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ABSTRACT

The objective of this study is to use GOES visible and
infrared radiance data to determine cloud characteristics,
including cloud population, albedo, cloud-top temperature and
height, as well as the changes of cloud parameters with time.
Verification of the satellite-derived results is achieved by
comparison with corresponding raingage network measurements
and radar observations. Four cases have been chosen during
the 1977 Texas HIPLEX fie}d season.

In the first portion‘of this study, visible radiance data
are used to determine cloud populations, percent cloud cover
and cloud albedos, with cloud-top temperatures computed from
the infrared data.

The second portion compares the results derived from
satellite data with raingage and radar data. Precipitation
analyses ipdiCate that two case study days had heavy rain,
but the others had little or none. Synoptic, subsynoptic,
and small-scale features were investigated to determine the
mechanisms of precipitation; on 22 June a squall line, a sub-
synoptic feature, and on 8 July a cold front, a synoptic

feature, triggered the development of a line of convective

clouds which produced the observed precipitation.
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CHAPTER 1

INTRODUCTION

The objective of this study is to employ Geostation-
ary Operational Environmental Satellite (GOES) visible
and infrared radiance data to determine cloud character-
istics, including cloud population, albedo, cloud top
temperature and height, as well as the changes of cloud
parameters with time. Verification of the satellite-
derived results has been achieved by comparing with the
corresponding raingage network measurement and obser-

vations by radar.

1.1 Historical Background

The successful launch of TIROS I and subseéuent
meteorological satellites has made it possible to monitor
weather conditions from space on a regular basis over
most of the world. The Synchronous Meteorological
Satellite (SMS) system was designed and built by the
National Aeronautics and Space Administration (NASA) to
be operated by the National Epvironmental Satellite
Service (NESS). The first of these satellites (SMS-1)
was launched from the Kennedy Space Center in May 1974
and the second (SMS-2) in February 1975. In October 1975,

NOAA launched GOES-1, the first operational geostationary
1



satellite, into an orbit, 35,783 km above the equator at
55°W longitude. These satelljites were re-named GOES WEST
and GOES EAST when SMSz2rwasqmoved to its present location

at 135 W as the western operatlonal satellite in December

TS ,' \:_/.,f Lq, ,, I ,-\—«T"t"-

~nolaaieoso volgm S el vhuda K ooarl
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Figure 1-1 Lo ation and approximate operational coverage of the two
atellite data sources



4

consists of 14,400 scan lines with 15,288 pixels each; and
the infrared full-earth disk consists of 1800 scan lines
with 1,911 pixels each (Webb, 1975). The raw digital
VISSR data tapes used in this study have been obtained
from the Department of Atmospheric Science at Colorado
State University (CSU) and have the general format of one
record of infrared data followed by eight records of
visible data.

The raw data tapes of intermingled visible and infra-
red radiances were first processed to separate the visible
from infrared data in time sequence before analysis of the
measurements was performed. In order to identify the
cloud cover region, a critical value of brightness to
distinguish cloud from non-cloud background was determined
using the ADVISAR (All Digitél Video Imaging System for
Atmospheric Research) aﬁ.the Department of Atmospheric
Science, CSU. This system is an interactive digital
imaging display device producing black and white or color
images of any digital type information in a rangq from
0-255 counts (Reynolds and Morris, 1978).

The target area of this study was a 315 x 315 km‘area,
corresponding to array sizes of 216 x 216 points for
visible data and 54 x 27 points for infrared data. Both
visible and infrared data sets were centered at Big Spring,
Texas. The actual size of a single visible data point in

this study area was 1.46 by 1.46 km, while an infrared
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data point covered an area equivalent to a 4 by 8 array of

visible data points, or a 5.84 by 11.68 km area.

Because of the location of the GOES WEST satellite

west of the target area in this study, the data were not

in a true north-south direction but were inclined at an

angle of 11.3° clockwise from
1-2. All available satellite
been collected for the period
the operational period of the
24 and 27 June

Four days, 22,

for this study because of the

north, as shown in Figure
imagery photographs have
from 1 June to 15 July 1977,
Texas HIPLEX field program.
and 8 July 1977 were chosen

availability of the following

data sources: visible and infrared images and digital

radiance data, rawinsonde data, raingage network measure-

ments and radar obserwvations.

there were 44 sets of visible

Within these four days,

and infrared data available

for the cloud properties study.

The raingage network, located from 100.4 to 101.8%w

longitude and 32.0 to 32.9°N latitude, was included within

the target area, and consisted of fifty-nine recording

raingage stations.

The raingage network measurements were

obtained for every l5-minute interval from 0000 GMT to

2359 GMT daily (e.g.

96 sets of measurements per day).

The National Weather Service WSR-57 radar observation

records from Midland were available nearly every 10 minutes

and digital radar reflectivities from a M-33 radar operated

by Meteorology Research,

Incorporated,

(MRI) at Snyder have
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The sector at the center

- Figure 1-2 The area of study.
. The small -

is the Texas HIPLEX study region.
rectanagle is the raingage network.



been obtained. A computer program has been developed to

display the digital data in both PPI and RHI presentations.

1.2. Survey of Literature

In the late 1940's the first photographs from outer
space of the earth and its cloud patterns were taken from
research rockets fired at White Sands, New Mexico (Widger,
1966). The area viewed was limited to a radius Qf about
500 miles from the launch site.

The launches of the TIROS (1960-1965), ESSA (1966-
1969), Nimbus (1964-1975) and NOAA (1970-1976) series of
satellites have made available cloud cover photographs of
the whole earth. 1In addition, improved visible and infra-
red radiance data have become available from satellites
for atmospheric study. In recent years there has been
much more attention given to the question of remote
sensing techniques in order to measure atmospheric proper-
ties such as the temperature variation with height (Smith,
1969), cloud albedo (Gruber, 1973; Mosher, 1974; Park,
1974; Charney, et al., 1977), reflected radiance measure-
ment (Vonder Haar, 1970), and estimated rainfall from
satellite imagery (Scofield, et al., 1977).

Gruber (1973) pointed out that a variety of satellite
meaéurements of the albedo and outgoing long-wave radiation
from the earth-atmosphere system exist. Differences in

results obtained from different satellites and in different
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years as well as differences in results between investiga-
tors using the same satellite data have been discussed.

Reynolds and Vonder Haar (1977) developed a technique
called the "bispectral method" which determined cloud
heights and amounts through the use of simultaneous infra-
red and visible satellite radiance data from the NOAA
satellites to determine the cloud height by comparing
cloud top temperature with an upper air sounding. In
their opinion, the VISSR data from the GOES series of
satellites is probably the best currently available for
use with this method.

Ogura and Liou (1979) studied a well-organized squall
line which passed through the mesonetwork of the National
Severe Storms Laboratory (NSSL) in central Oklahpma on
22 May 1976. The precipitation analysis from the NSSL
mesonetwork, PPI echo-contoured displays from the WSR-57
NSSL radar, subsynoptic and small-scale features, such as
surface convergence, relative vorticity soundings, verti-
cal motion, temperature, mixing ratio and equivalent
potential temperature, were considered in that study.

Leary and Houze (1979) examined the structure and
evolution of convection in a double cloud cluster in the
trough of an easterly wave that passed over the data
network of the Global Atmospheric Research Programs'
Atlantic Tropical Experiment (GATE) utilizing both PPI

and RHI displays from four quantitative shipboard weather
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radars. Six mesoscale precipitation features were identi-
fied in that research, and the processes active in the
formative, intensifying, mature and dissipating stages of
their life cycle were identified.

A technique was developed by Reynolds and Smith
(1979) to digitally integrate satellite and radar imagery
in a common coordinate reference frame. Composite displays
were prepared on CSU's ADVISAR by using GOES visible and
infrared data, 5 cm radar data and recording raingage data.
The usefulness of combining two independent remotely sensed
data sets into a common reference frame was demonstrated by
applying the composite téchnique to two case studies.

From the literature review, it can be concluded that
the method of determining cloud top heights by comparing
satellite-derived cloud top temperature with the upper air
sounding data is reliable. 1In addition, verification of
the satellite-derived results obtained by comparison with
radar and rainfall measurements should prove valuable,
because it may become practical to extend satellite-
derived results to regions for which radar and raingage
data are not available. The technigues which have been
developed already, such as determining albedo, cloud top
temperature, cloud height, cloud type and cloud number
(Jurica and Chi, 1979) have been applied to the case study
days mentioned above. The results of this analysis were
then compared with both radar and raingage data, employing

some aspects of the studies described previously.
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CHAPTER 2
DETERMINATION OF CLOUD PROPERTIES
FROM SATELLITE DATA
This chapter will discuss the data acquisition

systems and data processing techniques for visible and
infrared radiance measurements which were employed in
subsequent chapters. These methods were then applied to
the radiance data on the selectéd case study days, and

the derived results will be presented and discussed.

2.1 Available Data
The satellite system from which the radiance and"
imagery data was collected in this study is the GOES.
The satellites GOES EAST and GOES WEST are in geosynchro-
nous orbits located at 75OW and l3OOW, respectively, over
the equator, viewing the Western Hemisphere (Figure‘l-l).
In the Visible and Infrared Spin-Scan radiometer
(VISSR), the radiated energy reflected and emitted from the
earth's surface and atmosphere is collected by 8 visible
channel sensors and 2 infrared sensors. The visible
sensors collect energy in the 0.55 to 0.75 um range, while
the infrared radiation is located betWeen iO.S and 12.5 um.
The GOES data are received and transmitted by the

Data Acquisition and Processing System (DAPS) of NESS. All

10
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data for central processing are acquired in a compressed
format by the two NESS Command and Data Acquisition (CDA)
stations which are located at Wallops Island, Virginia
and Gilmore Great, Alaska (NESS, 1978).

The National Weather Service Forecast Office at
Lubbock received the visible and infrared imagery which

are used in this study.

2.2 Determination of Cloud Properties
from Visible Radiance Data

The determination of a visible radiance critical value
to distinguish clouds from the underlying non-cloud surface
is‘a primary goal in the analysis of radiance data for this
study. There are several factors which influence the radi-
ance reflected from a cloud including physical cloud proﬁer—
ties and non;cloud properties. These include the size and
shape of the cloud particles, the number density of scatter-
ing particles in the cloud, cloud thickness, the shape of
the cloud, as well as the zenith angle of the sun and the
satellite (Mosher, 1974). The method used to determine the
critical values for different times of day on the four
case-study days consisted of displaying the visible radi-
ance data on the ADVISAR at CSU.

The intensity of the reflected solar radiance depends
on the albedo of earth and atmosphere and also on the

zenith angle of incoming solar radiation. A different
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brightness value will be measured for a given cloud albedo
at different times of day. The primary cause of this vari-
ation is the solar zenith angle, because the larger the
solar zenith angle the smaller will be the wvisible
brightness value measured for a certain albedo. A larger
solar zenith angle corresponds to a longer path length
through the atmosphere and greater attenuation. Therefore,
the variation in atmospheric attenuation is caused by the
change in solar zenith angle with time. Knowing the zenith
angle of the inéoming solar radiation and the reflected
short-wave radiance, the value of albedo corresponding to

a given visible value was obtained for each spot based on
the critical wvalue at that time. The curve of albedo
versus brightness, shown in Figure 2-1, was obtained from
a calibration of the VISSR visible sensors with ground

targets of known albedos (Smith, 1977).

2.3 Determination of Cloud Properties
from Infrared Radiance Data

The VISSR sensor also gathers radiant flux emitted by
the viewed target in the infrared spectrum, and converts
it into digital counts with a range from 0 to 255. The
infrared values can provide estimates of the earth surface
temperature under clear skies and cloud top temperature
under cloud-cover conditions. A linear correlation between

the infrared counts and temperature has been extracted from
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the NESS standard calibration as follows:

T = % ( 660 - C ) for O < C < 175
T = 418 - C for 175 < C < 255

where C is the infrared data value and T is absolute
temperature (K).

This relation can be represented by two straight
lines intersecting at the point for which the infrared
value is 175 and temperature is 242.5 K (Figure 2-2).

From the two equations above, it can be seen that tempera-
ture decreases in steps of 0.5 K from 330 to 242.5 K as

the infrared count increases in unit steps from 0 to 175,
and decreases by 1 K per unit step to the lowest value of
163 K at an infrared wvalue of 255. Consequently, cold
objects (high clouds) appear white in photographs, and
warm objects (sea surface) appear dark in accordance with
visually observed atmospheric phenomena. Having determined
the cloud top temperatures, cloud top height was estimated
from temperature sounding data.

In order to derive cloud top heights from cloud top
temperatures, a vertical temperature profile must be
obtained from sounding data. On each Texas. HIPLEX oper-
ational day of 1977, sounding data were gathered by Texas
A & M University for three-hour intervals at Big Spring,
Midland, Post and Robert Lee (Scoggins, 1977). Soundings

were available at 1500, 1800, 2100 GMT on each case study
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day and 0000 GMT of the next day. The cross sections of
vertical temperature versus time for the four case study
days at Big Spring are shown in Figures 2-3 to 2-6. From
these four vertical temperature profiles, it was found
that at upper levels the isotherms were nearly horizontal
which indicated that the long-wave radiation escaping
from cloud tops did not vary much with time. The
isotherms of 8 July were more variable at low altitudes
due to the unstable weather conditions at that time. The
rainfall of the 22 June and 8 July cases kept the surface
temperature cooler than that of other cases. Time-
averaged isotherm heights at the four stations on each
case study day are given in Table 2-1. Since the vérfical
temperature structures were so similar from station to
station, average sounding curves for the four stations on
the four different days provided an approximate relation
between temperature and cloud-top height for each day.
The time and space averaged soundings are shown in
Figure 2-7. From the heights given in Table 2-1, it can
be seen that the use of an average sounding results in
cloud-top estimates within a few hundred meters of actual
value. This technique of estimating cloud-top height
was applied for verification of the satellite-derived

results, as discussed in Chapter 4.
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Table 2-1

Time-averaged isotherm heights (gpm) for four
rawinsonde stations in the study area.

Midland Post
22 June 24 June 27 June 8 July 22 June 24 June 27 June 8 July
Temp. (C)

30 - 961 1301 978 - - 1250 -
20 1211 1725 2459 1802 1051 1237 2472 1570
10 2950 3097 3690 3109 2768 3069 3562 2982
0 4662 4536 4872 4436 4468 4407 4873 4510
-10 6550 6415 6278 6567 6355 6368 6379 6399
-20 8107 7955 7822 8041 7871 7807 7703 7838
-30 9434 9356 9135 9400 9222 9293 9039 19302
-40 10657 10778 10398 10741 10444 10589 10480 10657
-50 11936 12084 11676 12134 11599 11972 11534 11944
-60 13383 | 13539 13394 13512 13271 13420 12933 13337

[¥4
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Table 2-1 Continued
Robert Lee Big Spring

22 June 24 June 27 June 8 July 22 June 24 June 27 June 8 July
- 648 1065 734 - 877 1209 913
1233 1416 2297 1658 1132 1530 2373 1521
2713 3048 3514 3034 2891 3052 3593 3096
4418 4531 4566 4528 4473 4515 4831 4580
6252 6420 6216 6512 6466 6459 6346 6515
8031 7987 7520 8038 8036 7983 7709 8087
9335 9427 8896 9368 9480 9403 9101 9450
10594 10671 10220 - 10717 10692 10789 10382 10855
11828 11968 11455 12002 11985 12117 11687 12237
13255 13304 13069 13397 13555 13718 13381 13702

A4
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Figure 2-7 The average sounding of the four upper air
stations for the four case-study days.
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2.4 Alignment of Visible and Infrared Data

As mentioned above, the visible and infrared data
arrays consisted of 216 x 216 and 27 x 54 elements for the
target area, respectively. The visible and infrared
sensors on the GOES scan the globe simultaneously from
west to east as they progress from north to south. A mis-
alignment between visible and infrared VISSR sensors was
detected during analysis of the 1976 data sets.

It has been found that a misalignment between visible
and infrared data existed in the 1977 data as well. The
method used to check misalignment of 1977 data consisted
of simultaneously displaying both wvisible and‘infrared
data sets on the ADVISAR. In order to best match the cloud
cover areas of both visible and infrared data, the critical
values which distinguish the cloud area from noﬁ-cloud
background were increased for both visible and infrared
data. As a result, the remaining cloud patterns displayed
on ADVISAR were confined to the most dominant features.
Although the resolution of the infrared data was poorer
than that of visible data, the misalignment was easily
detected. Figure 2-8 displays the difference in data set
matching at 2115 GMT, 27 June before‘and after shifting of
the infrared data array. The visible data were displayed
in blue, while the infrared data were displayed in red.
Black areas defined regions of low values of both visible

and infrared radiance, while white areas located the super-
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Figure 2-8 ADVISAR images used in check of alignment of
! visible and infrared data arrays at 2115 GMT
on 27 June 1977. The upper picture is before
shifting the infrared data set and the lower
one is after shifting.
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position of bright visible and cold infrared measurements.
The larger the white and black areas and the smaller the
red and blue areas, the better the match between the two
data sets. Comparison of the two pictures showed that the
match was better after the infrared data array was moved
three pixels left and one pixel up. Because of this
movement, all the elements of the infrared array were
moved about 20 km away from their initial positions.

The alignment procedure described here was applied to
all visible and infrared data set pairs analyzed in

subsequent chapters.






CHAPTER 3

SATELLITE-DERIVED CLOUD PROPERTIES

The visible radiance data were analyzed with a cloud
summary program. The principal input parameter for each
time on the four case study days was the critical brightness,
determined with the ADVISAR, to distinguish cloud from non-
cloud surface. Based on this critical value, the boundary
of each cloud was outlined as an isopleth of the critical
brightness value. A number of statistical products, such
as mean cloud brightness and variance of cloud brightness,
as well as the cloud size were generated throuagh the cloud
summary program. In order to facilitate cloud-movement
tracking, the geometric and brightness centers were also
determined. The gravity-center method used to determine
the geometric center involves locating the median row and
column of the cloud from a point-by-point count of cloud
pixels. The location of