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I. INTRODUCTION

This report provides a technical summary of the work and students sup-
ported by research grant ATM77-20231. Sections II, III and IV give an over-
view of the scientific accomplishments. A detailed scientific discussion is
presented in the published papers, conference preprints, and theses which re-
sulted from the research. Copies of these, except for the theses, are included

in Section VI.

ITI. SCIENTIFIC DESCRIPTION OF PROJECT AND RESULTS

This research project continued the mesoscale studies begun in 1975
under NSF Grant ATM75-03617. The research was guided by the acknowledgment
that the utilization of many mesoscale data forms in numerical models required
considering all of the steps from production of the data through evaluation of
the improvement in model simulations resulting from use of this data.

The complexities of data production and the relevant models needed for
testing made it not possible to consider many case studies. In fact, only'
one data set was carried through the entire utilization test procedure in an
experiment that provided optimism for further work. The emphasis in the work
was on the production and analysis of the basic mesoscale data.

It is evident that much additional work will be required before any
conclusions about the utility of current and anticipated mesoscale observa-
tions for numerical simulatibn models can be made. Furthermore, it will be
necessary to consider more comprehensive mesoscale descriptions derived from
a variety of sources and variables rather than a single variable from a single
source such as satellite cloud-derived winds.

In order to provide proper perspective on the results, the scientific
summary here considers separately the five steps involved in evaluating the

utility of the data.



A. Production and quality analysis of mesoscale data sets
1. Satellite cloud winds

Most of the effort has been with satellite wind information obtained
from geosynchronous meteorological satellite data processed on thg computer
system McIDAS in the Space Science and Engineering Center.

Three data sets were produced for times near 1800 GMT on October 30, 1974,
May 6, 1975 and May 20, 1977. Basic characteristics for each were presented by
Wilson and Houghton (1979); Lee (1978); and Houghton, Lee and Chang (1979) re-
spectively. The area covered in each was approximately 600 km square in the
Midwest region with the lower level (approximately 900 to 700 mb) having better
coverage. In some instances, the number of wind vectors obtained at high levels
(400 mb and above) was too small to provide a useful horizontal field. In the
first two cases the three dimensional coverage was sufficient for an estimate
of vertical motion to be attempted by the kinematic method. Resolution was
sufficient for features with horizontal length scale as little as 25 km at
lower levels, but for derived parameters such as vertical motion which required
high level as well as low level information resolution was adequate only to 50
or 75 km. (Note: length scale here is taken to be one quarter of a wavelength.)

Quality of the observations was assessed by comparison of the information
with rawinsonde observations and included new estimates of the expected corre-
spondence of cloud-top displacement vectors with rawinsonde observations at the
same level. An overall root mean square (RMS) vector difference magnitude of
4.7 m s_1 was estimated (Wilson and Houghton, 1979) for middle-latitude baro-
clinic zone mesoscale wind vectors. Lee (1978) found a RMS difference for u
and v components ranging from 2 to 6 m s—l by a detailed comparison of satellite
cloud winds within a 1° radius of the rawinsonde station to the rawinsonde data.
The difference of the mean of the satellite wind data from the rawinsonde values

was generally less than 3 m s_l at middle and low levels demonstrating a



correspondence that could be obtained by averaging cloud wind data. The com-
parison study for the May 20, 1977 data had the advantage of a special 1800

GMT rawinsonde observations eliminating errors introduced by time interpolation.
Results showed slightly better correspondence between the two data forms (Ph.D.
thesis work of D.K. Lee). These studies suggested that the noise level pro-
duced by mixing satellite and rawinsonde information would not be larger than
the variance in each data type separately. Furthermore the expected noise
level in mesoscale divergence and vorticity was shown to be roughly half of
typical magnitudes of these quantities.

The features of divergence, vorticity and vertical motion determined
from the first two data sets corresponded well to synoptic phenomena. In the
first case, the computed vertical motion pattern was consistent with the sub-
sequent outbreak of severe convective weather events. In the second case,
realistic correspondence to frontal activity and convective structure (or the
lack of such) was noted. The third data set is being enlarged and examined
further by Lee in continuing Ph.D. thesis work.

These studies have provided confidence that mesoscale wind information
obtained from satellite cloud imagery will be able to contribute to general
mesoscale description and will have horizontal resolution of well-averaged
data at low levels equal to or better than the surface hourly reporting station

network over the United States.

2. Satellite temperature sounding data

In conjunction with the VAS experiment work being conducted at the
University of Wisconsin by the National Environmental Satellite Service
(NESS/NOAA), mesoscale temperature sounding data for the Midwest United States
(SESAME area) has been produced for April 10, 1979 using TIROS-N data. The
effective horizontal resolution obtained corresponds to a length scale of 60 km

or the resolution obtained from a network with twice the mean station separation



of the existing surface hourly reporting network.
This data will be carried through the five steps of the utilization-

test procedure by M. Kalb in Ph.D. research just initiated.

3. Radar precipitation data

Two studies were made with radar data to assess the potential for using
such information as an explicit parameter for the initialization and output of
deterministic prediction models.

An earlier extensive statistical analysis performed on Midwestern United
States radar data (Mielke and Houghton, 1977, J. Appl. Meteor., 16, 833-843)
showed that precipitation in warm frontal regions did have a scale of organiza-
tion that was sufficient for carrying it as an explicit prediction parameter
in a short-range regional mesoscale prediction model. In particular, time
scales (lifetimes) were in the 4-12 hr range and the typical half width scale
in space was 75 km. Precipitation systems associated with cold fronts had
smaller scales for the group structure, namely 3-8 hr for lifetime and 55 km
for half width. These would still be sufficient for meaningful explicit repre-
sentation in a mesoscale model. The air-mass convective precipitation systems
had a 3-5 hr scale for lifetime and typical half width of 30 km and thus are in
the marginal range for explicit simulation.

The first study (Thomas Jr., and Houghton, 1979) focused on correlations
between radar echo characteristics and other meteorological parameters such as
upper level and surface wind characteristics in the vicinity of cold fronts.
This was pursued with the hope that simple prediction models could be formulated.
this goal was never achieved. Nevertheless, the relationships between some
features of the surface data and radar echos should be useful in the process of
combining surface weather observations with information at higher levels.

The second study (Sill, 1981) examined the properties of the precipita-

tion areas in the warm frontal zone for the vigorous April 3-4, 1974 storm in



the Midwest United States. Here the focus was more on the relationship to
upper air parameters including vertical wind shear and static stability.
General agreement with existing theories for warm front rain bands was noted.
Verifying such theoretical models provides optimism for formulating short

range prediction models.

4. Satellite cloud and water vapor data

A brief analysis of the European METEOSAT images for February 2, 1978
was made because of interest in the new possibilities for atmospheric descrip-
tion (including the mesoscale) from water vapor channel data (Houghton and

Suomi, 1978).

B. Objective analysis procedures

From the very start, it was recognized that objective analysis would be
an important factor for handling mesoscale data. It was clear that the heter-
ogeneous nature of the observations, the inhomogeneity in spatial and time
coverage, and the lack of simple relationships and conceptual models for meso-
scale phenomena would make the development- and study of objective analysis pro-
cedures important.

Early work (Wilson and Houghton, 1979) adopted a scheme developed at the
Stanford Research Institute by Mancuso and Endlich which represented a method
originally designed for synoptic scale studies. Variations in the parameter
specifications for this approach were studied by Lee (1978). Attention has
been given to the performance of more recently considered techniques for meso-
scale meteorology on the satellite cloud wind data sets (Houghton, Lee and
Chang, 1979). 1In particular methods developed by Barnes and Gardin were exam-
ined. It was found that the magnitude differences between methods for diver-
gence and vorticity values were nearly equal to the magnitudes themselves on a
35 km grid. Obviously the objective analysis procedure will remain an important

factor.



C. Data insertion techniques

Little was done in this research program to experiment with actual
initialization procedures. The first simulation test with a comprehensive
mesoscale model used a simple single-time direct replacement for velocity
without altering the mass or moisture field (Houghton, Lee and Chang, 1979).
It was understood that this represented a baseline as the most unsophisticated
approach. Later experiments in the Ph.D. work of Lee have tested velocity
insertion gradually imposed over a 30 min time period. Results showed large
spurious pressure oscillations not found with the simple single-time imposed

insertion test.

D. Impact on model simulation

Analysis of the model output in the assimilation tests with the May 20,
1977 satellite wind data (Houghton, Lee and Chang, 1979 and subsequent Ph.D.
research of Lee) has documented some of the impacts of the inserted satellite
wind data. The vorticity patterns in the satellite wind data tended to be
persistent over the entire 6 hour period of the forecast. On the other hand,
horizontal divergence fields changed rapidly during the first hour of the fore-
casts and it was difficult to identify a meaningful signature in this parameter
distinct from the control case fields after 3 hours.

The general effect of the input satellite wind information is in the
modification of amplitudes of mesoscale features that develop in the control
forecast rather than the introduction of alternate features.

Analysis of difference maps and time series at individual grid point
time series data showed a variety of '"moise'" components induced by the data
insertion. Gravity waves propagated outward from the insertion area at roughly
30 m s_1 showing highest amplitudes along the flow lines in the upper tropo-

sphere through this area. The amplitudes of the 2 At oscillations were very



small, Oscillations with periods of 15 minutes and the order of 1% hours were
also noted.

Analysis of the model impacts of this new mesoscale information is just
in the preliminary stage and will be an important component of subsequent
research work.

Studies have been made concerning basic concepts of adjustment theory
and dynamics of subsynoptic scale motions which should be of some assistance
for diagnosing the response of comprehensive numerical models to mesoscale
data  insertion. An analysis of prognostic and diagnostic methods for isolating
the non-quasigeostrophic (gravity-inertial) motions in a simple two-layer
simulation of the atmosphere were made using the primitive equations [Houghton,
Campbell and Reynolds (1979, unpublished manuscript)]. Results showed a coher-
ent pattern in the gravity-inertial motion component that remained in the vicin-
ity of a jet stream maximum. Another study underway by Hyde for Ph.D. research
work is focusing on analytical and simple numerical solutions for the inter-

actions between a synoptic-scale jet flow and co-existent gravity-inertial modes.

E. Improvement in model forecasts

This has been a very difficult area for study due to the lack of three
dimensional mesoscale observations for verification purposes.

A very crude comparison of satellite wind fields with model simulations
(6 hr forecast) verifying at observation time was made by Lee (1978) for the
May 6, 1975 data set in order to test the overall compatibility between the
two elements. Unfortunately the model (Drexel-NCAR Regional Mesoscale Model)
had a horizontal grid spacing of 70 km and thus could not represent the 25 km
length scales in the observations. Nevertheless, there was some correspondence
in the u and v velocity component fields and even in the divergence and vortic-

ity patterns. Lee (1978) went on to determine statistics for the model



verification in terms of rawinsonde and the satellite wind data. In general
the model data differed more from either the rawinsonde data or the satellite
winds than the latter two differed from each other.

A determination of the actual improvement in model forecasts was at-
tempted for the test insertion of satellite cloud winds into the Drexel-NCAR
mesoscale model described by Houghton, Lee and Chang (1979). The only veri-
fication parameter available was for precipitation from the National Weather
Service radar observations. The model control case 6 h forecast corresponded
well with the observations for a squall line in westérn Oklahoma and North
Central Texas and a diminishing squall line in Wisconsin and Texas. The satel-
lite wind insertion case showed an improvement in the forecast over Illinois
and to the south and over Missouri. Nevertheless, no meaningful conclusion on

forecast improvement could be made.
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B. Abstracts of Theses

Lee, Dong K., 1978: Characteristics of middle-latitude subsynoptic

scale winds from satellite observations: a case study. M.S. Thesis,

94 pp.

ABSTRACT

Subsynoptic scale cloud winds are obtained from SMS-1 images in the
mid-latitude baroclinic region for the Omaha tornado case of 6 May 1975.
Kinematic fields are computed from the cloud wind data using the SRI objec-
tive analysis scheme and their correspondence to the synoptic situations is
discussed. Some statistical comparisons between the cloud and rawinsonde
wind data are made in terms of root mean square differences. In order to
investigate the possibility of using cloud wind data to initialize numeri-
cal models, the cloud wind data are compared directly to regional scale
mesoscale numerical model outputs.

The kinematic fields computed from the cloud wind data are generally
consistent with the synoptic phenomena ahead of the cold front. The magni-
tudes of divergence and relative vorticity are the order of 10~%4 sec™! for
this study. The differences of the cloud winds from the rawinsonde winds
are no larger than rawinsonde data errors themselves. In the comparison
between the cloud wind and numerical model outputs there is good correspon-
dence for the v component winds and relative vorticity and general qualita-
tive agreement of vertical velocity patterns.

Thomas Jr., Richard D., 1978: The relationship between cold-frontal
radar echoes and selected surface and upper air parameters.

M.S. Thesis, 119 pp.
ABSTRACT

This study examines the relationship between the radar echo parameters
of motion, area coverage and intensity, and the upper level winds, surface
divergence, surface divergente of moisture flux and surface relative vorticity
in cold front situations. Good correlations were found between echo motion
and upper level winds. The relationship between the other radar echo param-
eters and the surface kinematic parameters were not as good, but gave some
positive results. The best correlations were between echo intensity and rela-
tive vorticity. The correlations were improved by using surface data one hour
before the time of the echo. The study used fine resoiution digitized radar
data which was analyzed on a computer-interactive video system.
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S8ill, Gordon F., 1981: Rainbands ahead of a warm front: A case study.

M.S. Thesis (in press).

ABSTRACT

A case study of mesoscale precipitation areas (rainbands) was performed
for a storm which passed through the Midwest on 3 and 4 April, 1974. Tracings
from the PPI scope of seven radars were correlated to obtain an entire radar
picture of each rainband's movement. Twenty-six rainbands were studied with
respect to the wind, temperature, and moisture fields of the storm. The aver-
age rainband length was 386 km, the average width 38 km, and the average length-
to-width ratio was 29:1. The average duration of a rainband was about 5 hours.

The rainbands occurred in two '"belts'" one south and one north of the
warm front. The rainbands would develop and grow at the southern end of the
belt, travel to the northern end and stop. At the beginning of the storm the
rainbands would dissipate when they reached the northern end of the belt, but
as the storm progressed they did not dissipate, but rather began to "stack up"
as each successively reached that end. Eventually, this produced a wide,
stationary area of precipitation within each belt about 95 - 140 km wide and
185-650 km long. Thus the entire area north and south of the warm front be-
came covered by a large stationary area of precipitation as is commonly asso-
ciated with warm fronts as seen on radar.

The cloud layer in which the rainbands developed was between 14,000 and
16,000 feet msl. A potentially unstable layer was associated with the cloud
layer and it is assumed that the rainbands were caused by the release of this
instability as the air rose over the warm front. The greater majority of the
rainbands moved to the left of the wind in the cloud layer. They did not move
perpendicular to their orientation, but averaged 46° to it. The rainbands
were approximately parallel to the warm front and were found to be approxi-
mately parallel with the shear vector in the cloud layer in accord with Asai's
(1972) theory. About 50% of the rainbands had significant changes in their
orientation as they travelled north, most rotating counterclockwise. A rain-
band signature in the surface pressure field was looked for, but not found.

The rainbands were found to have a systematic evolution, organization,
and movement. The results were in agreement with the results and theories of
other researchers throughout.the world. This points to the general applica-
bility of the results to cyclonic storms.
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[Reprinted from BULLETIN OF THE AMERICAN METEOROLOGICAL SOcCIETY, Vol. 59, No. 12, December 1978]
Printed in U. S. A.

Information Content of Satellite Images

David D. Houghton and Verner E. Suomi, Depart-
ment of Meteorology and Space Science and En-
gineering Center, University of Wisconsin, Madison,
Wis. 53706

Abstract

The correspondence of structures noted in the Meteosat water
vapor channel images to conventional tropical streamline
analyses for 8 February 1978 is presented. Results demon-
strate the dramatic new possibilities available with the water
vapor channel data.

Views of the earth’s clouds taken from polar-orbiting
satellites have been with us since 1960, almost two
decades, and images from geostationary satellites have
been available since 1966, more than one decade. One
has a strong intuitive impression that the classical
weather map and the satellite image should be more
directly related to each other in a quantitative sense than
they appear to be. Attempts to obtain temperature and
moisture soundings from polar-orbiting satellites have
not yet made a profound impact on the quantitative
description of the atmosphere in the Northern Hemi-

sphere already obtained from a wide source of data. On
the other hand, the satellite has already made an im-
provement in the atmospheric description of the South-
ern Hemisphere, where the conventional data coverage is
extremely deficient.

The problem of relating satellite data with conven-
tional atmospheric data was recently made more dramatic
to us as a result of a small wager. One of us (V.E.S.) had
the good fortune to visit the European Space Operations
Center at Darmstadt, F.R.G., and thanks to John Mor-
gan was provided with three sets of visible, IR, and water
vapor images taken from the new European geostationary
satellite, Meteosat. A remarkable feature of the new
water vapor images (5.7-7.1 um channel data) is that
they allow dramatic views of global-scale as well as
synoptic-scale entities with definite structures (Morel
et al., 1978). Some of the possible applications arising
from the more continuous nature and clear air coverage
of the water vapor images in contrast to cloud data have
been discussed by Allison et al. (1972), Steranka et al.
(1973), Rodgers et al. (1976), and most recently by Morel
et al. (1978). The first three studies considered the orbit-
ing Nimbus satellite data, and the last outlined possi-
bilities offered by geosynchronous satellites such as
Meteosat.

METEOSAT

MOMINAL SCAN-PROCESSED

N

1978 MONTH 2 DAY 8 TIME 1155 GMT (NORTH) _GH. Wy

SLOT 24 CATALOGUE 1008220836

Fic. 1. Meteosat image in the water vapor channel (5.7-7.1 um), 1155 GMT, 8 February 1978.
Latitude and longitude lines are shown at 15° intervals. The symbol E denotes the region where

air flow “appears” to be easterly.

0003-0007/78/1614-1617$05.00
© 1979 American Meteorological Society
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2 DAY TIME 1455 GMT <HORTH) CH

y '] . 19758 MONTH g /I8 2
r‘ETE'—I:'HT MOMINAL SCAN-PREFROCESSED SLOT 24 CATALOGUE 106 3

Fic. 2. Meteosat image in the visible channel, 1155 GMT, 8 February 1978.
Latitude and longitude lines are shown at 15° intervals.

The case debated concerned the water vapor image
for 8 February 1978, 1155 GMT, which is shown in Fig.
1. One sees a vortex pair, with one center at 15°S, 25°W
and the other at 20°S, 12°E (some 3500 km apart), that
in the image appears to have a strong northerly current
between the centers. Actually, one sees many of these
vortex pairs on a wide variety of scales from the smallest
to the largest in all of the water vapor channel images.
They are an easily seen and very dominant structure.
The image in the visible channel for the same time (Fig.
2) shows little signal from the western part of this vortex
pair and fails to reveal any pronounced structure or
symmetry for it.

The wager was over the notion that one of the vortices
was cyclonic and the other anticyclonic, whereas the op-
posing view was that both were cyclonic. The argument
for the first concept was based on the clear impression of
a vortex pair with a single type of weather in between.
The argument for the second concept was the concentra-
tion of similarly organized cloudiness and water vapor
maximums at the center of each vortex and the longi-
tudinal spacing, which exceeds the spacing for low-level
tropical disturbances.

Resolving the issue required obtaining conventional
data for the same date that would correspond to the
satellite image. Since the data showed the clouds near
the vortices to be in the upper troposphere, and since
the water vapor channel data is most sensitive to condi-

tions in the 250-550 mb layer (with maximum response
near 400 mb), this required examining upper tropo-
spheric wind analyses for a subtropical area that has
minimal rawinsonde data. The National Meteorological
Center Mercator projection tropical streamline charts
for 250 and 500 mb for the time period 1200 GMT, 7
February 1978, to 1200 GMT, 9 February 1978, were
used. The time sequence allowed for determination of
time continuity of the analyzed features (essential in this
area of minimal data) and determination of propagation
rates so that trajectory-streamline relationships could be
discussed.

Figure 3 shows the conventional data at 250 and 500
mb for the same time as the satellite pictures in Figs.
1 and 2. Regions with wind speeds <10kt (5 m/s) are
specially noted since these appear to correspond to
centers of circulation. (Propagation speeds of the systems
were very small, ranging from 0 to 10kt (5m/s) east-
ward.) Centers of cyclonic and anticyclonic circulation
and center positions for the two vortices observed in the
satellite image are shown. The conventional 250 mb data
show a deep trough and cyclonic center at 25°W, 15°S,
with a broader but weaker anticyclonic circulation cen-
tered near 15°E, 15°S. The 500 mb data show the same
features, although both are slightly weaker and the anti-
cyclonic circulation centers are located around and not
at 15°E, 15°S. Not only is the fit good, but it must also
be called a direct bull’s-eye hit. The fit is exact.
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250mb Wiﬁd Anoiysis

1200 GMT February 8, 1978

20

wh

SOOmb Wihd Ano“tysis
1200 GMT February 8, 1978

Fic. 3. Tropical streamline charts for 1200 GMT, 8 February 1978, at 250 and 500 mb. Solid
lines are streamlines and dashed lines are isotachs labeled in knots. Shaded areas denote regions

where wind speed is <10kt (5m/s).

Arrows show wind flow at local speed maximums. The

symbols C and A mark centers of cyclonic and anticyclonic circulation, respectively. The two
centers of the vortex pair observed in the satellite water vapor image and discussed in this paper

are shown by the letter S.
projection charts.

Who won the wager is not important, but what is im-
portant is the fact that in the image the anticyclone is
organized as strongly as the cyclone, a fact that one
would never deduce from the conventional data, even
though the data density for the two regions is about the
same. The circulation strength in the cyclonic system
implies a period of roughly 4 days for air to make one
revolution about the center. The period is more than
double for the anticyclonic region and would appear
to exceed the time scale of coherency expected for the
system. Furthermore, in the region marked E in Fig. 1
(~25°W, 25°S), one would have guessed easterly winds

Data were taken from National Meteorological Center Mercator

to exist. Yet at that spot we find weak northwesterlies in
the conventional data. It thus appears that much of the
organization is relative to the entity, and this high de-
gree of organization is lost (except with exceedingly ac-
curate observations) using Eulerian observations.
Demands for obtaining more relevant and useful in-
formation from satellites will certainly increase because
of advancing expectations in mesoscale meteorology and
the needs for large-scale analyses such as in the Global
Weather Experiment. An important task is to learn how
to take better advantage of the organization and struc-
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ture revealed only by satellite photographs and to inte-
grate this information quantitatively with other data.
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The Relationship between Cold-Frontal Radar Echoes and
Selected Surface Kinematic Parameters

RicHARD D. THOMAS, JR.!

Systems Development Office, National Weather Service, NOAA, Silver Spring, MD 20910

DAviD D. HOUGHTON

Department of Meteorology, University of Wisconsin, Madison 53706

(Manuscript received 1 February 1979, in final form 10 August 1979)

ABSTRACT

This study examines the relationship between the radar echo parameters of area coverage and in-
tensity, and the surface kinematic fields of divergence, divergence of moisture flux and relative vorticity.
The study was limited to 11 cold frontal cases during the period March 1976—March 1977, and in-
volved 99 echoes. Fine-resolution digitized radar data were used from two midwestern and one eastern
United States sites. The data were analyzed on a computer-interactive video system. The area coverage
did. not correlate significantly with any of the surface parameters tested. However, the intensity param-
eters did show significant relationships with the surface parameters, the best being with relative vorticity.
The correlations were higher when surface data from 1 h before the time of the echo were used, with

coefficients as high as 0.5.

1. Introduction

The forecasting of precipitation always has been
an important aspect of operational weather fore-
casting. In recent years, much work has been done
toward producing more accurate and more auto-
mated short-range local precipitation forecasts.

A problem in any objective mesoscale forecasting
is that of getting observational data on a small
enough scale. Surface observing stations are
generally ~100 km apart, and upper air observing
stations are 300-400 km apart. On the other hand,
radar and satellite data are of a continuous nature,
in both time and space. The use of radar in precipita-
tion forecasting is the motivation behind this investi-
gation.

In order to use radar as an objective tool in pre-
cipitation forecasting, procedures must be de-
veloped to forecast echo movement and changes
with time. Several extrapolation techniques have
been developed which give favorable results (see
Elvander, 1976). However, these forecasts prob-
ably could be improved by using relationships
with other atmospheric variables in addition to the
extrapolation techniques. First, however, these re-
lationships must be better understood.

! Research was carried out while author was on a fellowship
program at the Department of Meteorology, University of
Wisconsin at Madison.
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The objective of this analysis was to examine the
relationships between radar parameters (such as
area coverage, growth, intensity and the change of
these parameters in time) and surface kinematic
fields [such as divergence, divergence of moisture
(mixing ratio) and relative vorticity]. These kine-
matic fields were expected to have a direct relation-
ship with precipitation. Surface data were preferred
over upper air data because of greater abundance
in time and space.

Numerous studies in the past have successfully re-
lated the echo movement to upper level winds,
particularly the 700 mb level (see Harper and
Beimers, 1958; Boucher and Wexler, 1961; Newton
and Fankhauser, 1964; Cruz, 1973; Mielke and
Houghton, 1977). Far less has been done concern-
ing relationships with the surface variables, particu-
larly relationships between subsynoptic-scale data
and the detailed features of individual radar echoes.
To limit the scope of this study, only cold frontal
echoes were used.

2. Past work

Byers and Braham (1949) reported that during the
Thunderstorm Project, weak convergence was pres-
ent during the early cumulus stage of thunderstorm
development. This was 20—30 min before the radar
detected the storm. However, when older storms
were in the area, their outflow dominated the sur-
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TABLE 1. Characteristics of WSR-57.!
Wavelength 10.3 cm
Transmitted frequency 1250 mHz
Beam width 2°
Range 125 n mi
Pulse repetition frequency 164 pps
Width of pulse 4s
Peak transmitted power 410 kW
Scan rate 3 rpm
Antenna gain 38 dB
Standard antenna elevation 0.5°

! Information received by personal communication with Jim
Schaeffer, Office of Technical Services, National Weather
Service, June 1978.

face wind. This made it impossible to find areas of
inflow near new storms.

Austin and Blackmer (1956) studied the precipita-
tion patterns of 30 summertime cold fronts in Massa-
chusetts using radar data. Synoptic-scale param-
eters such as the 700 mb temperature contrast across
the front, warm air static stabilities and 850 mb
dew-point spread were correlated to the area
covered by precipitation. The correlation coef-
ficients were generally poor, ranging from 0.0 to
0.4. In a similar study with wintertime cold-frontal
precipitation, Cox (1959) found that out of seven
synoptic-scale parameters, only an instability index
correlated significantly with total radar-scope
coverage. Twenty-one cold-frontal situations were
used for that study.

In another study, Myers (1964) studied the role
of the synoptic situation and local topography on the
pattern of showers in central Pennsylvania. In com-
paring several synoptic variables with the amount
of radar scope coverage, the surface dew-point
depression produced the highest significant correla-
tion coefficient. The synoptic parameters were also
compared with various ‘‘scope scatter’’ coefficients.
Again dew-point depression showed the best
relationship.

TaBLE 2. Comparison of rainfall rates with radar power re-
turned and D/RADEX levels (by Saffle, 1976). All numbers are
range correlated.*

Rainfall
rate Threshold levels
(mm h™!) LogZ (D/RADE_Z(_)_
0.508 1.83 1 S
1.27 2.47 2
2.54 2.93 3
5.08 3.43 4
12.7 4.07 5
25.4 4.55 6
50.8 5.03 7
127.0 5.67 8
254.0 6.15 9

* The D/RADEX rainfall rates were changed after this research
was completed (see Saffle and Greene, 1978).
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Using data from two experiments carried out in
the summers of 1971 and 1973 in southern Florida,
Ulanski and Garstang (1978) studied the role of
surface divergence and relative vorticity in convec-
tive precipitation. Data from a dense observing net-
work, part of the Florida Area Cumulus Experi-
ment, was used to study about 50 storms. It was
shown by using a ‘‘spatial index’’ that the maximum
point rainfall in a storm is directly proportional to
the surface convergence gradient and size of the
convergence area. The size of the convergence area
was also found to be one of the most important
factors in determining the total rainfall produced
by individual storms. Using data from the same
Florida experiment, Pielke and Cotton (1977) also re-
lated mesoscale kinematic features to rainfall events.

3. Data sources and facilities used

The radar data for this study came from three
National Weather Service sites (Pittsburgh, Pennsyl-
vania; Kansas City, Missouri; and Monett, Mis-
souri). These sites are part of the Digitized Radar
Experiment (D/RADEX), which was established in
late 1971 and early 1972. Basically, each site con-
sists of a WSR-57 (Weather Surveillance Radar-57)
interfaced to a NOVA 1200 minicomputer. Addi-
tional information concerning D/RADEX can be
found in a paper by McGrew (1972). Table 1 sum-
marizes the radar’s characteristics. The funda-
mental resolution is 1 n mi in the radial direction and
2°in the azimuthal direction. The data for a complete
radar scope image is archived every 12 min. Each
2° by 1 n mi data bin has a value in the range 0-9
(D/RADEX levels). Table 2 compares the rainfall
rates with radar power returned and D/RADEX
levels.

The Man-computer Interactive Data Access Sys-
tem (McIDAS), developed by the Space Science and
Engineering Center at the University of Wisconsin-
Madison, was used for the processing of the radar
data. A complete description of the system is given
by Smith (1975) and Chatters and Suomi (1975).
The system consists of a Datacraft 6024/5 computer,
digital disks and I/O devices, interfaced to a color
monitor and CRT display by a video display system.
An applications program was used to give a fre-
quency distribution of the intensity level of each
pixel in an enclosed area. This was used to gerrerate
values of area coverage and intensity for each echo.

Hourly airways surface observations were ob-
tained from the archive of the National Severe
Storms Forecast Center in Kansas City. The ob-
servations used covered the surface grid areas
which were slightly larger than the radar coverage
areas. Of these observations, there were actually
24 within the Pittsburgh, 14 within the Kansas
City and 11 within the Monett radar coverage area.
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F1G. 1. Number of echoes per month (1976 and 1977 data combined).

4. Methods of analysis of the data

The frontal cases used in this study were generally
well defined cold fronts, where the respective radar
sites were at least 500 km south of the intersection
with the warm front. Quasi-stationary fronts were
not used, nor fronts with evidence of a wave near
the radar site. Due to logistical and technical diffi-
culties, data were only available for 11 cases of the 30
identified. All cases were between March 1976 and
March 1977.

The radar observations used from each of the 11
cases had to meet the criteria that they had at least
one (preferably more) distinct echoes which showed
somewhat consistent motion and shape. The echoes
had to be observed on three consecutive observa-
tions, centered on the beginning of an hour. The
echoes also had to be completely enclosed by the
radar area at all three times. The number of hours
of data used from each case varied with the amount
of echoes which met the above criteria. Whenever
possible, consecutive hours were not used. There
was a total of 39 h of observations (three observa-
tions used per hour) used from the 11 cases, equally
distributed among the three radar sites. From this
data set, 99 echoes were studied. Fig. | presents a
distribution of the number of echoes per month. It is
quite clear that the data sampling is strongly biased
toward the spring and summer seasons. The average
area of the echoes in this study was 1781 km?, with
half of the echoes having an area <750 km?.

The D/RADEX data were converted to a McIDAS
compatible format, giving a displayofal n mi X 1 n
mi Cartesian grid in grey scale form. The grid points
were given the value of the D/RADEX data bin in
which the points fell. Only D/RADEX levels 2 and
above were displayed to give better echo definition.

With each set of radar observations, centered on
the hour, a frequency distribution of radar return
levels was measured for each echo at the three

times. These three values were averaged to give
values of area coverage, maximum intensity and
average rainfall rate for the echo. The rainfall rate
as given by the relationship in Table 2 was used to
estimate average intensity across the echo area. This
was done to avoid the logarithmic scaling of radar
intensity. For the purposes of this study, the values
were not meant to estimate actual rainfall rates.
In cases where there was an increase or decrease
through the 24 min period, the magnitude of the
change was calculated for that period. This was
done by subtracting the value 12 min before from
that 12 min after the hour. In cases where the trends
in the first and second halves of the period were
not consistent, the change was ignored. A summary
of the means and standard deviations of these param-
eters is presented as Table 3.

Each of the echoes were classified in five ways:
position with respect to the front, relationship with
respect to other echoes (in a line, isolated or
embedded in a larger area of lighter precipitation),
shape (banded or nonbanded), area coverage and
geographic location. Table 4 shows the number_of
echoes in each category.

The classification with respect to frontal position
consisted of determining whether the echo was pre-
frontal, frontal or postfrontal. Frontal echoes in this
study are defined as being within 15 n mi of the front.

The second set of classifications was with respect
to the type of arrangement the echo was in with other
echoes. A line of echoes is defined as several meso-
scale areas of precipitation, forming an elongated
area of length to width ratio = 5:1. Any echo which
followed the above definition, or was part of such a
feature, was classified as line. If the echo was not
part of a line, and was not attached to any other
echoes, it was classified as isolated. Echoes which
were not part of lines, but were embedded in a
larger area of lighter precipitation (D/RADEX level
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TABLE 3. Summary of the radar echo statistics.

Equivalent radius (km)

Average 23.8

Median 1555
Area coverage (km?)

Average 1781

Standard deviation 3083

Minimum 54

Maximum 17811
Change of area coverage [km?*(24 min)~']

Average -0.3

Standard deviation 1033

Maximum intensity (D/RADEX levels)

Average 4.1
Standard deviation 1S
Change of maximum intensity
[D/RADEX levels(24 min)~!]
Average +0.06
Standard deviation 0.8
Average rainfall rate (mm h™')
Average 2.54
Standard deviation 2.55
Change of rainfall rates
[mm h~'(24 min)!]
Average +0.29
Standard deviation 1.4

1) were classified conglomerate. These echoes were
sometimes quite close to other mesoscale areas in
the same general pattern.

The third classification was simply whether the
echo was banded or not. A banded echo is defined
here as having a length to width ratio of at least 2:1,
as opposed to the greater ratio associated with lines
of echoes. Banded echoes may or may not be echoes
which are part of lines.

The area coverage classification consisted of
separating the larger (>750 km?) and smaller echoes
(<750 km?). The breakpoint of 750 km? was chosen
because it split the total sample in half.

The geographic classification simply separated the
Pittsburgh radar site echoes from the two Mid-
western radar site echoes.

TABLE 4. Number of echoes in each classification.

Number

Category of echoes
All 99
Midwest it
Pittsburgh 34 i
Prefrontal 62
Frontal 21
Postfrontal 16
Line 43
Isolated 31
Conglomerate 25
Banded 54
Nonbanded 45
Large area 50
Small area 49
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The values of surface divergence, divergence of
moisture flux and relative vorticity were calculated
for a 0.5° 18 by 18 latitude/longitude grid. There
were separate grids for the midwestern and Pitts-
burgh sites. The fields were based on the «# and v
wind components, using simple, centered finite-
difference techniques. The « and v grid-point values
were calculated using a modified Cressman weighted
interpolation scheme (Whittaker, 1976). This method
included no special smoothing techniques. The
divergence of moisture flux was calculated by multi-
plying the grid-point values of # and v by the mixing
ratio. As an example, Figs. 2, 3 and 4 present
analyses of these kinematic fields for one of the radar
echo cases. The scale of the features are typical
of most cases.

Using an equally spaced distribution of points
throughout the echoes, values of the surface param-
eters were interpolated from grid-point data using
an overlapping polynomial technique (Whittaker and
Petersen, 1977). The point values were then aver-
aged to give a value for the echo area. The mean
values and standard deviations for the surface
parameters in the echo areas are presented in
Table 5.

The above procedures were repeated with sur-
face data 1 h before the time of the echo. Thus,
the echo parameters were compared to values of
surface divergence and vorticity 1 h before the echo
moved into that area. Values were also calculated
for the surface parameters in the echo relative to the
mean for the whole grid. The average grid-point

F1G. 2. Surface divergence (107 s™') analysis, 1500 GMT 18

April 1976, for the Monett, Missouri radar area.

areas denote radar echoes.)

(Shaded
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value was subtracted from the value of the surface
parameter associated with the echo.

5. Relationship of echo parameters with surface
kinematic fields

When the various echo parameters were com-
pared with the surface kinematic fields, only a few
of the echo parameters gave significant results. The
echo parameters of maximum intensity, average
rainfall rate and change of average rainfall rate
correlated with many of the surface fields used. The
area coverage, change of area coverage and change
of maximum intensity did not correlate with any
surface parameters using the total sample. How-
ever, there were a few marginally significant correla-
tions using the echo categories discussed in the pre-
vious section. Several categories of echoes did not
show any significant correlations at all. These in-
cluded the Pittsburgh echoes (except for one mar-
ginally significant correlation) and the prefrontal,
frontal and conglomerate echo categories.

In the following subsections, correlation statistics
involving each of the three echo parameters which
showed significant results will be discussed. The
statistics applying to the total sample will be pre-
sented in detail. Only the more important points
with the individual categories of echoes will be
discussed.

Fi1G. 3. Surface divergence of moisture flux (107° s~') analysis,
1500 GMT 18 April 1976, for the Monett, Missouri radar area.
(Shaded areas denote radar echoes.)
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Fi1G. 4. Surface relative vorticity (107 s~') analysis, 1500
GMT 18 April 1976, for the Monett, Missouri radar area.
(Shaded areas denote radar echoes.)

a. Maximum intensity

Table 6 shows the correlation coefficients and
regression equations for the relationships involving
maximum intensity. Relative vorticity gave better

TABLE 5. Summary of surface parameters.

Standard
Mean deviation
Surface parameter (107> s7Y) (10=="554)
Divergence —0.47 2.40
One hour earlier —0.66 2.73
Change in 1 h 0.19 2.03
Relative to the grid average -0.29 2:29
One hour earlier, relative to
the grid average -0.49 2.68
Change in 1 h relative to the
grid average 0.20 2.00
Divergence of moisture flux -7.13 28.80
One hour earlier =895 33.52
Change in 1 h 1.82 24.71
Relative to the grid average —5.46 27.56
One hour earlier, relative to
the grid average -7.52 33.08
Change in 1 h, relative to
the grid average 2.05 24.28
Relative vorticity 0.87 2.36
One hour earlier 0.70 2.59
Change in 1 h 0.17 1.76
Relative to the grid average 0.72 2.24
One hour earlier, relative to
the grid average 0.56 2.50
Change in 1 h, relative to
the grid average 0.16 1.76
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TABLE 6. Correlation coefficients and linear regression equations for the maximum intensity and various surface parameters,
ranked in order of highest correlation coefficients. (The critical coefficient magnitude for significance at the 95% confidence

interval is 0.23.)

g Correlation

Surface parameter Linear regression equation* coefficient
Relative vorticity, 1 h earlier relative to the grid average Max Int = 4.04 + 0.24 (Vort) 0.40
Relative vorticity, relative to the grid Max Int = 3.90 + 0.27 (Vort) 0.40

Divergence of moisture flux, 1 h earlier relative to the

grid average Max Int = 4.05 — 0.02 (DivMF) -0.38
Relative vorticity, 1 h earlier Max Int = 4.04 + 0.2 (Vort) 0.35
Relative vorticity Max Int = 3.89 + 0.22 (Vort) 0.34
Divergence of moisture flux, 1 h earlier Max Int = 4.04 — 0.015 (DivMF) -0.34
Divergence, 1 h earlier, relative to the grid average Max Int = 4.09 — 0.18 (Div) -0.33
Divergence, 1 h earlier Max Int = 4.08 — 0.15 (Div) -0.27
Divergence of moisture flux, relative to the grid average Max Int = 4.04 — 0.16 (DivMF) -0.24

* Max Int is the D/RADEX level; the units of Vort, Div and DivMF are 105 s 1.

correlations than any of the divergence fields, with
coefficients as high as 0.4. The correlations were
improved slightly by using the values relative to the
grid average and values from 1 h earlier than the
time the radar echo was observed. In addition, the
divergence of moisture flux correlated better than
the divergence of the wind field alone.

The relative vorticity gave positive correlations
with the maximum intensity, while the divergence
parameters correlated negatively. This means that
the stronger the relative vorticity is in the area to
which an echo is moving, or is already located,
the higher the maximum intensity associated with
the echo. The negative correlation with the di-
vergence is similar in that the more intense echoes
will have had stronger convergence in the same area
an hour earlier.

A scatter diagram is presented as Fig. 5, showing
the relationship of the relative vorticity 1 h earlier
than the echo time, relative to the grid average, to
the maximum intensity. The distribution of points

seems to be better described by a nonlinear rela-
tionship than the least-squares regression line. Fig.
6 shows the distribution of correlation coefficients
for the same relationship of Fig. 5, for each of the
categories showing significant correlations. The
most statistically significant categories to be noted
are the banded and larger area categories. Both of
these categories had much higher correlations than
their counterparts, namely, the nonbanded cate-
gory, which showed no significant correlations, and
the smaller area category.

The banded echoes gave the highest correlation
coefficients of any of the echo categories except for
the very limited sample of postfrontal echoes. The
coefficients which were significant with the surface
parameters ranged in absolute value from 0.34 to
0.58. The nonbanded echoes had much lower corre-
lation coefficients, with the maximum intensity of
echoes in that category not correlating significantly
with any surface parameters.

In general, the correlation coefficients for the
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FI1G. 5. Scatter diagram of maximum intensity versus the relative vorticity 1 h
earlier than the echo, relative to the average grid value of vorticity.
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Fic. 6. Distribution of the correlation coefficients for the relationship shown in
Fig. 5 by echo category. (Shaded areas denote values which the correlation coefficients
must exceed to be significant at the 95% level.)

larger (>750 km?) echoes were more than twice
those of the small echoes, each having the same
sample size. The coefficients which were significant
with the surface parameters ranged in absolute value
from 0.33 to 0.56. Interestingly, the few cases in
which the maximum intensity did correlate signifi-
cantly to a surface parameter for the smaller echoes
were cases in which the larger echoes correlated
exceptionally poorly. These were the change of di-
vergence of moisture flux during the past hour, and
that change relative to the average grid value. The
correlation coefficients for these relationships were
marginally significant, and had values of 0.39 and
0.38, respectively. ;
The reason for many of the correlation coefficients
with the midwestern echoes being significant, com-

pared with none for the Pittsburgh echoes, is not
understood. This may be due solely to the small
sample size there, or to some orographic effects.
Similar questions arise when trying to explain why
the postfrontal echoes correlated significantly, but
not the frontal or prefrontal. All of the post-
frontal echoes were observed in the midwest sites.
These same problems also arise with the other echo
parameters to be discussed.

b. Average rainfall rate (radar estimated)

The average rainfall rates of the echoes showed
the best correlation to surface parameters of any of
the echo parameters tested. The correlations, as
shown in Table 7, are similar to those of the maxi-

TABLE 7. Correlation coefficients and linear regression equations for the average rainfall rate and various surface parameters, ranked in
order of highest correlation coefficients. (Critical correlation magnitude for significance at the 95% confidence interval is 0.23.)

Correlation
Surface parameter Linear regression equation* coefficient
Relative vorticity, 1 h earlier, relative to the grid average ARR = 2.38 + 0.58 (Vort) 0.53
Relative vorticity, 1 h earlier ARR = 2.34 + 0.52 (Vort) 0.50
Relative vorticity, relative to the grid average ARR = 2.23 + 0.56 (Vort) 0.47
Divergence of moisture flux, 1 h earlier relative to the
grid average ARR = 2.44 — 0.035 (DivMF) —0.43
Relative vorticity ARR = 2.19 + 0.48 (Vort) 0.42
Divergence of moisture flux, 1 h earlier ARR = 2.41 - 0.03 (DivMF) —0.40
Divergence, 1 h earlier, relative to the grid average ARR = 2.5 - 0.39 (Div) —-0.39
Divergence, 1 h earlier ARR = 2.47 — 0.35 (Div) -0.35
Change of divergence of moisture flux ARR = 2.64 + 0.04 (DivMF) 0.34
Change of divergence ARR = 2.62 + 0.45 (Div) 0.33
Change of divergence of moisture flux, relative to
the grid average ARR = 2.63 + 0.04 (DivMF) 0.33
Change of divergence, relative to the grid average ARR = 2.62 + 0.43 (Div) 0.32
Divergence of moisture flux, relative to the grid average ARR = 2.47 — 0.02 (DivMF) ~0.25

Units of average rainfall rate (ARR) are mm h™!, those of Vort, Div and DivMF 105 s-1,
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FiG. 7. Scatter diagram of average rainfall rate versus the relative vorticity 1 h
earlier than the echo, relative to the average grid value of vorticity.

mum intensity in that the relative vorticity showed.
the best relationship among all of the surface param-
eters. Stronger positive vorticity is associated with
higher average rainfall rates. The divergence
parameters correlated negatively except for the
change of divergence which had a positive correla-
tion. These relationships are all consistent with the
idea that higher average rainfall rates are associated
with stronger convergence in the area to which the
echo is moving. As the echo moves into the area,
the wind field becomes more divergent at the sur-
face, accounting for the positive change of diver-
gence over the hour. It is interesting to note, though,
that the divergence of the wind field alone did not
show significant correlation with either the maxi-
mum intensity or the average rainfall rate.

A scatter diagram for relative vorticity, 1 h earlier
than the echo time and relative to the grid average,
versus the average rainfall rate is given in Fig. 7. The
plot shows that a wide range of surface vorticities
are associated with echoes which have low average
rainfall rates. The relationship becomes more organ-
ized as the average rainfall rate increases. Fig. 8
shows much the same type of distribution of correla-
tion coefficients among the echo categories as did
Fig. 6 with maximum intensity.

As before, the banded and larger echoes showed
much better correlation. with surface parameters
than the nonbanded and smaller echoes. The non-
banded echoes did show marginally significant cor-
relation with the relative vorticity at the same time
as the echo, and the same relative to the grid aver-
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FiG. 8. Distribution of correlation coefficients for the relationship shown in
Fig. 7, by echo category. See Fig. 6.




DECEMBER 1979 RICHARD D. THOMAS, JR.

3

AND DAVID D. HOUGHTON 1597

TaBLE 8. Correlation coefficients and linear regression equations for the change of average rainfall rate and various surface
parameters, ranked in order of highest correlation coefficients. (Critical correlation value for significance at the 95% confidence

interval is 0.24.)

Correlation

Surface parameter Linear regression equation* coefficient
Change of divergence of moisture flux AARR = 0.33 + 0.03 (DivMF) 0.42
Change of divergence of moisture flux, relative to the grid average AARR = 0.32 + 0.03 (DivMF) 0.41
Change of divergence AARR = 0.31 + 0.29 (Div) 0.38
Change of divergence, relative to the grid average AARR = 0.31 + 0.29 (Div) 0.37
Divergence of moisture flux AARR = 0.32 + 0.02 (DivMF) 0.29
Divergence AARR = 0.31 + 0.16 (Div) 0.26
Divergence of moisture flux, relative to the grid average AARR = 0.30 + 0.01 (DivMF) 0.26

* Units of AARR are mm h='(24 min)~!, those of Div and DivMF 105 s~!,

age. But, the banded echoes had a much more sub-
stantial number of significant correlations. The
larger echoes, as they did with the maximum inten-
sity, generally correlated more than twice as well
as the smaller ones. Again, smaller echoes did have
a few significant correlations, all of which were
with surface parameters which correlated poorly
with the larger echoes. Those categories were the
changes of divergence and divergence of moisture
flux, and those parameters relative to the grid
averages. The correlation coefficients ranged from
0.40 to 0.48, where the critical correlation coefficient
for significance was 0.33.

c. Change of average rainfall rate

The relationship of the change of average rain-
fall rate to the surface parameters is not nearly as
consistent as the two preceding relationships, but
it is considered worth mentioning. The correlation
coefficients and regression equations are listed in

L RATE (MM/HR)

Table 8. Contrary to the maximum intensity and
average rainfall rate results, the change of the aver-
age rainfall rate correlated quite poorly to any of
the relative vorticity parameters. Apparently, the
relative vorticity best relates to the actual values
of these echo parameters at specific times, while
fields such as the change of the divergence of
moisture flux better relate to the changes of echo
parameters in time. The change of the divergence
fields did give better relationships with the average
rainfall rate than the divergence fields at either the
time of the echo or the previous hour. This shows
that as an echo moves into an area, the more that
echo is increasing its average rainfall rate, the
more divergent the wind field becomes. This seems
consistent considering the stronger downdrafts
which would be associated with the more intense
rainfall.

A scatter diagram of the change of divergence
of moisture flux over the 1 h period preceding the
time of the echo versus the change of the average

.
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FI1G. 9. Scatter diagram of the 24 min change of average rainfall rate versus
the 1 h change of divergence of moisture flux.
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F1G. 10. Distribution of correlation coefficients for the relationship shown in
Fig. 9, by echo category. See Fig. 6.

rainfall rate during the 24 min period the echo was
observed is presented as Fig. 9. As can be seen, this
relationship is not described very well by the linear
regression equation. The change of rainfall rate
values tend to be concentrated around zero, while
the divergence values show much better distribution.

The distribution of significant correlation coeffi-
cients by each category is shown in Fig. 10. The
reason for the significant correlations in the mid-
western and postfrontal echo categories as opposed
to none in their corresponding categories remains a
mystery. The echoes which are part of lines con-
tinue to show up occasionally with significant corre-
lations. In contrast to the previous echo parameters,
there were no substantial differences between the
banded and nonbanded categories and the larger
and smaller echo categories for the change of the
average rainfall rate. '

6. Conclusions and recommendations

The use of a computer-interactive graphic dis-
play system (McIDAS) in this study provided for a
very fast and efficient method of analysis of the
digitized radar data. This method is recommended
for small to medium size studies, where a fast
method of analysis is desired, but complete control
of the data is to be retained. However, for larger
studies where more than a couple hundred ectfoes
are to be used, the completely automated methods
would probably be preferable due to the overwhelm-
ing costs involved in time and money. This type of
system would be ideal in terms of operational use
where a man-machine mix is desired.

The maximum intensity and average rainfall rate
of the echoes showed significant correlation with
many of the surface parameters tested, particularly
the relative vorticity. These correlations were im-

proved by using values of the surface fields for the
area covered by the echo, 1 h before it arrived there;
and also by finding the value relative to the grid
average. Banded echoes had much better correla-
tions than nonbanded ones, with the same true for
large echoes compared with small echoes (<750
km?). The divergence of moisture flux correlated
better than the divergence of the wind alone. While
the change of average rainfall rate for the echoes
did not give as good relationships as the other two
radar parameters, some significant correlations were
found, particularly with the change of divergence
of moisture flux.

When applying the relationships discussed in this
study to operational forecasting, caution must
be exercised. Since there were no dry cases (no radar
echoes) used in the analysis, the relationships pre-
sented apply only in cases where an echo already
exists. If a forecast is made of where the echo will
bein 1 h, the relationships involving the time lag can
be applied directly to predict the intensity char-
acteristics.

The relationships presented here did not show
high correlations, in that at best only 25% of the
variance has been accounted for. One of the reasons
the relative ‘position of radar echoes and surface
kinematic features is so variable may be the fact
that the echoes sampled were at different stages of
development. A storm in its early stages would have

“a different relationship to the surface fields tifan

mature storms. These factors must be taken into
account. Thus, multiple regression involving the
past history of the echo would most likely give
much better results. A larger data sample would be
needed to give more definite regression equations
for modeling use. Finally, since the results of this
study point strongly to the idea that there is a time
lag between occurrences on the surface and what
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happens in the clouds, studies should be made to ex-
amine this in more detail.

There are many effects which disturb the sur-
face wind field, making it very difficult to generate
accurate divergence or vorticity fields. One solu-
tion which would give better results would be to
use the wind field at or slightly below cloud level.
The present radiosonde network is not of sufficient
density to provide such data, and probably never
will be. One possible source of such data is from
satellites. Currently, winds are being generated from
satellite picture loops. If enough clouds could be
tracked in the area of the precipitation, detailed
wind fields at the cloud level could be used for
generating divergence and vorticity fields. There
are undoubtedly many problems involved, but it
seems to be worth pursuing. Another source would
be by a dense network of remote sounding devices
such as lidar.

In any case, it appears possible to make reasonable
forecasts of the movement of radar echoes and fore-
cast their intensity based on synoptic-scale param-
eters and the echoes’ past histories. In future
years, when fine-resolution digitized radar is in-
stalled nationwide, endless amounts of data should
be available for massive statistical analyses.
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ABSTRACT

An attempt is made to obtain fully three-dimensional mesoscale wind fields from satellite cloud displace-
ment data for an area over the continental United States. A method to derive such fields and their
likely accuracy is discussed prior to the presentation of a test case for 30 October 1974. The computed
divergence and vertical motion fields are consistent with features of the observed mesoscale weather
systems, particularly the locations of subsequent severe convective storms.

1. Introduction

Since the advent of satellite imagery in the 1960’s,
numerous attempts have been made to extract use-
ful quantitative data from the images. This activity
has been extended to the measurement of cloud
time-displacement vectors using sequences from
geostationary satellites. At the University of Wis-
consin, the development of a highly automated data
handling facility, McIDAS (Suomi, 1975), has made
it possible to obtain large numbers of displacement
vectors rapidly in a precise manner.

The relationship between these vectors and the
atmospheric velocity vectors has been a matter of
great interest and discussion. Establishment of the
correspondence between the two would allow for
tremendous enhancement of the description of the
large-scale wind fields over much of the earth,
particularly ocean areas and, for the first time,
determination of the mesoscale wind fields above the
earth’s surface.

Numerous studies have been made relating cloud
motion vectors to large-scale wind fields. Hubert
and Whitney (1971) summarized the overall corre-
spondence of the two forms of data for tropical
regions. At synoptic scales, cloud (motion) vectors
have gained the acceptance of being incorporated
with the daily National Weather Service (NWS)
tropical analyses. On the other hand, mesoscale
velocity fields obtained from the cloud-displacement
technique have had far less examination.

At the mesoscale the accuracy of cloud displace-
ment vectors is more difficult to assess than at
synoptic scales. Absolute errors imply larger errors

! Current affiliation: Environmental Data Service, NOAA,
Washington, DC 20235.
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in differentiated quantities such as vorticity, diver-
gence, and vertical motion because of the shorter
length scales involved. However, these quantities
tend to have larger magnitudes so that the signal-
to-noise ratio is not necessarily made larger. Diag-
nostic consistency checks between the velocity
field and other variables are not available as for the
large-scale situation. Finally, there is little scale-
compatible velocity data from other sources such as
rawinsondes with which to ‘‘directly’’ calibrate the
satellite image results. Even if individual vectors
turn out to have relatively large errors there is
hope that, with sufficient density of data points,
ensemble averages would provide useful infor-
mation.

This study summarizes one of the first attempts to
obtain three-dimensional mesoscale wind fields
from satellite cloud data for a midlatitude situation.
Analysis was focused on the satellite imagery of a
severe storm event in northern Texas. Hori-
zontal cloud displacement vectors were derived
with the intent to cover the region in three di-
mensions throughout the troposphere. Objective
analysis and diagnostic methods were used to de-
duce horizontal fields of divergence and vertical
motion from the basic wind data. In recognition of
the basic questions of the validity of the cloud
displacement vectors, a short discussion of the ac-
curacy and correspondence of cloud motions to air
motions is presented in the foliowing section as gen-
eral background material.

2. The accuracy and correspondence of cloud motions
to air motions

Cloud displacement vectors and air motions of
the same time scale differ due to errors in any given
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TABLE 1. Summary of error estimates for satellite cloud wind and rawinsonde wind data
appropriate for the case study presented here.

Vector error magnitude

rms Variance
Error type (ms™) (m? s72%) Reference
Satellite cloud motion vectors
Navigation 0.4 0.2 Wilson (1976)*
Single pixel tracking 1.1 1.2 Wilson (1976)
Image resolution 0.6 0.4 Wilson (1976)
Height assessment 25 6.3 Wilson (1976)
Overall tracking random error
(cumulative effect of all above
except navigation) 2.8 7.9
Rawinsonde wind data
Rawinsonde 1.75 3.1 Representative value from Bengtsson (1975)
and U.S. Air Force (1963)
Temporal variability over 90 minutes 2.2 4.6 Reiter (1961)
Spacial variability over 180 km 3.8 14.5 Reiter (1961)
Overall random error
(cumulative effect of the above three) 4.7 22.2

* Wilson (1976) presented these error estimates as range values. These were converted to the variance form shown here by

using normal distribution relationships for a sample of five.

cloud tracking method and non-representative cloud
motions. Measurements of these two factors are re-
viewed below. Their combined effect, the total error
of the cloud displacement vectors, is estimated for
the vectors of this study.

a. Accuracy of tracking via satellite

The precision with which a target can be located
and tracked in the troposphere via satellite is limited
by error due to four sources: image navigation,
image resolution (temporal and spatial), the tracking
method used, and the accuracy of the target height
determination. Suchman and Martin (1976) have
stated that the overall accuracy obtained with the
McIDAS system, using equatorial data, is ‘‘within
the accuracy of currently available ground truth.”’
Using the same system, Wilson (1976) discussed the
four sources of error separately and estimated their
magnitude. Table 1 summarizes the magnitudes for
the test case of this paper. It should be noted that
of the four errors, all but the first should have a major
random component and will often be partially
offsetting. Lo

For this north Texas case, the sum of the variances
of the three random errors is estimated to be 7.9 m?
s~2, giving a random error standard deviation of
2.8 m s~!'. The navigational error adds an additional
increment of error to this figure, an amount nearly
identical for all wind vectors. In this paper we are
interested in divergence calculations. In such cal-
culations any bias which is uniform throughout the
entire wind field will be eliminated. Consequently,
for the purposes of this paper the navigational error
is not included in the system error figure, although

the use of objective analysis will distort slightly the
originally uniform navigational bias.

In view of the importance of target height deter-
mination, a brief discussion of the McIDAS method
used for the North Texas case is perhaps in order
before proceeding. The method used incorporates
the visible and infrared satellite images and the
relative angles of the satellite and sun to the target
cloud. The brightness of a target cloud in the visible
image is correlated with an appropriate cloud thick-
ness via a lookup table. Knowing the cloud thick-
ness, its infrared emissivity is then calculated. In
this last step, adjacent areas are compared to ac-
count for the influence of partial cloudiness on a sub-
pixel scale. In actuality the tracers chosen for the
North Texas case were distinct in the visible image
and consequently quite thick with emissivities near
unity. The height program searches for the brightest
(coldest) infrared pixel of the cloud and calculates
temperature from that. For such calculations, the
program accuracy is estimated at 3—5°C where the
sensor picks up radiation from only one cloud level.
For the North Texas case, five sequential height
determinations made in the construction of each

- cloud vector were screened to determine that the
sensor was indeed picking up radiation from but
one level.

b. Non-representative cloud motions

The correspondence of cloud motions to air mo-
tions is crucial to the work of this paper. Although
the expectable error cannot be proven, a reliable
estimate must nonetheless be found. In addition,
since the cloud motion vectors in this study are

-
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derived from satellite imagery and assigned to the
cloud-top height, the non-representativeness of the
cloud motions at the cloud-top height with respect
to ambient flow at the same height must be estimated
for the vectors measured in this study. The authors
formulate an estimate as follows.

Non-representative cloud motion has been inves-
tigated using a variety of cloud viewing platforms,
two of which are airplanes and satellites. In the
former case, measurements of the ambient air mo-
tion have been taken in and about the cloud with
instrumented aircraft while various aspects of the
cloud motion were simultaneously observed. In the
latter case, cloud motion vectors have been derived
from satellite imagery and the accuracy assessed
by comparison with nearby radiosonde reports.

Applying the former model, Hasler et al. (1977)
tracked the geometric centers as viewed from air-
craft flying within and above isolated tradewind
cumulus with bases at 960 mb, diameters of 3 to 15
km, thicknesses of 360 to 760 mb, and lifetimes gen-
erally near 1 h. They found that in 67% of the cases
the center of tradewind cumulus clouds moves with
a vector difference magnitude of 1.5 m s™! from the
wind 150 m above the sea surface, 1.3 m s™' from
the wind at the cloud base, 3.6 m s~ ! from the mid-
cloud wind, and 7.0 m s~ ! from the wind at the cloud
top. Using the same aircraft, the authors found that
‘‘isolated cirrus clouds moved with a vector dif-
ference magnitude of 1.6 m s~! from the mean wind
in the cloud layer.”’

The cloud tracers used in this study are not the
geometric centers of large trade wind cumulus last-
ing 1 h, but rather the leading edge—if possible,
and otherwise the geometric center—of a mix of
midlatitude cloud types as shown later, gener-
ally with lifetimes of 18—25 min and diameters of
3 to 4.5 km. These tracers were selected subjectively
from the satellite image loop as being most rep-
resentative of ambient mesoscale flow at the cloud-
top layer, as opposed to lower levels or microscales.
Consequently, it is not certain what the work of
Hasler e7 al. might imply of the non-representative
motion inherent in assigning these tracers to the
cloud top height. For this reason, a further con-
sideration using the results of satellite investigations
is developed here.

A number of studies have been.made comparing
satellite-derived vectors with nearby radiosonde
reports. Studies by Wiegman et al. (1971), Mosher
and Sawyer (1976), and Bauer (1976) have found
upper bounds of the rms (mean) vector difference
magnitude between radiosonde and satellite derived
cloud vectors to range from 5.5 to 6.0 m s™!; or, put
another way, the variance between the measure-
ments has been shown to be as large as 36 m* s 2. A
large part of this variance is due to the random com-
bination of satellite tracking error, radiosonde error,

THOMAS A. WILSON AND DAVID D. HOUGHTON

1200

atmospheric variability over the time and over the
space of comparison, and nonrepresentative cloud
motion. Variance values for the first three of those
four, based on range values, are listed in Table 1
for the data of this test case. The three variances
sum to ~22 m? s~2. By deduction, the contribution
of nonrepresentative cloud motion to the total vari-
ance may be estimated by the difference 36—22 m? s ™2,
or 14 m?® s 2. The standard deviation of nonrep-
resentative cloud motion is then approximately
3.7 m s~'. It must be noted that the height error
listed in Table 1 is a subjective estimate for this data
set only, based upon objective data for 258 wind
vectors derived in three Data Systems Tests with
MCcIDAS (Wilson, 1976). With this qualification, it is
noted that the 3.7 m s~' figure estimated for non-
representative cloud-top motion using the figures of
Table 1 is close to the 3.6 m s~! value noted by
Hasler et al. (1977) as the difference between
ambient mid-cloud air flow and motion of the geo-
metric centers of the clouds. It is proposed that,
as an estimate, the error due to nonrepresentative
motion of the cloud tracers used in this study has an
rms value of ~3.7 m s~

The thrust of this section has been to assess the
accuracy of cloud motion vectors. Standard devia-
tions of error in the horizontal wind fields for the
North Texas case have been estimated as 2.8 m s™!
due to the mechanical tracking technique and 3.7 m
s~! due to the nonrepresentative nature of cloud
motions, giving variances of ~8 and 14 m? s~2, re-
spectively. The total variance of the random error is
then 22 m? s72, from which we derive the standard
deviation of the error in our satellite-derived cloud
motion vectors to be ~4.7 m s

3. A method to derive three-dimensional wind fields

Using the technological base of McIDAS, the fol-
lowing five-step method was developed to derive
three-dimensional wind fields from satellite imagery.

Step 1. From a sequence of images with a good
three-dimensional selection of cloud targets, as
many horizontal cloud-displacement vectors are
measured as possible.

Step 2. The vector sequences are objectively
edited and time-averaged into single vectors.

Step 3. These vectors are then grouped into layers
according to pressure height. Assigning a vector
to an altitude or pressure level (pressure height)
is possible as the satellite-derived vectors are de-
termined at the level of cloud-top temperature and
a ground-based sounding will relate that tempera-
ture to altitude and pressure.

Step 4. An objective analysis scheme is used to
extrapolate vectors to the mid-level of the respective
layers and to a regular array of grid positions.

Step 5. Vertical motion is calculated by using the
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Fi1G. 3. The surface mesoscale analysis for 1900 GMT on 30 October 1974 for the case

study area with the 1902 GMT visible image from SMS superimposed. Contour interval

for the surface pressure is 0.02 inch (~0.68 mb). Ordinate and abscissa are degrees north
latitude and degrees west longitude, respectively.

kinematic method with an adjustment applied to fit
boundary conditions. The surface wind divergence
field is applied to the layer from the earth’s sur-
face to roughly 900 mb in this calculation of vertical
motion.

The success of the method depends on limiting
the error accrued with each step. In the first step,
one obtains numerous vector sequences scattered
in the vertical and horizontal. After the editing and
time averaging of the second step, these are re-
duced to single vectors with an rms error estimated
in Section 2 to be 4.7 m s™! for the case study to be
presented. Step 3, grouping into layers, does not
introduce error in itself. Steps 4 and 5 can greatly
alter the error characteristics and merit detailed
description.

The fourth step, objective analysis, can tzg;h in-
troduce and reduce error. Errors are introduced as
the vectors are interpolated first linearly to the layer
mid-level and then, with a distance-weighted func-
tion, to grid points in the plane. The vertical inter-
polation consists of interpolating each vector ver-
tically to the mid-level according to a linear shear
determined for each layer from the Stephenville,
Texas, sounding which is assumed, to a crude first
approximation, to apply throughout the area of study.
At the layer mid-level, horizontal interpolation is
accomplished via an outward search from each grid
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point for a number n of data points. From these a
velocity plane is then constructed by applying a
distance-weighted least squares fit to the data. The
grid-point value is drawn from the plane constructed.
Random error of the cloud motion vectors can be
reduced at the grid point if the grid point is sur-
rounded by relatively near data points.

To a first approximation, the reduction in random
error from the horizontal objective analysis may be
described by the reduction in the standard devia-
tion. The standard deviation of a grid-point value
calculated from a linear fit of evenly distributed sur-
rounding n data points with a normal error dis-
tribution is

g, = s 1

g e (1)

where o, and o, are the standard deviations of ran-

dom error at the data points and grid points, respec-
tively (Hoel, 1954).

For the North Texas case to be discussed, o, is
4.7 m s~ ' and n is 5. An outward search from each
grid point of up to 2° was allowed to obtain the five
data points. As a first approximation, realizing that
vertical interpolation error is not incorporated, the
expected random error standard deviation at grid
points is then 2.1 m s~!.

Divergence calculations were made using the
grid-point wind values. Since the grid points were
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F1G. 4. Vertical distribution of cloud displacement vectors and
the limits for layer grouping. Cloud temperature determined from
the basic processing procedure is shown on the left-hand ordinate.
The approximate equivalent pressures (mb) for the layer bounds
are shown on the right hand side.

separated by 50 km, the divergence calculations,
obtained from centered differences, are expected to
have an error with standard deviation of v2o,*
+ 100 km = 30 x 107¢s7'.

From divergence values at all layers and at the
earth’s surface, vertical motions are calculated via
a modified kinematic method (after O’Brien, 1970).
If one assumes divergence to be constant through-
out a layer of the atmosphere of thickness p,;
— p, = Ap, then the vertical motion (omega) at the
top of the layer is calculated via the kinematic
method to be

dp dp
—_ =|—| — (W®-V)Ap, 2
(dt)m (dt)" (V- V,)Ap 2
where
‘dp .
(—) * omega at the top of the layer of thick-
dt /s ness Ap
dp !
(—) omega at the bottom of the layer of thick-
dr /, ness Ap
V.-V, horizontal divergence within the layer.

The error in divergence calculation is felt to have

WILSON AND DAVID D. HOUGHTON

1204

increased with height in this test case because of
increased velocity errors due to larger wind shears
and poorer reliability of cloud tracers at higher
altitudes. As a first approximation, a linear increase
with height for divergence error is assumed. Ac-
cordingly, O’Brien’s (1970) modification becomes an
adjustment of vertical motions by a second order
function in the vertical to fit upper and lower bound-
ary conditions of dp/dt = 0 at the earth’s surface
and at 200 mb for the North Texas case. Just how
much error is introduced due to the simplified pic-
ture of layer divergences, or how much reduction
of error is accomplished by modifying the kinematic
method to fit upper and lower boundary conditions
is undetermined.

In the North Texas case, the standard deviation
of error in divergence calculations was estimated as
30 x 107%s~'. A divergence error of this magnitude
throughout a constant divergence layer of 190 mb
thickness, a typical thickness for this case, intro-
duces an error of 5.7 X 1072 mb s~! in omega for the
level at the top of that layer. Each layer error is
cumulative, so that the total error at any one level
reflects the individual errors for that and all lower
levels. Errors are muted in the adjustment made for
boundary conditions. The adjusted omega values
calculated in the North Texas case commonly reach
+10 to 15 X 1072 mb s~!, suggesting that the noise
or error in the method should not completely mask
information about vertical motions.

4. The test case of 30 October 1974

As a first application of our method, satellite
imagery of a severe storm outbreak in northern
Texas on 30 October 1974 was used. A squall line
and severe storm developed on this day in con-
junction with a cold front moving swiftly across
northern Texas. Although the surface pressure
gradients were of only moderate strength, there
was pronounced upper air support from a cyclonic
system with a closed center as high as 200 mb.

An upper air trough had been moving slowly
across the southwest for several days. Such move-
ment of a strong trough out of the deep Southwest
is commonly accompanied by severe thunderstorm
outbreaks on the plains during the severe weather
season. The upper air progression for this case is
summarized by the conditions at 200 mb, shown
in Fig. 1.

As the upper air trough began moving out of the
Southwest, a weak surface low moved from Colorado
into southeast New Mexico on the evening of the
29th. Progression of the frontal system across Texas
the ensuing day is shown in Fig. 2. During the east-
ward sweep of the surface front mesoscale thunder-
storm activity broke out early. By 1800 GMT two
thunderstorm systems had merged into a continuous
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FiG. 5. Horizontal distribution of cloud motion vectors for layers 2 through 5. The length of the arrow is proportional to the speed.
The dashed lines outline the area where divergence was determined (see Fig. 7). The position of Stephenville, Texas, is indicated

with the symbol S.

line extending across western Texas. By 1900 GMT
a mesohigh—mesolow couplet had developed and
the cold front position became incorporated with it.
This pressure field couplet and the cold front are
shown superimposed upon the 1902 GMT satellite
image in Fig. 3.

To study the outbreak, five full resolution SMS-1
images of the Texas area were archived at 6 min in-
tervals from 1824 to 1848 GMT. To give perspective
on the horizontal scales considered, the approximate
area of the SMS images used for analysis is shown
on the United States map in Fig. 2. By tracking each
selected target through the five images, four sequen-

tial cloud motion vectors were constructed during

the 24 min tracking time. For convenience, the four
vectors for any given target are called herein a
“‘wind series.”’ Targets tracked were primarily such
geometric features as cloud centers or edges, typi-
cally of two or three pixels (3.0-4.5 km) in diam-
eter. Target lifetimes were generally 18—25 min. A
few of the targets were convectively active sys-
tems. Although this would be a problem for synop-
tic-scale data sets, the high density of targets tracked
in this mesoscale data set reduces aliasing effects.

Storm outflow properties considered as nonrep-
resentative motions at the synoptic-scale are
representative of mesoscale variations.

In all, 224 wind series were taken. These series
were averaged to single vectors and punched onto
cards. A manual edit was performed, checking for
internal consistency of velocity and emitting tem-
perature calculations of each cloud vector series.
Sixteen vector series were eliminated by the edit,
leaving 208 for the final set. After considering the
Stephenville sounding, it was decided to layer in the
vertical as shown in Fig. 4. The vertical distribu-
tion of vectors is shown in Fig. 5. Within each layer
a representative velocity shear, du/dz and duy/dz,
was chosen from the Stephenville soundings of 1200
and 0000 GMT. Fig. 6 depicts the shears chosen.
Stephenville’s was the only sounding within the area
of study and was, fortuitously, located near the area
center. No attempt was made to incorporate a num-
ber of peripheral soundings to further refine the
layering and shear specifications as each reflected
upon only a relatively small portion of the area of
study.

In the final step gridded values were determined
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and kinematic parameters evaluated. The 208 veloc-
ity vectors were objectively interpolated within
their respective layers to horizontal grid points at
the mid-layers of Fig. 4. The analysis produced
gridded fields of horizontal velocity and divergence,
from which vertical motions were subsequently
calculated. The vertical motions, adjusted to fit
upper and lower boundary conditions, are shown in
Fig. 7. These are presented in the geographical
coordinates of the satellite image used in Fig. 3.
The grid separation is 0.5° or approximately 50 km.
Fig. 8 demonstrates the effects of the adjustment
needed to set the vertical motion equal to zero at the
top of the analysis domain (200 mb). The procedure
altered values most strongly at higher levels.

5. Comparative analysis of results”

An important output of this work was to deter-
mine three-dimensional fields of divergence and ver-
tical motion. Since there were no direct measure-
ments of the actual mesoscale vertical motions over
the area of concern and the scale of motions was too
small for comparison with the National Meteorologi-
cal Center models, the calculations were assessed
by comparison with surface reports.

Within the region of coverage there were, on the
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day of study, eight tornadoes, two severe wind-
storms, and the surface cold front—all located on
Fig. 7. Note that all of the tornadic events occurred
some three to six and a half hours after the time of
the calculated winds.

Looking at the calculated vertical motions at the
top of level 1 (~910 mb) determined from surface
wind divergence, one sees that the objective analysis
barely suggests upward motion in the cold front area,
with little elsewhere. At this level, omega values are
calculated from only the surface wind observations,
with adjustments for the boundary conditions.

Surprisingly, levels 2 and 3 show a strong pattern
of downdraft immediately ahead of the cold front
at 720 and 530 mb, with uplift further ahead (SE).
The most encouraging result of this work is that all
10 severe storm events occurred in this region of up-
lift. At the top of level 4, the downdraft-updraft
pattern is weakened with the exception of strong
uplift at the location of a severe event near
30.7°N, 97.8°W.

The severe weather occurred in regions which
were, for the most part, only partially overcast in
the satellite images at the time used for this experi-
ment. It should be noted, however, that on this day
the atmosphere over the Texas region was convec-
tively unstable. The morning lifted index values
ranged from —4.5 at Amarillo to —1.5 at Stephen-
ville, even with morning inversions present, as evi-
denced by the Stephenville radiosonde soundings.
A correlation between regions clear in the morning
hours and beset with thunderstorm activity in the
afternoon under such unstable conditions has been
noted by Weiss and Purdom (1974).

In summary, eight tornadoes occurred within a
region which 3—-6.5 h prior to the events, was un-
stable, partially clear, and, according to the calcula-
tions presented here, undergoing mesoscale con-
vergence and uplift. It is proposed that the calculated
mesoscale uplift, associated with patterns of con-
vergence and divergence, destabilized a large region
including the area of severe weather activity. The
movement of the surface front into the area of
severe weather by 2200 GMT certainly was an addi-
tional contributing factor.

6. Conclusions

For the North Texas case presented, the authors
developed a three-dimensional, gridded set of wind
values via a five-step method. The first step involved
obtaining a large set of cloud-displacement vectors.
The second and third steps involved quality check-
ing the data and grouping of the data into layers. A
key step, the fourth, interpolates data to grid points
in a two-segment objective analysis. The final step
determines vertical motion from the horizontal mo-
tions using a kinematic method. In the North Texas
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case, the standard deviation of the magnitude of the
vector error at the grid points has been estimated
as 4.7 m s~'. Consequently, the standard deviation
of error in divergence calculations is 30 X 107¢s™!,
and this error results in standard deviation of error
in vertical motion calculations from a typical layer
of 5.7 X 1073 mb s~!. Values of omega calculated
in the North Texas case often reached =10 to 15
X 1073 mb s~ 1.

The results were consistent with other features of
the situation. The satellite data gave a strong pat-
tern of downdraft immediately ahead of the cold
front from ~910 to 530 mb, with uplift further ahead
from 910 to 350 mb. All eight reported tornadoes
within the area of coverage on 30 October occurred
within this region of uplift. At the time of the
calculations (1824 —-1848 GMT) skies over the region
of downdraft were primarily clear, with some broken
overcast. The axis of calculated uplift further east
spanned from thunderstorms in the northeast south-
westward through a mix of clear skies and small-
scale convection. The tornadoes were first noted
in the western edge of the region of calculated up-
lift and subsequently reported at locations further
east and northeast. It is proposed that mesoscale
uplift, associated with patterns of convergence and
divergence measured by the authors, destabilized
a large region including the area of severe weather
activity. It is encouraging that the satellite cloud
wind data appears to have provided reasonable and
useful information for mesoscale wind fields in the
atmosphere.
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1. INTRODUCTION

Realization of the full potential value of
subsynoptic-scale wind data derived from satellite
images (hereafter referred to as satellite winds)
depends strongly on the use of regional mesoscale
numerical models. The numerical models are re-
quired to effect merging of this data with other
forms in a compatible manner as well as to demon-
strate impacts and advantages for the description
and prediction of the state of the atmosphere.

Subsynoptic-scale satellite wind data sets
have become available in the last few years in
sufficient numbers and with adequate quality con-
trol to justify preliminary experimentation with
numerical models. Many papers given at the AMS
Tenth Conference on Severe Local Storms in Omaha,
Nebraska, October, 1977 showed such satellite-wind
sets. Preliminary estimates of data quality have
been made by Suchman and Martin (1976), Hasler,
Shenk and Skillman (1977) and Wilson and Houghton
(1979) to name a few. Additional judgements on
quality await further compatibility tests that
numerical model experimentation will provide.

Model initialization embodies the key prob-
lems associated with employing any data type in a
numerical model: The first step requires inter-
polating data point information to the grid point
positions in the model. This is a critical and
nontrival task for data sets as irregular as the
satellite wind data. The second step involves
achieving a compatibility between the particular
data form and all the other variables in the
model. Such compatibility is evaluated by
smoothness of fields, diagnostic relationships
and evolution (adjustment) in the beginning
stages of a numerical simulation. In this study
both of these aspects of initialization are con-
sidered for a middle latitude subsynoptic scale
satellite-wind data set obtained for May 20, 1977
over the Central United States.

2% DESCRIPTION OF BASIC DATA
The satellite-wind data used in this study
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are 18-minute averaged wind vectors obtained from
four SMS images of 6-minute interval from 1742 to
1800 GMT on May 20, 1977 in the Kansas, Oklahoma
and western Missouri area. Fig. 1 shows the high
resolution SMS visible image for 1742 GMT. The
data set was produced using single pixel tracking
technique on the McIDAS developed by the Space
Science and Engineering Center at the University
of Wisconsin. Some wind vectors in the data set
were eliminated after they were tested under qual-
ity control and the few vectors at middle and high
levels were too sparce to be considered in this
study. The final data set consisted of 180 low
level wind vectors as shown in Fig. 2.

Fig. 1. High nesofution visible SMS image for
1742 GMT 20 May 1977 over Kansas and smaller 4ec-
tions of Missowri, OkLahoma, Nebraska and Arkansas.
State boundaries are shown by white Lines.

Most of target clouds are low level cumulus
with top heights ranging approximately from 750 mb
to 850 mb. 1In the southwestern quarter of the
area, there was extensive cumulus cloud coverage
(see Fig. 1) which reduced the number of satellite
wind vectors that could be obtained in that area.
The cloud elements in the northeastern corner
(shown as E in Fig. 2) have relatively short life



spans and less satisfactory tracking characteris-
tics than elsewhere.
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Fig. 2. Oniginal Low-Level satellite-wind data
set obtained forn the study area from 1742-1800 GMT
SMS images. The Length of the vector 48 proponr-
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The synoptic situation at this time shows a
broad area of low level southerly wind flow into
the region of interest. By 0000 GMT May 21, the
southerly winds had increased and a strong thun-
derstorm band existed through central Oklahoma,
Kansas and Nebraska. In the area studied, the
middle and upper level winds are difluent and
generally southwesterly with speeds decreasing
along the streamlines going towards the northeast.

3. APPLICATION OF OBJECTIVE ANALYSIS TO
SATELLITE DATA
3.1 Description of Methods

Four objective analysis methods are tested
on the satellite-wind data set to determine sensi-
tivity to analysis procedure. These are referred
to as the Mancuso and Endlich (1973), MACC (1978),
Gandin (1963) and Barnes (1973) methods. Only a
brief description is presented here. The Mancuso
and Endlich method uses a least-square fitting of
a first-degree polynomial to observations which
are weighted inversely with distance with greater
weighting to along-stream observations than to
cross-stream data. The MACC (Madison Academic
Computing Center) method is a general mathemati-
cal procedure which uses a least-square fitting
of a quadratic polynomial to observations and then
applies a smoother to the interpolated grid values.
The Gandin method incorporates a minimization pro-
cedure for root mean square error in the determi-
nation of grid point values from station values.
For this method an exponential function which de-
creases with distance is chosen to represent co-
variances because the mesoscale characteristics
of the covariances are still unknown. In this
formulation of Gandin's method, the linear equa-
tion system solved for optimal weights tends to
have a quasi-singular matrix when observations
are very close to each other. The data set in
this study has many close observations and it is
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necessary to replace individual values by an aver-
aged value of observations within a certain dis-
tance to make the analysis procedure work. The
Barnes method obtains interpolated values at grid
points from observations using a weighting factor
that is a function of distance and a function of
data distribution characteristics. In a second
pass the interpolated field is made to converge
to observed values by including a weighted correc-
tion-field effect in the specification of the
welghting factor. This method has the advantage
of being able to filter the noise levels without
changing the weight functions.

Each method is used to determine grid point
values of velocity on a 35 km grid mesh in the do-
main outlined by the dashed line in Fig. 2. Basic
characteristics and specific parameter specifica-
tions of the methods used in this study are sum-
marized in Table 1.

3.2 Results

All methods show generally similar phase re-
lationships of both divergence and vorticity.
Typical magnitudes are 5 x 10~ s~! for both vor-
ticity and divergence. 1In the Mancuso and Endlich,
MACC and Barnes methods 6A wavelengths (210 km) are
dominant while in the Gandin method 4A wavelengths
(140 km) seem to be more dominant (where A = grid
spacing). Thus all methods are able to provide
subsynoptic scale features. Dominance of posi-
tive divergence and anticyclonic vorticity through-
out the region are indictive of synoptic-scale fea-
tures that exist along with the subsynoptic scale
phenomena.

Fig. 3 shows the divergence fields computed
the four methods. Maximum and minimum values
the four methods are generally very comparable
each other; although in the Gandin method, some
of the extrema values are much larger than those
of the other methods. In the data-sparce region
(shown as B in Fig. 2), large amplitude differ-
ences and phase shifts of the divergence field
exists between the methods.

by
of
to

The differences in divergence between the
Barnes and the other three methods, respectively,
are shown in Fig. 4. 1In each case, the Barnes
method results have been subtracted from the other
method. Typical magnitude of differences in diver—
gences 1s half that of divergence values except in
the comparison of the Barnes and Gandin methods.
These difference values are relatively small in
the data-dense region (shown as A in Fig. 2) but
large in the data-sparse regions (shown as B, C
and D in Fig. 2). These difference maps do not
determine which method gives the best correspon-
dence to the observed data. It is, nevertheless,
obvious that the Gandin method is less consistent
with the other methods and therefore probably is
not as satisfactory for interpolating grid fields
for this satellite-wind data set.

Fig. 5 shows the vorticity fields computed
by the Mancuso and Endlich and Barnes methods.
Significant differences between the two methods are
indicated in the extrema values in the data-sparse
region (B in Fig. 2) even though the patterns agree
very well to each other. This clearly demonstrates
that gridded data sets obtained from data contain-
ing large spatial variations in density is strong-
ly dependent upon the method used.



Table 1. Comparisons of basic characteristics and parameter specifications of objective analysis
methods used in this study. Symbols are defined as follows: A is the grid spacing, R
is a normalized distance between grid point and data point, and C;, Cy and C3 are non-
dimensional coefficients. The cpu time includes computation of divergence and vorticity.

Mancuso and

Endlich MACC Gandin Barnes
Number of observations up to 8 8 8 dependent on
used to interpolate data density
one grid value
Search radius from a 24 dependent on dependent on dependent on data
grid point data density data density density (= 44)
Weighting Factor 3 coefficients 6 coefficients exp(-C1|§[2) exp(—C2!§|2)for
of 1lst degree of quadratic 1st pass
polynoTial and polynomial exp(-.3C3|§|2)
1+[|§I+|§x$|]2 for 2nd pass
Smoothing no yes averaging for no
very close
data points
(within 14)
cpu time for
case study (s) 20.886 19.476 16,771 33.053
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connens except the upper Left in the analysis grom the Mancuso and Endlich method due to exceptionally
spwriious edge effects.
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Fig. 4. Difgerence in divergence (10_5 A-I) between the Barnes method nesults and the Mancuso and Endeich,
MACC and Gandin method nesults in panels a, band c respectively. In each case the Barnes values are Aub-
thacted rom the other values. The thick s0Lid Lines are zero contourns; the thin solid Lines are po,sux\fe
value contowrs; and the thin dashed Lines are negative value contowrs. Contour interval is 2.5x 1075 571,
Contouns are omitted in all corners except the upper Left in the analysis from the Mancuso and EndLich
method due to exceptionally spurious edge effects.
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Fig. 5. Vornticity (10'5 s 1) computed from grid-
ded data determined by the Mancuso and End€ich and
Barnes objective analysis methods in panels a and
b nespectively. Contowr interal is 5x 1072571,
Shading indicates regions of positive (eyclonic)
vornticity. The numberns indicate the position and
value of Local extrema. Contowrs are omitted in
all corners except the upper Legt in the analysis
from the Mancuso and Endlich method due to excep-
tionally spurious edge effects.

For this test analysis the Barnes, Mancuso
and Endlich and MACC methods generally agree well
with each other for amplitudes and patterns of
both divergence and vorticity, whereas the Gandin
method does not show good agreement to the others
in terms of magnitude. All methods greatly sup-
press 2A features (70 km wavelength) and provide
reasonable subsynoptic and synoptic scale analy-
ses. Nevertheless, there are distinguishing as-
pects for the methods. The Mancuso and Endlich
method shows poorer results in data-sparse regions
than the other methods and has large spurious re-
sults in the data edge areas. The MACC method is
based only on mathematical interpolation and is
less readily adjusted by physical considerations.
The Gandin method is definitely limited for sub-
synoptic scale analysis with close observation
points. The Barnes method is sensitive to choices
of weight parameters especially for this data set
with its large spatial variations in density.

The Barnes method was selected to provide
the grid point wind data set for initialization
of the numerical model in this study. Iis sensi-
tivity to choice of weighting parameters made it
possible to obtain dimensions and amplitudes of
the subsynoptic scale features consistent with
those developed normally by the numerical model.
Panel d in Fig. 3 and Panel b in Fig. 5 give the
divergence and vorticity for the gridded satellite
wind data inserted into the model.

4. NUMERICAL MODEL TEST

4.1 Description of model

The numerical model used is a version of
the fine mesh regional scale hydrostatic primi-
tive equation model described by Perkey (1976) and
Kreitzberg (1977). It includes non-hydrostatic
moist convective processes. The model domain
ranges from (north) latitudes 30° to 45° and from
(west) longitudes -104° to -86.6°. The model uses
height above surface terrain as the vertical co-
ordinates and Cartesian coordinates in the hori-
zontal. The lower boundary is terrain following
with a gradual reduction of the coordinate dis-
tortion with height. It has 15 levels from 0 to
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Fig. 6. Honizontal (top panel) and vertical (Low-
er panel) domain for insertion 0? sateflite-wind
data into the numerical model. 1In the top panel
the innen nectangle is5 part of the Linsertion area
where no boundary smoothing 45 done. The trhansi-
tion boundary zone 45 between the two rectangles.
The plotted wind vectorns which show the grnid reso-
Lution and model domain are forn unsmoothed Ainitial
data in the insention experiment. In the Lower
panel, only the Lower portion of the 15 Layer model
48 depdicted.

16.0 km with higher resolution in the surface
boundary layer. The horizontal grid spacing is 35
km and the time step is 40 seconds. The model nor-
mally uses NMC initial data as initial conditionms.
Vertical gradients of wind, temperature and mois-
ture are specified at the lower boundary and the
derivative of the Exner function, dm/dt, is zero
at the upper boundary. The model is nested and at
the lateral boundaries uses a linear combination
of tendencies specified from a coarser mesh model
simulation and tendencies calculated by the model.

4.2 Experimental design

Two 6-hour simulations starting from 1800 GMT
20 May 1977 are made with the numerical model. The
first, referred to as the "Control'" case is



initialized from 6 hour forecast fields from a
coarser mesh model run that used 1200 GMT rawin-
sonde information as input. The second, referred
to as the "Insertion'" case, is handled identically
to the first except for the initial time insertion
of satellite-wind data into a sub-domain of the
model without any modification of the mass and
pressure fields. Comparison of the two simula-
tions delineates the impact of the satellite-wind
information.

Fig. 6 shows the domain of insertion in
terms of vertical and horizontal grid resolution.
For the insertion case, surface hourly wind obser-
vations at 1800 GMT replace the model winds at
levels 1 and 2, satellite-wind data replace the
model winds at levels 5, 6 and 7, and averaged
values of surface and satellite-wind data replace
the model winds at level 3 and 4 in the insertion
area. Levels 5-7 correspond closely to the 900-
700 mb height layer originally assigned to the
satellite-wind vectors. There are strong discon-
tinuities in the wind fields at the insertion
boundaries, in particular, northern and eastern
boundaries. A special transition boundary zone is
used to smooth these discontinuities as shown in
Fig. 6. It is a band 4 grid increments wide sur-
rounding the insertion area and consists of one
grid row at the edge of the insertion area and
three grid rows outside the area. The grid point
values in the transition boundary zone are recom-
puted by a linear interpolation of the satellite-
wind data one grid distance inside the insertion
domain and model winds 4 grid spacings outside
the insertion domain.

After all initial data has been assembled in
the model, an adjustment is made in the horizontal
velocity field so that the vertical motion is zero
at the upper boundary. This minimizes the initial
excitation of spurious external wave modes. This
is done by an iterative procedure making correc-
tions at all levels and is applied to the entire
model domain including the region where satellite
wind data has been added in the Insertion case.

In the insertion region the adjustment procedure
suppresses slightly amplitudes of divergence in
the satellite-wind data but it does not effect

the phase and patterns of the small scale features.
At upper levels it results in adding divergence of
opposite sign to that in the satellite wind data
at lower levels.

Fig. 7 shows the resultant initial time
values of divergence and vorticity at the 2 km
level (approximately 800 mb) in the Control and
Insertion cases. (Note the coordinate height is
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the Control and Insertion (Labeled SATWIND) cases. Units are 10°5

100w

not exactly 2 km due to terrain effects but it is
very close in the insertion region.) The 2 km
level is in the middle of the three levels where
satellite-wind data was added. For reference the
region where the satellite data was inserted in-
cluding the transition boundary zone is shown.
4.3. Results

Fig. 8 shows the predicted 2 km level diver-
gence and vorticity fields after 1 hr in the Con-
trol and Insertion cases. The amplitudes of the
divergence fiels in the satellite wind data area
are considerably reduced to less than 40% of
initial values. Nevertheless, the patterns and
phase relationships of divergence remain consist-—
ent with the initial state. Significant diver-
gence develops in the transition boundary zone by
1 h with magnitudes similar to, but not exceeding
those in the interior. The divergence that devel-
ops at higher levels (7.5 km and above) is gener-
ally of opposite sign but with similar magnitudes
to those at lower levels indicating the presence
of internal mode structure in the subsynoptic
scale features introduced from the satellite-wind
data insertion. In the insertion area there is no
rapid oscillation dominating the divergence field.
The convergence area in the SE corner moves gradu-
ally to the north in the 1, 2, 3 and 6 h difference
maps. Divergence in the western part changes to
convergence in some areas but only after 6 h.

It is important that the signal and noise
generated by the insertion correspond to internal
mode structure so that horizontal propagation
speeds are low and constraints of the limited di-
mensions in the horizontal domain do not result in
an obscuration of the simulation by boundary ef-
fects. Judging by the difference maps up to 6 h,
the outward (and probably inward) propagation
speed of the noise structures produced in the
transition boundary zone is about 30 m s~! which
means that the effects do not reach the model
boundaries until around 6 h.

The model results and case differences after
6 h for divergence and vorticity at 2 km are shown
in Fig. 9. The difference map for divergence shows
larger values than at 1 h in the insertion area
and the remnants of some of the initial patterns
are still present demonstrating that the model has
captured slow moving components in the cloud-wind
divergence fields which could correspond to physi-
cally realistic patterns. The difference map also
shows the spread of the satellite-wind divergence
effects to the model boundaries particularly along
a NE-SW axis which approximate the direction of
flow at upper tropospheric levels.
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Fig. 8. Computed values of divergence and vorticity for 1 h model forecast at 2 kmheight in the Control Y
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two cases (Labefed SAT-CON) with contour interval of 1 x 10-° 51, Dashed contours are negative values.
The difference map for vorticity at 6 h re- scale heights than for the divergence fields. The 4

veals slightly smaller amplitudes than at 1 h and
an important northward shift of a negative center
across the central region of the insertion case.
Vorticity changes produced at upper levels in the
insertion area are significant but are typically
less than half the magnitude of those at lower
levels. There appears to be a general agreement
in sign between these levels indicating deeper
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propagation of vorticity effects away from the
insertion region is less than observed for diver-
gence and is again most pronounced along the NE-SW
axis through the insertion area. Downstream pro-
pagation appears to be no more significant than
upstream propagation.

General effects of the data insertion on
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Fig. 9. Same as Fig. 8 except forn 6 h model forecasts.
precipitation forecasts (one of the most sensitive
output parameters) was examined. There is little
difference in the 6 h accumulated precipitation
forecast between the two cases. Perhaps a‘'longer
forecast would show more effects of the insertion.
Perkey (1977) used 18 h model results to demon-

strate precipitation forecast sensitivity to the
initial moisture specification.

A brief comparison of model results with ob-
servational data was made to see if the impact of
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the satellite-wind data on the model forecast was
favorable, i.e. if the model results correspond
more closely to the verification with the addi-
tional initialization data. Unfortunately, the
resolution in the observations is not sufficient
to make many meaningful verification evaluations
of the subsynoptic scale features in the model
forecasts. Two parameters were considered, pre-
cipitation and 700 mb winds. Forecast convective
precipitation rates were compared with NWS Fax
radar depictions of convection to determine



correspondence in terms of location. The inser-
tion case results were similar to the control
case and were not significantly in better agree-
ment with the radar data. The 700 mb wind field
was evaluated for the synoptic scale features and
point values at the three rawinsonde stations in
the insertion area. The insertion case showed
slightly better wind direction but again no
significant improvement can be claimed. More re-
fined experiments will be required to make any
meaningful assessments of the improvement or de-
gradation in forecasts due to satellite-wind data
insertion.

5. CONCLUSIONS

This initialization study for inserting
subsynoptic scale satellite-wind information into
a comprehensive numerical prediction model suc-
cessfully demonstrated that the wind data can
add to the meaningful signature content carried
by the model simulation.

The gridded data for model insertion was
shown to be sensitive to the objective analysis
procedure. The amplitude and pattern variations
of wind flow features as described by the diver-
gence and vorticity fields implied that criteria
such as comparability with typical magnitudes and
horizontal scales in reference model simulations
would be important for specifying the objective
analysis procedures. It was possible to obtain
reasonable gridded data sets with data containing
large spatial variations in density.

Even with a simple insertion technique,
model results displayed persistence of initial
insertion patterns indicative of meaningful signal
components. Both divergence and vorticity infor-
mation was retained although there were consider-
able adjustment transients noted in the divergence
and a propagation of this noise element at about
30ms™! into other areas of the model domain. The
noise component did not dominate the more sensi-
tive output parameters of the model such as pre-
cipitation. It was not possible to demonstrate
impact in accuracy of model performance due to
inclusion of this satellite-wind data because of
inadequate verification data and limitations in
the experimental design.

Further study of this initialization prob-
lem will require quantitative diagnostics of nu-
merical model output. Partitioning of motions
into geostrophic, ageostrophic, rotational and
irrotational components would assist in analysing
the details of the initial adjustment process.
More selective input of such components from the
satellite-wind data would clarify the nature of
model assimulation.
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