F) are
indicated.

The Fig. 4 cross-section of wind profiles indicates that
the vertical wind profiles are modified in a manner which acts
to maximize convergence and cyclonic vorticity within a narrow



zone along the thermal boundary between B and C. Such systematic
perturbations in planetary boundary layer wind profiles may, in
part, explain why storms often reach maximum intensity and be-
come tornadic as they approach thermal boundaries. Satellite
imagery and satellite derived low Tevel wind fields might, on
some occasions, be utilized to locate wind shear zones associ-
ated with thermal boundaries.
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Paper No. 2

THUNDERSTORM VERTICAL VELOCITIES AND MASS FLUX ESTIMATED
FROM SATELLITE DATA

Robert F. Adler, Laboratory for Atmospheric Sciences, Goddard Space Flight
Center, NASA, Greenbelt, Maryland and Douglas D. Fenn, GE/MATSCO, Belts-
ville, Maryland

ABSTRACT

Infrared geosynchronous satellite data with an interval of five
minutes between images are used to estimate thunderstorm
top ascent rates on two case study days. A mean vertical velocity
of 3.5ms"1 for 19 clouds is calculated at a height of 8.7km. This
upward motion is representative of an area of approximately 10km
on a side. Thunderstorm mass flux of approximately 2 x 101! gs-!
is calculated, which compares favorably with previous estimates.
There is a significant difference in the mean calculated vertical ve-
locity between elements associated with severe weather reports
(w= 4.6ms"1) and those with no such reports (2.5ms-1).

Calculations were made using a velocity profile for an axially
symmetric jet to estimate the peak updraft velocity. For the larg-
est observed w value of 7.8 ms~! the calculation indicates a peak
updraft of approximately 50ms-1.

1. INTRODUCTION

In the current paper we present the results of using a simple method to estimate
Ithunderstorm cloud-top vertical velocity from SMS/GOES rapid-scan (5 minute inter-’
’val) window channel infrared (IR) data. Time rate of change of cloud-top minimum
equivalent blackbody temperature (Typ) is converted to vertical velocity w by

aT\! aT
w= —) —= (1)
0z dt

where the lapse rate is determined from rawinsonde data. In the following sections
the calculated vertical velocities are compared for clouds with associated severe
weather reports and for those with no such reports, and the computed values are also
compared with previous estimates of thunderstorm vertical velocities.

2. DESCRIPTION OF ANALYSIS TECHNIQUE

The analysis of the digital satellite data was performed on the Atmospheric
and Oceanic Information Processing System (AOIPS), an interactive image analysis
system described by Billingsley (1976). Sequences of images are enhanced, ele-
ments are isolated and identified, and their maximum gray level (minimum Tgg)
recorded. The analysis of the thunderstorms used in this study (on April 24, 1975
and May 6, 1975) was part of a larger effort (see Adler and Fenn, 1978). On each




of these study days an area of convection was monitored during a set period of
time (approximately 4 hours). Thunderstorm elements were defined by the tech-
nique described by Adler and Fenn (1976, 1978) and time histories of each ele-
ment were determined.

It should be emphasized here that not all thunderstorms can be observed at
middle tropospheric heights. This is because they are often hidden by dense cirrus
clouds produced by previous convection. In the two case studies that will be de-
scribed here, of the thunderstorm elements defined above 10km (Tzz = 226K), only
about 25-30% could be detected at lower heights.

3. VERTICAL VELOCITY ESTIMATES
a. Sources of Error

The vertical velocity estimates presented in this paper are subject to error be-
cause of errors in the satellite radiance measurements and possible unrepresentative-
ness of the data. A possible source of error is in the cloud emissivity. For thick
water clouds such as we are dealing with, the emissivity (€) is very close to unity.
In order to use Ty in place of T in Equation (1), € = 1 must be assumed. For
ice clouds, especially thin cirrus clouds, emissivity can be substantially less than
1.0. As the thunderstorm top glaciates, the change from water to ice may reduce
the cloud top emissivity and Tgp will be larger than T, the cloud top temperature.
This effect, however, appears to be small and will not affect the vertical velocity
calculations. This conclusion is based on calculations made with the help of tables
presented by Hunt (1973) and on results presented by Cox (1977).

The most serious source of error stems from the satellite data itself. The IR
channel has an instantaneous field of view (IFOV) of 8km on a side at the sub-
satellite point and approximately 10km at 40N. As noted by Negri, et al., (1976)
the use of SMS/GOES IR temperatures to determine thunderstorm height results
in underestimates, especially for small elements. In comparison with radar meas-
urement of thunderstorm tops, the satellite underestimation is approximately 2km.
This effect is related to two factors. First, the satellite, because of its rather large
IFOV, is averaging over an area approximately 100km?2 compared with the radar
observation, which is applicable to an area closer to 1km2. Thus the radar will be
identifying smaller, higher features, because of its better resolution. The second
factor is inadequate sensor response when going from a warm (low) to a cold (high)
target (Negri, et al., 1976). In general, the bias in the estimation of storm height
will not affect the vertical velocity calculation. However, it may affect the height
to which the velocities are assigned.

Other errors might arise from the use of inaccurate lapse rates in Equation (1).
In the calculations to follow we use a smooth profile which is a mean of the am-
bient and the moist adiabatic lapse rate. The calculations can be shown to be
rather insensitive to variations in the lapse rate. Using either the moist adiabatic
or the ambient lapse rate instead of the average of the two produces only 10% dif-
ferences in the calculated velocities. The final validation of the calculated vertical
velocities must come through a careful comparison with radar, aircraft or satellite
stereo observations.

b. Vertical Velocity Results

Fourteen elements on May 6, 1975 and ten on April 24, 1975 were analyzed.
Minimum Tgp as a function of time for each element was plotted and dTgp /dt




values were calculated. The warmest or lowest of the monitored elements was at
Tpg = 260K (about 6km). Not all thunderstorms could be observed from that
point upward through the remainder of the troposphere. Some elements were
blocked out by other storms; other elements were not detected until they pene-
trated middle level cloud fields.

Vertical velocities were calculated every 5K in the vertical for each cloud ele-
ment or thunderstorm using Equation (1) and a lapse rate halfway between ambi-
ent and moist adiabatic. The mean w was then calculated for various categories of
clouds to produce composite profiles. The results for the May 6 case are shown
in Figure 1. Profiles are shown for thunderstorms associated with severe weather
reports (based on National Severe Storms Forecast Center logs) and those with no
accompanying reports. The numbers in parentheses indicate the number of cases
constituting each mean or composite vertical velocity. The mean profile of all
cases is also shown.

The vertical velocities in Figure 1 and the calculated divergence noted above
are applicable to an area of about 10km on a side. The calculated vertical veloci-
ties do not represent updraft core velocities, which could be an order of magnitude
larger when measured on a horizontal scale of 1km (see Section 5).

A similar diagram for April 24, 1975 case is given in Figure 2. The convection
of interest on this day was centered in southwestern Missouri. The composite w
profiles for three categories are displayed. The additional category is for weak ele-
ments which did not reach a height of 10km (as determined by the Tgy values).
In the layer from 7 to 9km the average w is approximately 1.5ms-! for those
storms. This is significantly lower than the composite for “non-severe” elements
in either Figure 1 or 2. ]

The 235-240K level (~8.7km) is representative of the layer of relatively large
vertical velocities on both days. Figure 3 shows the frequency distribution of the
19 elements or clouds for these two days. The hatched portion of the histogram
contains the values for the severe weather elements. The average w for all 19 cases
is 3.5ms-l. The severe and non-severe elements have average values of 4.6 and
2.5ms"1, respectively. The severe thunderstorms dominate the high end of the dis-
tribution where six out of seven cases with w > 4ms-! are associated with severe
weather reports.

c. Mass Flux Calculation

Because of the values of w calculated in the last section are representative of
an area larger than a typical thunderstorm updraft, vertical volume or mass flux
calculations can be simply made through the formula,

F, = pAw, (2)

where F, is the vertical mass flux, p is the density, and A is the area. For the
235-240K layer (~8.7km) p is assumed to be 5 x 10-4gcm=3, and A is assigned
a value of 100km? for the area of the satellite IFOV.

With the given values for p and A the mean w for all storms of 3.5ms-! is
converted to a mass flux of 1.8 x 101tgs-1. The mean w of severe elements
(4.6ms™1) is equivalent to a mass flux of 2.3 x 1011 gs-1, These magnitudes are
for the mass flux through a given layer associated with a growing thunderstorm
top. The calculated values compare favorably with results presented by other in-
vestigators. Kropfli and Miller (1976) calculate a value of 1.9-2.0 x 10 g1 pe-
tween 8-9km for a northeast Colorado storm calculated using vertical velocity




inferred from dual-Doppler radar data. Auer and Marwitz (1968) present results of
the cloud base mass flux into 18 hailstorms on the high plains deduced from air-
craft measurements. Their average value is 2.3 x 1011gs-!. Therefore, it appears
that the upward flow deduced from the satellite observations is of a reasonable
magnitude when compared to calculations and observations on approximately the
same scale. Inferences about the magnitude of the maximum updraft are presented
in Section 5.

4. EXAMPLE OF INTENSE THUNDERSTORM

On April 24, 1975 a severe thunderstorm complex developed over extreme
‘northeastern Oklahoma in the late afternoon and moved into southwestern Mis-
souri around sunset. The most significant severe weather associated with the sys-
tem was the Neosho, Mo. tornado which touched down at approximately 0040
GMT, April 25. By following the evolution of the storm system backwards in time,
the initial intense convection can be detected and its associated rapid cloud top
growth calculated.

The Neosho cloud system was designated cloud 18 as part of a larger study
of this day. Figure 4 exhibits minimum cloud top Tgg as a function of time for
cloud 18 in its early stages. The temperature drops precipitously between 2200
and 2220GMT with a maximum calculated rate of 4K min-!. The drop in tem-
perature between 260K and 220K takes only a little more than 15 minutes. This
type of rapid change emphasizes the importance of short interval data to study
and monifor thunderstorm activity.

Using a lapse rate varying from 7.8km-! at 260K, to 8.6Kkm-! at 240K, to |
8.0Kkm-1 at 215K the vertical velocity was calculated using Equation (1). The
maximum calculated w is 7.8ms"! at about 9km.

5. INTERPRETATION OF CALCULATED VERTICAL VELOCITIES IN TERMS
OF MAXIMUM UPDRAFT

The vertical velocities presented in the previous sections of this paper are mean |
velocities over an area equivalent to the satellite instantaneous field of view (IFOV),
which in this case is approximately 100km?. In the temperature range 235-240K
(~8.7km) the 19 observed w’s based on the satellite data ranged from 1.2 to 7.8
ms-1, with a mean of 3.5ms"~!. Although these are very large values when com-
pared to typical synoptic-scale w’s, they are small when compared to maximum
thunderstorm updraft magnitudes. Thunderstorm updrafts can reach magnitudes
of 10ms-! very easily and are typically 30ms-! in supercell thunderstorms (Brown-
ing, 1977; Davies-Jones, 1974). These large updraft values are probably representa-
tive of an area approximately 1km2. Thus there are two orders of magnitude dif-
ference in the area covered by the estimated w’s obtained from the satellite data
in this study and the area covered by the peak updraft velocity.

Assuming axial symmetry and a knowledge of the shape and size of the radial
profile of vertical velocity, one can make an estimate of the maximum updraft mag-
nitude. The formula chosen in this study, based on Kyle et al., (1976) and Schlicht-
ing (1978) is

w = w, e-a(t/R)? 3)

where w,, is the peak w, r is the radial distance, R is the radius of the updraft, and
the constant a = 2.3.
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Integrating Equation (3) over a circular area of radius ry, and dividing the re-
sult by the area of the integration produces an expression for the mean w over the
area, i.e.,

R 2
fis o (—> [1 - ea(r/R)?], 4)

a \1;

_The size of thunderstorm updrafts is highly variable (Browning, 1977). Based
on the discussion of updraft sizes by Browning (1977) and an examination of cross-
sections by Kropfli and Miller (1976) and Ray (1976) of thunderstorm vertical mo-
tions deduced from Doppler radar data, an updraft radius of 3km is reasonable.

For an area of 100km?2 (approximately equal to the IFOV), the equivalent
radius of integration is 5.6km. Thus with R = 3km and r; = 5.6km,

W=0.12 w,. (5)

Thus, with all the assumptions as to profile shape and updraft size, Equation (5)
indicates that the mean W of 3.5ms"! is equivalent to a w, of 29ms-! and the 7.8
ms-! value from the Neosho storm (Section 4) is equivalent to a w, of 65ms-1.

For an R of 3.5km, instead of 3km, the 65ms-! value in the largest paragraph
would drop to 46ms-1. It is obvious that the calculated w, is sensitive to the size
of the updraft.

Despite the variability and sensitivity of the w, calculations, it is evident that
the satellite observations on a scale of 10km are producing w of up to approxi-
mately 8ms-1, and this can be interpreted as being roughly equivalent to a maxi-
mum updraft of 50ms-! in intense thunderstorms.

6. SUMMARY

Rapid-scan (5 minute interval) SMS/GOES IR data have been used to estimate
thunderstorm top ascent rates for severe and non-severe thunderstorms on two case
study days. On both days examined (May 6 and April 24, 1975) the thunderstorm
elements with associated severe weather reports have larger average w’s. The severe
and non-severe elements had mean w’s of 4.6 and 2.5ms-!. Intensity of convection
appears to be correlated with the occurrence of severe weather, and the satellite
data appear to be capable of quantifying the convection intensity.

The calculated vertical velocities are representative of an area (100 km?2) roughly
equivalent to the satellite instantaneous field of view (IFOV). Mass flux estimates
of approximately 2 x 10!l gs-! are calculated, which are reasonable in comparison
with other estimates.

Calculations were performed to estimate the peak updraft velocity from the
satellite based values (averages over 100km?2 areas). With a reasonable value of R
(3-3.5km), the w of 7.8 ms~! for the Neosho storm produces an estimate of approx-
imately 50ms-! for w,.
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Paper No. 3

THUNDERSTORM FORMATION AND INTENSITY DETERMINED FROM A
THREE-DIMENSIONAL SUBSYNOPTIC-SCALE TRAJECTORY MODEL

G. S. Wilson, Marshall Space Flight Center, Alabama

ABSTRACT

A diagnostic trajectory model has been used to provide

a better understanding of the interrelationships between
synoptic- and convective-scale systems. Results indicate
that synoptic scale systems exert a strong controlling
influence over the formation and intensity of small
mesoscale convective circulations.

INTRODUCTION AND DATA

NASA's fourth Atmaspheric Variability Experiment (AVE IV)
was conducted from 0000 GMT 24 April to 1200 GMT 25 April 1975
primarily to further establish the variability and structure of
the atmosphere in regions of convective storms, and to investi-
gate the poorly understood interrelationships between these
storms and their environment. AVE IV data provide a unique
opportunity to evaluate these relationships and scale interactions
since two severe lines of thunderstorms occurred during the
experiment. Special rawinsonde soundings were taken at 3- or 6-h
intervals in AVE IV over the U.S. east of 105°W longitude and all
available surface, radar (from Manually Digitized Radar (MDR)
data (Foster and Reap, 1973)), and satellite data were used in
the diagnostic analyses.

This paper presents results aimed at providing a better
understanding of the interrelationships between synoptic- and
convective-scale systems obtained by following individual air
parcels, embedded within the macro-scale flow pattern, as they
traveled within the convective storm environment of AVE IV. A
three-dimensional trajectory model was used to objectively eal-
culate parcel paths while MDR data was used to locate convective
activity of various intensities and to determine those trajec-
tories that traversed the storm environment.

THE TRAJECTORY MODEL

To develop data for the trajectory model, the u, v, O, and ¢
variables of the AVE IV data were interpolated from randomly-
spaced rawinsonde stations to equally-spaced grid points. There-
fore, all input data for the model were contained on 18x18 grid
arrays (Ax=Ay=158 km) at 18 pressure levels from the surface up
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to 100 mb for all times of the AVE IV Experiment and were stored
on computer disk.

From these basic analyzed fields, vertical velocities were
calculated for every grid point so that u, v, and w components of
the wind vectors were defined three-dimensionally over the experi-
ment area. The method used in determining the vertical velocities
follows exactly the technigue used by Wilson and Scoggins (1976)
and Wilson (1976). The technique .is basically kinematic and ex-
tensive comparative research shows this method to be far superior
to all other calculating techniques when results are compared to
the observed weather.

" All trajectories in AVE IV were computed backward in time
to insure that air parcels would terminate their paths exactly
at a given grid point on a given pressure surface. The mathemati-
cal procedure used to calculate trajectories from wind fields
defined in Eulerian space is given by Collins (1970).

Figure 1 uses a specific plotting technique (after Reap,
1972) to show five air parcel trajectories passing over a severe
squall line in AVE IV ending at the 300-mb level. Three—hour MDR
composite charts, including data *1 h surrounding a given release
time, were prepared for all nine periods of AVE IV. The 0600 GMT
data is superimposed in the figure (maximum MDR value was chosen
in each block for the composite chart and MDR values 2 4 are usually
considered thunderstorms). The location of each parcel at the
last four consecutive time periods (between 2100 GMT 24 April and
1200 GMT 25 April) is shown with tick marks and the vertical loca-
tion is indicated in millibars (subsiding and rising parcels are
shown in dashed and solid lines, respectively).

Fig. 1. Plotted trajectories for five air parcels passing over a
severe squall line (MDR data superimposed) in AVE IV at 0600 GMT 25
April. All parcels terminate at 300 mb with the vertical location
(mb) shown at each time period (tick marks).
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Of particular interest is the extreme diverging of the air
parcels between 2100 GMT (over the Southern Plains) and 1200 GMT
(over the Eastern U.S.) as they traveled over the squall line,
indicating the large magnitude of the upper-level divergence. 1In
response to this divergence, the air parcel traveling from south-
west Texas northeastward across Arkansas and Kentucky rises from
728 to 300 mb (a~372-mb net vertical displacement (NVD) in 15 h)
while the other three air parcels change their pressure less than
50 mb during the same time period.

Reap (1972) has developed a technique for translating results
from a trajectory model into an Eulerian framework. A quantity
called net vertical displacement (NVD) was developed by Reap
which, when translated into the Eulerian grid, resulted in a spatial
distribution of dp/dt for all air parcels ending their trajectories
at all grid points in the grid array. The rate of pressure change
along the parcel's path is actually calculated from Ap/At where Ap
represents the pressure change observed by the parcel as it moved
three~dimensionally in space over a time period of 12 h (At).

Using the 3- and 6-h data available in the AVE IV experiment, NVD's
were computed in a similar manner as was previously described
except At was 3 or 6 h. The increased temporal resolution of the
data produced a NVD distribution that related well to the location
and intensity of convective activity.

NET VERTICAL DISPLACEMENTS, PARCEL ENERGY INDICES, AND CONVECTIVE
STORM DELINEATION

Figure 2 shows the average vertical profiles of NVD (mb/3h)
as a function of precipitation intensity (from MDR data) from all
nine time periods of AVE IV. "No precipitation" areas had small
positive NVD's at most levels while negative values occurred in
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Fig. 2. Average profiles of dp/dt or NVD as a function of pressure

and MDR coded precipitation intensity. (Maximum MDR value was
assigned to a grid point within 1/2 grid distance (=80 km) in MDR
3-h composite charts).
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precipitation areas with the maximum upward values located around
500 mb. The magnitudes of the average values of NVD's were larger
at all pressure levels in areas containing more intense convective
activity so that a value of -~70 mb/3h was associated with severe
TRW in AVE IV,

Pigure 3a shows examples of the gridded trajectory data (NVD's
at 850 and 500 mb) for 0600 GMT April 25 when a severe squall line
was located in the middle of the network. The NVD fields of AVE
IV not only exhibited good spatial and temporal continuity but cor-
related highly with both the location and intensity of precipitation
as revealed by the radar observed convection for Fig. 3a (see Fig.

1 for MDR composite chart) and Fig. 2., Negative (rising air parcels)
NVD centers were associated with all major precipitation areas
and subsidence (positive NVD's) usually separated these systems.

To accurately parameterize the static stability of the atmo-
sphere in AVE IV, a method was developed to objectively calculate
both the amount of buoyant energy (ergs/g) necessary to be added
to a parcel to make it hydrostatically unstable (negative buoyant
energy or NBE) and the amount available to be converted into kinetic
energy of the upward vertical velocity (positive buoyant energy or
PBE) or "updraft" if the parcel were to become unstable. For
each time period, the basic gridded temperature and moisture fields
were used to produce spatial fields of NBE and PBE., NBE was cal-
culated by summing all negative buoyant energy up to 500 mb over
each grid point. PBE resulted from summing all positive energy
up to 100 mb., Smaller NBE values should correlate with the in-
creasing occurrence of TRW while larger PBE should relate to the
increasing intensity of convective activity. 4

Figure 3b presents the NBE and PBE spatial fields (10 ergs/qg)

for the same period as Fig. 3a. Convective precigitation (MDR22)
usually occurred where NBE values were <200. x 10° ergs/g, while

thunderstorms and severe convection were associated with values
<100. x 104ergs/g. While the location of the convective activity
was accurately delineated with the NBE fields,the PBE fields
related well to the iEtensity where most MDRS4 were associated with
PBE values <500. x 10%exgs/g. In contrast, heavy and severe TRW
(MDR26) occurred with higher PBE wvalues (2500. x 104ergs/g).

Since both a dynamic lifting mechanism and weak static
stability are both usually needed for convective storm development,
NVD's (at 9 pressure levels from 900 mb to 100 mb) and the NBE
and PBE stability measurements were combined, using multiple linear
regression, in an attempt to spatially delineate the location-and
intensity of convection for all AVE IV time periods. Correlations
were computed with grid point data where the predictand was the
MDR intensity categories (MDR<2, 2<MDR<4, 4<MDR<8, MDR28) calculated
in the manner explained in Fig., 2., A linear correlation coefficient
of 0.6 was obtained for these increasing intensity categories of
convection with the most important parameters (in order) being
NVD (500 mb), NVD (850 mb), NBE, and PBE (these parameters accounted
for 98% of the total explained variance). This linear regression
delineates (with 80% accuracy) between non-convective (MDR<2) and
convective areas (MDR22) but it only determines the correct inten~
sity category 50% of the time,
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c. Diagnostic delineation of convective storm location and intensity
Fig. 3. Analyses of a) net vertical displacements, b) parcel energy
indices, and c) diagnostically determined intensity categories of
convection (scalloped areas are MDR22) for 0600 GMT April 25, 1975.




Figure 3c is an example of the diagnostic delineation of con-
vective storm location and intensity for 0600 GMT 25 April. These
results demonstrate the remarkably high degree of scale interaction
between synoptic- and convective~scale systems which are separated
(in scale length) by approximately three orders of magnitude.

CONCLUSIONS

A three-dimensional trajectory model has been used to both
parameterize and dynamically explain the interactions between
convective storms and their environment using data from NASA's
AVE IV Experiment, By combining NVD's with an advanced measure
of static stability (PBE and NBE), using multiple linear regres-
sion, convective activity of various intensities can be spatially
determined. Convective and non-convective areas can therefore be
delineated with 80% accuracy, which demonstrates the high degree
of scale interaction between synoptic— and convective-scale systems.
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Paper No. 4
KINETIC ENERGY BUDGET STUDIES OF AREAS OF CONVECTION

Henry E. Fuelberg, St. Louis University, St. Louis, MO

ABSTRACT

Synoptic-scale kinetic energy budgets are being com-
puted for three cases when large areas of intense con-
vection occurred over the Central United States. Ma-
jor energy activity occurs in the storm areas.

INTRODUCTION

Kinetic energy budget studies have been performed mostly
on synoptic-scale systems such as cases of cyclogenesis; few
studies have dealt with mesoscale phenomena. Fuelberg (1977) and
Fuelberg and Scoggins (1978) studied the energy variability of
the synoptic-scale flow in which convection was imbedded. Large
areas of intense thunderstorms seemed to influence the surround-
ing synoptic-scale environment. The present research involves
additional studies of synoptic-scale kinetic energy variability
during periods of intense thunderstorms.

THEORY
The kinetic energy equation in isobaric coordinates is:

Xow s 1Tt g Vs s By YT

3t g p gp g p L p
(a) (b) (c) (d) (e)
where [ [ = é JI[ dxdydp, F is the frictional force, k is hor-

op
izontal kinetic energy per unit mass, and A is the area of com-
putation 0. Local changes in kinetic energy for a fixed volume,
term (a) above, are due to four processes. Term (b) represents
kinetic energy generation due to cross contour flow. Terms (c)
and (d) are horizontal and vertical flux divergence of kinetic
energy. Term (e), called the dissipation term, represents a
transfer of energy between resolvable and unresolvable scales of
motion.

PROCEDURES

Rawinsonde data are objectively analyzed onto a grid system
that encloses the area of study. Gridded fields of the input
data are obtained at the surface, and then at 50 mb intervals up
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to 100 mb. Vertical motions are computed using the kinematic
method. By using finite difference techniques, values of the
budget terms are computed at individual grid points at 50 mb
intervals. Grid point fields of the budget terms are related to
storm location, and the grid point values can be averaged in
various ways.

Three case studies are being investigated--the first and
second Atmospheric Variability and Severe Storm Experiments
(AVSSE 1, 27-28 April 1975; and AVSSE II, 6-7 May 1975) and the
seventh Atmospheric Variability Experiment (AVE VII, 2-3 May
1978).

RESULTS

Kinetic energy budgets have already been computed for the
AVSSE I and II periods. Brief results of these studies will be
described.

a. The AVSSE II Period. During AVSSE II, intense thunder-
storm activity formed in the Midwest and in central Texas along
a dry line. To isolate energy processes near the convection from
processes in non convection areas, grid point budget values were
averaged to give kinetic energy budgets over small areas that just
enclosed the convection. The budget areas moved as the convec-
tion moved.

Thunderstorm activity began near 1500 GMT 6 May 1975,
reached peak intensity (18.6 km tops) and areal coverage near
2100 GMT, and had dissipated by 0300 GMT 7 May. The pressure-
time cross-section of Fig. 1 indicates that average synoptic-
scale vertical motion within the area was a maximum upward value
(w<0) at 2100 GMT and later changed to downward motion. The lit-
erature suggests that diabatic heating associated with convection
is probably responsible for inducing these changes. Fig. 1 also
reveals that kinetic energy from the lower and middle troposphere
is transported to higher levels of the atmosphere.

Dramatic changes in the kinetic energy budget also occur.
Destruction of kinetic energy by cross contour flow (- values)
near the level of the jet stream changes to strong generation of
kinetic energy near 2100 GMT and then tapers off and changes
sign (Fig. 2). Fuelberg and Scoggins (1978) observed similar
variations in energy generation during AVE IV. Using mesoscale
data, Tsul and Kung (1977) found that periods of active convec-
tion were times of strong generation of kinetic energy, but that
destruction of kinetic energy was dominant near the time of
storm passage.

The profile of horizontal flux divergence of kinetic energy
at peak storm intensity (2100 GMT) is considerably different from
that at earlier and later times (Fig. 3). Strong upper level
export of energy (+ values) is dominant at 2100 GMT. The fluc-
tuations in the transport term seen in the present case are sim-
ilar to those observed during the AVE IV squall lines (Fuelberg
and Scoggins, 1978).
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The dissipation term reveals that energy transfer between
resolvable and unresolvable scales of motion is large in the syn-
optic-scale environment of the storms (Fig. 4). The net effect
of all motions is a transfer of energy from resolvable to un-
resolvable scales (- values) after 1800 GMT. Before maximum
storm intensity, the unresolvable scales of motion are a source
of synoptic-scale kinetic energy.

A tabulated kinetic energy budget of this convection area
is given in Table 1. Generation of kinetic energy by cross
contour flow and dissipation to subgrid scales of motion are the
two most important processes. The magnitudes of the energy pro-
cesses occurring in the synoptic-scale environment of the convec-
tion are larger than those observed near many mature cyclones.

Table 1. Average kinetic energy budget for the limited
area enclosing the convection in Texas at 2100 GMT 6
May 1975. The area is 1.5 x 10" m?.

Layer K 3K/3t  VekV  duk/3p -VVo D
(mb) (105Jm™2) (Wm %) (Wm %) (¥m™2) (Wm 2) (Wm 2)
Sfc-700 0.5 -0.9 -1.2 2.0 1.0 -1.1
700-400 6.5 8.5 10.0 8.4 31.8 -4.9
400-100 24.1 2.6 5.9 -10.4 52.4 =54.4
Total 31.1 10.2 14.7 0.0 85.2 -60.4

b. The AVSSE I Period. A line of severe thunderstorms
stretching from Nebraska into Texas formed along a cold front
during the AVSSE I period. The results of this section demon-
strate a different procedure by which the kinetic energy budget
of storm areas 1s being investigated.

Values of Manually Digitized Radar (MDR) data are assigned
to each grid point at each observation time. The average of each
budget term is computed for various categories of MDR intensity
by combining all observation times.

The average budget for grid points having no convection
during AVSSE I is given in Table 2A while the average budget for
grid points of moderate and intense convection (MDR 4-9 of the
old MDR scheme) is given in Table 2B. Energy processes occurring
during convection are much larger than those observed for non
convection. The grid points associated with convection are char-
acterized by strong destruction of kinetic energy by cross-con-
tour flow and by transfer of energy from subgrid to grid-scale
motions (positive dissipation).

c. Other Studies. Beside the results presented in this
brief report, spatial fields of the energy budget terms are being
examined for continuity and their relation to storm activity and
other map features. Energy budgets for individual times of each
case study are being compiled and examined for temporal var-
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Table 2-A. Average kinetic energy budget for grid points
having no convection during AVSSE I (26-27 April 1975).
The number of grid points is 138.

-+ >

Layer K 9K/3t  V-kV  3uk/dp ~V-74 D
(mb)  (10%Jm™2) (Wm %) (Wm 2) (Wm 2) (Wm %) (¥m 2)
Sfc-700 2.7 -1.2 0.7 0.6 2.4 2.3
700-400 7.1 1.5 8.1 0.6 9.2 1.0
400-100 14.4 4.4 -8.1 -1.2 -13.2 8.3
Total 24.2 4.7 0.7 0.0 ~1.6 7.0

B. Kinetic energy budget for MDR 4-9 (43 grid points).
Sfc-700 2.7 -0.8 0.0 2.6 ~3..9 5.7
700-400 9.9 7.0 -7.6 9.4 ~2.8 11.6
400-100 19.1 9.4 -4.8 =12.1 -35.6 28.1
Total 31.7 15.6 -12.4 0.0 -42.3 45.4

iability. Results of the AVE 7 period (May 2-3, 1978) also are
being compiled.

CONCLUSIONS

The synoptic-scale kinetic energy budget of large areas
of intense convection is considerably different from that of
areas of non convection. Time series analysis of some budget
terms suggests that ‘the energy variability is closely related to
the life cycle of the storms.
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Paper No. 5
THE DISTRIBUTION OF BAROCLINITY WITHIN THE ATMOSPHERE

D. A. Barber and M. Wai, Dept. of Atmospheric Sciences, Oregon State
University

ABSTRACT

A three dimensional numerical interpolation scheme which
resolves frontal gradients with high fidelity has been
developed and is being applied to the study of atmospheric
upper baroclinic zones.

INTRODUCTION

The aim of our research is to improve understanding of the
structure and evolution of atmospheric fronts. Achievement of
this goal requires the representation of frontal intensity with a
dynamically significant parameter for which we have selected the
baroclinity,

>_g
B_g'v’pe ¢

where B is_the baroclinity vector, g the acceleration of gravity,
and 6 and Vpo are the potential temperature and its isobaric gra-
dient. Furthermore, we may define local frontogenesis to be the
local tendency of the baroclinity which may be shown to be (to
good approximation)

>
3B _ g de > 3
=% vp [a‘f - ﬁp- (Vo) - » (we)] (2)
- dp
where w = at -

Because of the small horizontal scale of fronts compared with
the spacing of sounding stations the magnitude of the baroclinity
may be considerably underestimated in the vicinity of intense
fronts if only horizontal or isobaric data are utilized. This
difficulty may be largely obviated through use of cross-section
analyses which effectively apply the high resolution information
available in the vertical over each sounding station to improve-
ment of horizontal resolution. (Shapiro, 1970).




METHOD

The considerable expenditure of effort required for manual
analysis of cross-sections has led to the development of success-
ful numerical interpolation schemes for cross-section analysis
(Shapiro and Hastings, 1973 and Whittaker and Petersen, 1975);
however, these are two dimensional techniques from which one can
obtain isobaric analyses only by laborious combination of many
independently analysed cross-sections. We propose instead to
apply a fully three dimensional scheme based on a straight forward
extension of the Barnes (1973) horizontal method.

We extend the Barnes scheme by redefining his weight as

1 -4z z2
W, = ;opexp | 1- 1 3
i 4wkD [ iR 4D]

where W, is the weight factor for the ith observation, d; and Zj

are the horizontal and vertical distances between the observation
and a given grid point, and k and D are weight parameters con-
trolling the smoothness of the output. To facilitate selection of
k and D, we have coded a two dimensional cross-section analysis
method based on (3) having a horizontal grid spacing of one lati-
tude degree (111 km) and a vertical spacing of 50 mb.

The resulting potential temperature analysis on a cross
section through the complex hyperbaroclinic zone studied by Frank
and Barber (1977) is shown in Fig. 1 together with the component
of the baroclinity in the plane of the cross-section estimated by
finite difference method. For comparison, Fig. 2 reproduces the
careful manual analysis of Frank and Barber. The numerical scheme
has reproduced not only the gross features, but also most of the
details with considerable fidelity. Further improvement would be
possible (at the expense of more computer time) if the vertical
‘resolution were increased.

A quantitative demonstration of the efficacy of the cross-
section scheme is illustrated in Fig. 3. The baroclinity estimated
from the cross section at the 500 and 800 mb levels is shown by
the dashed lines. The solid lines are the results obtained
through application of a horizontal Barnes a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>