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1. INTRODUCTION

This is a report on a variety of techniques developed over the
past few years at SSEC for extracting information from geostationary
satellite images. Much of this work falls under the umbrella of an
NSF program entitled "Development of Methods for Improved Use of
Satellite Images and Synthesis with Other GATE Data Sets," but not
all. Because the technique development does not exist in a vacuum,
we have chosen to include work from other projects, most notably on
Cloud Height and Cloud Mapping (see acknowledgments for details) to
help make our discussion more complete.

We have chosen four general subject areas to address: Cloud
Height Determination, Cloud Wind Determination, Analysis Techniques
Applied to Brightness Data and Cloud Mapping. Although our
techniques are primarily satellite-based, we include data from all
available sources to enable us to work from the most complete data
base as possible. Each section is intended to be semi-independent;
each is written by a different scientist, and tries to present the
state of the art as it exists at SSEC. We acknowledge and refer to
similar work elsewhere when relevant, but have chosen not to discuss
such work in detail.

Because this report is intended for a general audience, we have
tried to limit our references to McIDAS (Man Computer Interactive
Data Access System). For those wishing more details on the work
performed here, please contact any of the researchers referred to in

the acknowledgments section.



2. CLOUD HEIGHTS & THICKNESS DETERMINATION

2.A Cloud Heights From Geostationary Meteorological Satellites*

2.A.1 Introduction

Determination of cloud heights is fundamental for many
quantitative uses of meteorological satellite data. Cloud-tracked
wind derivations require a knowledge of cloud altitude, as do
climatological measurements of cloud cover. Forecasters need to know
cloud heights in monitoring severe storm development and in preparing
guidance for the aviation community. This report reviews how cloud
heights can be obtained from geostationary satellite data and
discusses limitations of the methods used.

The primary method of determining cloud heights uses air
temperature as the vertical coordinate. Since the troposphere, where
clouds are located, generally has a temperature profile of decreasing
temperature with height, the cloud top temperature can be used to
determine the cloud top height. The implicit assumptions in this are
that the clouds are at equilibrium with the temperature of the
surrounding air and that the air temperature is a known,
monotonically decreasing function with height. Problems with the
temperature-to-height method include violations of the implicit
assumptions such as temperature inversions, unknown profiles, and the
actual measurement of the cloud top temperature. A cloud size

smaller than the field of view of the sensor and a cloud emissivity

* Additional support provided by contracts NAS5-23462 & NAS5-23296.



less than unity present problems in the determination of cloud top
temperature.

The most widely used method of obtaining cloud heights is the
infrared temperature method. It has been used in its basic form by
Fritz and Winston (1962), Rao and Winston (1963) and Kaffler,
Decotiis, and Rao (1973). The technique was expanded by Mosher
(1975) and Reynolds and Vonder Haar (1977) to use both the visible
and infrared channels. This method forms a basis for height
determination of the operational cloud-tracked winds at NESS (Young,
1975) and the FGGE cloud-tracked winds (Kahuajy and Mosher, 1981).
This is the only cloud height technique used operationally and is the
only technique which can be used anywhere without restrictions. The
primary limitations of this technique include erroneous temperature
measurements caused by thin or small clouds, unknown temperature

profiles and multi-valued answers caused by temperature inversions.

2.A.2 GOES Data Source

The satellite data wused in the temperature-to-height
determination come primarily from the window infrared channel, with a
secondary data source from the visible channel. The Geostationary
Operational Environmental Satellite (GOES) is the main source of
geostationary satellite data over the United States and adjacent
ocean areas. It has a Visible and Infrared Spin-Scan Radiometer
(VISSR) consisting of a l6-inch telescope connected through fiber
optics to eight visible photomultiplier tubes in the 0.55 to 0.75

micron range and two Hg-Cd-Te infrared detectors (one primary and the



other backup) in the 10.5 to 12.6 micron range. The visible sensors
have a field of view of about 1 km, while the infrared detector has a
view of about 8 km at the subsatellite point. An image is composed
of data gathered as the satellite-mounted telescope sweeps west to
east across the face of the earth. The telescope scans an 8 km
strip, and is then mechanically stepped down for the next scan. The
whole earth is scanned in about 18.2 minutes. Routine operations
‘have whole earth images completed every 30 minutes, though more
frequent scanning of only part of the earth is done during severe
weather situationms.

The eight visible sensors are arranged in a north-south line, so
as the satellite scans west to east, eight lines of visible data are
produced. Because of slight differences in the photomultiplier
tubes, there is a minor amount of stripping produced by the different
visible sensors. Every 1 km the visible sensors are digitized into
six-bit words whiéh are proportional to the square root of the light
intensity. The square root digitization allows for an expanded
dynamic range without contamination from the photomultiplier noise
which is proportional to_the square of the light intensity. The
visible sensors are not operationally calibrated.

The infrared sensor has a field of view of 8 km, so the single
sensor fills up an entire scan line width. The infrared data is
digitized every 4 km, making an overdigitized 4 km x 8 km sample.
Most processing systems divide the infrared sample in half, making
two 4 km x 4 km samples, even though the inherent resolution of the
sensor is 8 km x 8 km. The infrared data is digitized into eight-bit

words proportional to temperature. The infrared data is calibrated



and put into a NESS standard temperature table which is a two-part
linear curve of temperature. The conversion between infrared counts

(cy and temperature (T) is as follows:
for ¢ < 176,
T = 330 - ¢/2 (1)
for ¢ > than 176
T =418 - c .
2.A.3 Sensed Cloud Temperatures
The infrared sensor of the GOES can be used to determine the
cloud top temperature from which the height can then be determined.
However, the sensed cloud top temperature is not always the true
temperature. The radiation (I) reaching the infrared sensor is a
function of the radiation from the cloud top (Ic)’ the fraction of

the sensor covered by cloud (N), the cloud emissivity (e) and the

radiation from the underlying ground (Ig):
I =eNI + (1-N)I 1-¢)NI . 2
ot UM, (-oNI (2)

The radiation from the cloud top (Ic) and the ground (Ig) is

determined by Planck's Law:



c —
T -+ 1 c =3.740x105 erg cmzs1
e AS Cy 1
exp| 57 71) ¢, = 1.4385 cm °K (3)
e

>
]

wavelength of light .

In equation (2), the first term is the radiation coming from the
cloud, the second term is the radiation coming around the cloud and
the third term is the radiation coming through the cloud. If the
cloud is a black body with an emissivity of one and the cloud
completely fills the field of view of the sensor (N=1), then the
other terms in equation (2) are zero and the sensed temperature is
the true temperature.

If the cloud is smaller than 8 km across, then the field of view
of the sensor is not filled entirely by cloud. Some of the radiation
from the ground or underlying cloud field goes around the cloud to
contaminate the sensed cloud top temperature. If the cloud is larger
than 24 km or three fields of view, then it is certain that the
center pixel of the cloud image is not contaminated by ground
radiation. If the cloud is between 8 and 24 km across, there is a
chance that the infrared sensor's field of view is overlapping an
edge of the cloud and allowing some ground radiation to contaminate
the measurement. Hence, any cloud smaller than 24 km across has the
potential for erroneous temperature determination. Any cloud smaller
than 8 km definitely does have sensed temperature contamination.

The emissivity of the cloud is determined by the number and size
of the particles within a cloud. The radiation is sensitive to the
optical thickness (1) of the cloud. The optical thickness of a

homogeneous cloud is determined by the scattering cross section (o)



of the cloud particles (which is wavelength dependent), the number
density (p) of the particles, and the physical thickness (z) of the

cloud.

T = opz (4)

Hence, if the number density of cloud droplets in a given volume were

doubled, it would have the same effect as doubling the cloud

thickness. Figure 2.A.1 from Liou (1974) shows the emissivity of
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cirrus clouds as a function of cloud thickness. As the clouds get
very thick or as the number density gets very high, the cirrus

emissivity tends toward unity. Figure 2.A.2 from Liou (1974) shows
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FiG. 2A2 (Srom \iou BNWY)
the effect of the cirrus emissivity on the sensed temperature as a
function of cloud thickness. These figures demonstrate that sensed
temperature errors of 0 to 60°K are possible because of emissivity
problems.

The number density of cumulus clouds is much higher than cirrus
clouds. Average droplet concentrations of over 100 cm-3 are common
in fair weather cumulus and cumulus congestus (Byers, 1965) with
liquid water content of 0.2 to 2 g m_3. The cirrus clouds used in
the calculations of Liou (1974) of Figure 2.A.1 had number densities
of 0.05 cm—3 and ice water content of 0.007 g m—3. The larger number
of drops make the emissivity of cumulus clouds closer to 1. Figure

2.A.3 from Yamamoto et al. (1970) shows the computed emissivity curve
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for a cumulus cloud with a number density of 450 cm-3 and a liquid
water content of 0.28 g cm-3. Figure 2.A.3 shows that for cumulus
clouds thicker than 50 m, the emissivity is essentially unity. F
Hence, cumulus clouds do not present an emissivity problem, while
thin cirrus do present an emissivity problem.

Measurements of cirrus emissivity show a large variability, even
within the same region of cirrus. Figure 2.A.4 from Platt (1975)
shows a band of cirrus over Australia and the measured emissivity.
While most of the cirrus had very low emissivity, there were regions
within the cirrus which had emissivities close to 1. This fact has
been useé‘by interactive cloud-wind tracking groups to define
"fleets" of cloud wind vectors. The operator views the cloud images
in time lapse and mentally determines which cloud features are
related with similar motions. The operator then searches the cloud
band for the coldest cirrus which should have an emissivity close to
1. The temperature of this particular cloud is then manually
assigned to all the clouds within the band being tracked, thus

forming a "fleet" of vectors with the same temperature and height.
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This fleet technique is used operationally by NESS and the University
of Wisconsin for determining cirrus tracer heights.

Several attempts have been made to eliminate the problems of
sensing correct cloud temperatures. Mosher (1975) and Reynolds and
Vonder Haar (1977) have developed bispectral techniques which use the
visible channel to help determine the fractional cloud cover and the
infrared emissivity. The sensed temperature is then corrected to the
true temperature. These techniques have not found wide acceptance in
operations, primarily because of difficulties in cases which violate
some of the basic assumptions of the models used. The bispectral
techniques assume that a single layer of cloud is being viewed.

However, with cirrus clouds there are frequently lower clouds



1Ll

underlaying the cirrus. The visible light reflected from the cirrus
is contaminated by the brighter light reflected from the cumulus
below, resulting in erroneous correction factors for the infrared.
Another problem with the bispectral techniques is that the correction
factors require determination of both the fractional cloud coverage
of the infrared field of view and the emissivity. Equation (2) can

be rewritten as:

I=( )N(Ic-Ig) + Ig . (5)

The sensed radiation is dependent on the "effective emissivity" which
is the product of the emissivity and the fractional cloud cover. The
visible radiation is linearly dependent on the fractional cloud cover
and approximately quadratically dependent on emissivity (Reynolds,
1977). 1If a bispectral technique is tuned to measure the fractional
cloud cover of small cumulus correctly, thin cirrus corrections can
be in error, and vice versa. At the beginning of the FGGE
cloud-tracking operations, the bispectral technique of Mosher (1975)
was used for the cloud-tracked winds produced at the University of
Wisconsin. It was removed from use because of the erratic results it
sometimes produced when used operationally. The "fleet" technique

was then used for the remainder of FGGE.
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2.A.4 Temperature to Height Conversion

Conversion of measured cloud top temperature to height requires
a knowledge of the temperature structure of the atmosphere. The main
problems come from obtaining a temperature sounding in the vicinity
of the cloud and dealing with inversions which give multiple
solutions of height. Over the United States, radiosonde data is
available for the conversion of temperature to cloud height. The
oceans present a problem because of lack of soundings. During FGGE
operations, organizations such as NESS and the European Space Agency
used NMC's global analysis of temperature. The University of
Wisconsin's McIDAS does not have access to the global analysis in
real time, so a climatological sounding was used. Inversions were
made almost isothermal with the temperature of the top of the
inversion preserved. The sounding was terminated at the tropopause.
In order to arrive at a sounding for any given location, the January
and July soundings were interpolated to the date using a cosine
interpolation. The soundings from north and south of the point were
then interpolated using a linear interpolation. There was no
correction made for longitudinal temperature dependence or synoptic
variability. The standard atmospheres used are shown in Table 2.A.l.

Inversions present a problem in the height determination based
on cloud top temperature. Most clouds have their tops in an
inversion layer which caps the convective activity forming the cloud.
The actual height cannot be determined with certainty. Errors of 10

to 30 mb are possible because of inversions within the troposphere.
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Overshooting towers which penetrate the tropopause present the
most severe problem of height determination. The towers are small
compared to the field of view of the satellite infrared sensor. As
the towers first rise, they cool adiabatically and are frequently
colder than the tropopause. They then warm to the environmental
temperatures of the stratosphere. The temperature lapse rate is weak

so small changes in temperature translate into large height changes.

2.A.5 Cloud Thickness Determination

Cloud thickness is important in many applications of
satellite-determined cloud height. Hasler et al. (1977) determined
from in situ aircraft measurements that low-level cumulus clouds move
with the wind at the cloud base, so low-level cloud-tracked winds
should ideally be put at the cloud base height. Likewise, radiative
divergence calculations used for energy balance studies of the
atmosphere require specification of the cloud base, as well as the
cloud top. However, the cloud base is not a parameter which can be
accurately determined.

The visible brightness of a cloud is influenced by its
thickness, so several attempts have been made to determine cloud
thickness from the visible satellite data. Griffith and Woodley
(1973) showed an empirical relationship between cloud brightness and
cloud height (thickness) for precipitating clouds. Kaveney et al.

(1977) showed a statistical relationship between cloud brightness and
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thickness. The statistical relationship differed for different cloud
types.

An understanding of the theoretical relationship of visible
light scattering to cloud properties is helpful in giving insight
into the cloud thickness problem. Most of the theoretical work
dealing wifh scattering of 1light by clouds has dealt with
plane-parallel homogeneous clouds. These theoretical clouds are flat
on the top and bottom and extend out to infinity in the horizontal
direction. Results of Hansen (1971b), Twomey et al. (1967), and
others have shown that the scattered light is related to the cloud
thickness. As the cloud gets thicker, the reflected brightness
increases toward an asymptotic limit. When the cloud is a kilometer
or so thick, the cloud has very nearly reached its full brightness
limit. From these theoretical plane-parallel results one would
expect clouds thicker than a kilometer to be very bright and to have
a uniform brightness. Digital satellite visible images show a large
variability of brightness with any given cloud. Griffith and Woodley
(1973) and Reynold and Vonder Haar (1973) showed a relationship
between cloud height (thickness) and satellite-observed brightness
for convective clouds in the range of 3 to 15 km. Plane-parallel
theory will not explain this observed relationship.

The theoretical treatment of clouds with finite horizontal
domain has been done using Monte Carlo techniques by Busygin et al.
(1973) for cylinder, paraboloid, and sphere clouds, and by McKee and
Cox (1974) for cubic clouds. They showed that light is scattered out
the sides of the clouds, resulting in a decrease in brightness of the

top surface as compared to plane-parallel results. McKee and Cox
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(1976) have argued that the brightness-height (thickness)
relationship observed by Griffith and Woodley (1973) could be due to
increased cloud width rather than increased cloud thickness. Davies
(1976, 1978) has shown that the height-to-width ratio of cuboidal
clouds is important in determining the amount of light scattered in a
given direction. Reynolds et al. (1978) have shown from satellite
data that the height-to-width ratio effect predicted by cuboidal
cloud models agrees with observed cloud brightnesses. As the clouds
of a given thickness got wider, they became brighter. Aida (1977)
has shown that the spacing between finite cubes in an array can also
influence the reflected brightness of the cloud. Mosher (1979) has
shown that finite cubic clouds have brightness variations across the
cloud top and that liquid water inhomogeneities within a cloud can
cause brightness variations.

These theoretical studies have shown that while there is a
relationship between cloud brightness and cloud thickness, other
factors such as cloud shape which cannot be determined from the
satellite data alone make the cloud thickness determination prone to
error.

As part of the cloud height package on the McIDAS, Mosher (1976)
used a cloud thickness determination based on the observed visible
brightness of the cloud. A data base of theoretical cloud brightness
as a function of cloud optical thickness and sun-cloud-satellite
geometry was generated using the plane-parallel doubling model of
Hansen (1971a). The cloud brightness can be converted to cloud
optical thickness using this table. The physical thickness of the

cloud can be determined from the optical thickness using equation (4)
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and an assumed cloud droplet size distribution. The Cl cumulus cloud
model of Deirmendjian (1969) was assumed in relating the cloud
optical thickness to physical thickness. Cirrus clouds have fewer
cloud particles than cumulus clouds, resulting in a larger physical
thickness for a given optical thickness. Mosher (1976) has attempted
to account for this by using an empirically derived stretching factor
for the cloud thickness derived assuming cumulus cloud parameters.

For clouds colder than 273°K, the thickness (z) was increased by:

z' =z + [(TC - 273)/40.5]z (6)

with Tc being the cloud top temperature.

The cloud thickness program on the McIDAS assumes plane-parallel
clouds. Mosher (1979) investigated the relationship of the
theoretical plane-parallel brightness to finite cloud brightness.
Figure 2.A.5 (Mosher, 1979) shows the ratio of the plane-parallel
brightness to the finite cubic cloud brightness as a function of sun
angle and cube size. This figure shows that there is no simple
correction factor that can be used to account for the finite cloud
characteristics. The figure also shows finite clouds can be 20 to
50% darker than the plane-parallel clouds when the sun is high in the
sky, and 10 to 30% brighter when the sun is near the horizon. The
relationship of brightness to thickness is approximately a
logarithmic function, so an error or uncertainty of brightness can
translate into a large thickness error. For instance, a 20%

uncertainty in cloud brightness for a cloud with an 0.5 albedo and
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overhead sun translates into over a 50% uncertainty in cloud

thickness. Consequently, the cloud thickness computation available
on the McIDAS can be used as a guide to distinguish between thick and
thin clouds, but the actual cloud thickness cannot be determined to

better than a factor of two of the correct thickness.

2.A.6 Cloud Height Observations

The previous sections showed that accurate cloud height
determinations can be made for water clouds larger than 24 km and ice
clouds thicker than 5 km. The clouds where height errors can be
expected are small cumulus, thin cirrus, and overshooting towers.

This section illustrates typical cloud situations and the
heights derived by stereographic observations from two geostationary
satellites, and the heights derived from the cloud top temperature.
The stereo observations were derived by Hasler (1981) for the 2-3 May
1979 severe storm case in central Oklahoma. Table 2.A.2 shows the
measured cloud height for different cases of clouds using the
techniques of stereo, cloud top temperature with standard
atmospheres, and cloud top temperature with a nearby radiosonde
sounding. The height accuracy of the stereo measurements is in the
range of 0.1 to 0.5 km. As Table 2.A.2 shows, the heights derived by
the standard atmosphere and the radiosonde differed slightly, with
the radiosonde height generally being slightly lower. The table
shows that the heights derived from cloud top temperature for the
thick anvil cirrus and the mid-level clouds agree quite well with the

stereo height measurements. The penetrating towers were measured 1
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to 2 km too low by the temperature techniques. This is because the
towers are small compared to the size of the infrared sensor and the
tower temperature at the tropopause does not vary much with height.
The thin cirrus had height errors of over 5 km based on sensed

temperature. This illustrates the emissivity problem discussed in

Section (2.A.3).
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Table 2.A.1. Standard atmospheres used for height determination

Sounding Temp(°K) Pressure(mb) Height (km Soundin Pressure (mb Height (Km
Tropical 299.7 1013 0
287.1 780 2.3
287.0 157 2.5
193.2 103 16.5
Jan 30°N 287.2 1013 0 July 30°N 3012 1013 0
281.2 804 2.0 293.7 905 1.0
216.2 203 12.0 266.2 493 60
203.2 145 14.0 203.2 133 15.0
Jan 45°N 272.2 1018 0 July 45°N 294.2 1013 0
261.7 694 3.0 285.2 802 2.0
219.7 257 10.0 261.2 487 6.0
208.2 171 12.6 215.7 179 13.0
Jan 60°N 259.3 1013 0 July 60°N 287.2 1010 0
259.2 888 1.0 260.2 541 5.0
251.2 536 3.5 225.2 268 10.0
217.2 307 8.5 225.1 269 10.1
Jan 75°N 253.8 1013 0 July 75°N 278.2 1012 0
253.7 828 1.5 271.7 742 2.5
215.2 299 8.5 226.2 284 9.5
213.7 185 11.5 226.1 280 9.6
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Table 2.A.2. Cloud heights measured by stereo, cloud top temperature with modified
standard atmospheres, and cloud top temperature with radiosonde soundings.

Stereo Temp. + Temp. + Cloud Top
Height (km) Stand Atmos Radiosonde Temp. (°K)
Height(km) Sounding

Height (km)
I. Anvil Cirrus
14.0 164.2 13.3 209
14.0 13.7 12.8 212
13.0 12.8 11.6 218
13.5 4.2 13.3 209
II. Penetrating Towers
15.6 13.5 12.8 211
15.4 13.5 12.8 211
14.5 13.3 12.2 212
. 15.4 14.0 ' 13.2 208
15.9 14.0 13.2 208
16.1 15.1 14.5 200
15.7 14.5 13.6 205
16.1 15.1 16.5 200
I1I. Cirrus Around Subtropical Jet (thin)
12.2 6.7 6.4 257
10.3 6.1 5.6 262

10.4 2.9 3.1 280




Iv.

Mid-Level Clouds
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4.9
4.5
7.6
9.2
7.8

4.1
4.0

7.2

3.8
3.6
6.8
8.3

8.2

271
272
252
2460

261
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2.B Improvements to Cloud Height & Thickness Determination

The previously described cloud height algorithm needed IR data,
an assumed cloud emissivity and extent, and climatological soundings
to estimate cloud tops. This scheme requires only one data source,
the IR temperature; therefore, heights can be calculated anywhere the
IR sensor is directed. To improve this method, the number of
assumptions has to be reduced or an additional independent data

source has to be used in conjunction with the current algorithm.

2.B.1 Adding Local Soundings*

a. Comparisons of Climatology vs. Local Soundings Without Moisture

Replacing the Standard Atmosphere with a radiosonde-derived
vertical profile near the cloud is one possibility in data rich areas
such as over the United States or over the GATE region. The standard
sounding is an average in both time and space (4 vertical levels, 20
degree latitude bands, twice per year), while the local sounding is a
"snapshot" through the atmosphere at a particular location. Limiting
factors include spatial and temporal radiosonde coverage and
atmospheric variability relative to the cloud and the sounding.

Thus far, the most accurate remote measurements of cloud heights
involve use of parallax information gained from viewing the same
cloud from two different satellites. However, the technique is
limited. Precise navigation (errors of one pixel or less) of both
satellites is a prerequisite for applying this method, as small

horizontal differences affect the computation of the height (Hasler,

* Additional support was furnished by contract NAS8-33799.
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1981). Stereo images can be generated by remapping one of the
satellite images into the projection of the other. When data from
only one satellite are available, false stereo images can be made by
offsetting the visible image based on the IR temperature to introduce
parallax. To view stereo from the image pairs, one image is enhanced
with green and the other red and a pixel-to-pixel interlace is done.
The resulting image is then viewed with red-green glasses to produce
a three-dimensional effect.

Conventional radiosonde data possess features useful in

determining cloud height and thickness:

i) Radiosondes are routinely launched over most land areas

twice every day;

ii) Temperature, moisture, and wind data are available;

iii) Each sounding presents a detailed vertical resolution of

the atmosphere.

During meteorological experiments such as GATE or SESAME, the
number of radiosondes tracked is increased to eight or more each day
over a small, sub-synoptic region. To test the effectiveness of
adding a local sounding, these high density data sets were used to
minimize temporal and spatial differences between the cloud and the
sounding. In an operational mode, the data density and resolution

over the United States should aid markedly in determining cloud
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heights, especially in areas that deviate significantly from the
Standard Atmosphere.

The cloud heighé algorithm described in Section 2.A is altered
only to allow an operator or an objective computer program to select
a representative sounding. If the sounding is objectively chosen by
the computer software, the one closest in time and space replaces the
Standard Atmosphere. The same procedure is followed to convert IR
and visible satellite data to height (as in Section 2.A), using a
nearby sounding to interpolate the temperature between two pressure
levels. Additional information converning cloud height and thickness
can be obtained from the sounding's moisture profile. Also, multiple
cloud layers may become evident from a display of relative humidity
with height (Fig. 2.B.1). In this case two levels are noted, one
from 1000 mb to 850 mb and another from 590 mb to 560 mb. Other
information that may be used is the wind profile if a cloud motion
has been determined ( See Section 3, Cloud Tracking). Here, the
cloud wind vector is compared interactively with a vertical profile
of the wind and a subjective decision regarding which level the wind
represents is made by the operator (See Section 3 on other techniques
and wind editing). Radiosonde and cloud wind comparisons have shown
5 m s_l discrepencies as have rawinsonde versus rawinsonde wind
comparisons (Mosher and Sawyer, 1975; Bauer, 1976).

Table 2.B.l summarizes the reliability of various parameters to
determine heights, based on sensor accuracy and performance for
different cloud types. This exemplifies the need for independent
data to determine cloud height and distinguish between thick clouds

and/or multiple cloud decks.
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Three comparisons of climatology versus local soundings from
ships were done using data from GATE. First, aircraft data (Warner,
1979) was chosen as ground truth to calculate differences between the
two methods described above. There was no improvement in using local
soundings over climatology (Table 2.B.2) mainly due to the lack of
baroclinic zones in the tropics which would account for deviations of
the local sounding from the mean. The standard deviation of the
local sounding measurements and the standard error does indicate a
tendency to be closer to the ground truth, but it is only on the
order of 100 m. The cloud tops were underestimated most tops
measured from the aircraft were at or below the IR sensor resolution.
Time differences between the soundings ana aircraft were only about
5-10 min, but parallax which would have shifted the data a few
kilometers was not removed.

The second comparison used Quadra radar RHI scans as ground
truth. This was done for Day 261 (18 September 1974). Table 2.B.3
shows there was improvement, reducing the error by one-third (0.4 km)
and estimating closer to the ground truth 67% of the time. This data
set had a mixture of high and low level echoes, whereas the aircraft
data was mainly at the mid-levels. The improvement was mostly at the
lower and higher levels where the temperature is more variable (Reed
and Recker, 1971). The third comparison using variability between
the estimates with no ground truth is shown in Table 2.B.4. Cloud
tops were calculated from about 10°N to 8°N each minute of latitude
along 23°W longitude for Day 245 (2 September 1974). The two methods
showed about a 200 m difference in both the mean and standard

deviation, but again most measurements were in the middle troposphere
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(4000 m) where the variability in the tropics is a minimum. In all
of the above comparisons the operator selected the most
representative sounding and no adjustments were made based on

moisture or wind information.

b. Use of Moisture in Determining Cloud Heights

The use of moisture‘in determining cloud heights and thickness
and for multi-level situations is subjective in our scheme. Fig.
2.B.2 is an example of what can be done combining information from
the cloud height program and the moist layers derived from the ship
soundings. A number of clouds were sampled within an 80 km radius of
the ship Vanguard during GATE (Day 261). Three thresholds were
chosen for the relative humidity (90, 83, and 70%) to be compared
with the cloud height and thickness. Relative humidity greater than
83% correlated best with a visual determination of cloud location
from a Stiive plot and is the reason for choosing that particular
threshold. The data presented in Fig. 2.B.2 indicate that the
mid-level cloud (#4) was estimated well, clouds #1 and #2 are
probably too thin based on the moisture and would most likely extend
to the top of the boundary layer (960 mb, from ship surface reports).
The existence of cloud #3 in the middle of the two layers is suspect
and could be the result of a thin mid-level cloud over a lower deck

of clouds.
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c. Use of Wind Information to Edit Cloud Heights

Wind information was used to edit cloud heights for an extensive
set of cloud motion vectors during SESAME 1979 (Goodman et al.,
1982). Local soundings (operator selected) were used in calculating
cloud heights and were adjusted based on the cloud motion's agreement
with radiosonde-derived winds. This resulted in wind fields every
100 mb over the central United States. In the past, cloud vectors
were assigned as either high and low level, with middle level vectors
comprising a large nebulous region in between (Suchman and Martin,
1976). No statistics have been gathered to determine if there was
improvement, but 1-2 km differences in cloud height were noted in
using the local sounding over climatology (Auvine, personal

communication).

2.B.2 Real Stereo Images*

The technique of using stereo images to calculate cloud height
includes no assumptions about cloud emissivity and is not restricted
by IR sensor resolution as is the method described in Sec. 1. 1Its
limitations are much more basic. Data is not as abundant as two
satellites in different locations must be viewing the same feature
simultaneously from different locations. Navigation must be precise
because a one pixel shift in the horizontal can result inla 500 m
error in the vertical. Also, a recognizable cloud feature must be

visible in both images. Textured clouds or regularly defined small

* Additional support was furnished by contract NASW-3476.
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clouds make the best targets. In the following discuésion, all
mention of satellites is in reference to the geostationary satellites
GOES-E and GOES-W.

Hasler (1981) developed a system to measure cloud height from
the parallax difference in the cloud as it is viewed from the two
satellites. Our method is similar, but is designed along the lines
of cloud tracking (see Section 3). Two digital images coincident in
time and space are retrieved, one from each satellite. One of the
images is remapped into the satellite projection of the other. The
images are visually juxtaposed, and alternately displayed on the
screen. The locations of cloud elements common to both images are
indicated by an operator controlled cursor. This information is
entered into a computer program which converts the locations and the
distance between them into an altitude. Comparison of
parallax-derived heights with those from using a local sounding was
not done because of the differing spatial (mesoscale versus synoptic)

scales.
2.B.3 False Stereo Images

True stereo described above can be both quantitative (deriving
cloud heights) or qualitative (red-green stereo display), but the
latter can only apply to false stereo. An advantage of false stereo
is that data from only one satellite is needed; the parallax offset
is calculated artificially from the IR temperature. See Hasler et
al. (1981) for a complete description of generating false stereo

images. Comparing both forms of stereo display for a number of cases
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indicate that the real stereo image does not improve on discerning
cloud levels. This makes false stereo a good candidate over real
stereo to determine relative cloud heights because of the better
coverage and simpler computation.

This technique is not unique to the geostationary satellites.
Hasler et al. (1981) have used the false stereo display with Tiros-N
IR data and contours of humidity fields. Martin (personal
communication) has used polarization differences in the microwave
channel of NIMBUS-7 to create false stereo images to aid in locating
rain/no rain areas. The visual impact of three dimensions is
striking to the viewer, and provides an additional qualitative tool
for data analysis. The technique is being enhanced to aid in
delineating cloud layers and to aid in assigning relative heights to

cloud motion vectors.



34

REFERENCES

Bauer, K.E., 1976: A comparison of cloud motion winds with coinciding
radiosonde winds. Mon. Wea. Rev., 104, 922-931.

Goodman, H.M., B.A. Auvine, and D.A. Santek, 1982: The relationship of
satellite and radar storm signatures to the subsynoptic wind field.
Preprints, 12th Conference on Severe Local Storms.

Hasler,A.F., 1981: Stereographic observations from geosynchronous
satellite: An important new tool for the atmospheric sciences.
Bull. Amer. Meteor. Soc., 62, 194-212,

s M. desJardins, and A.J. Negri, 1981: Artificial stereo
presentation of meteorological data fields. Bull. Amer. Meteor.
Soc., 62, 970-973.

Mosher, F.R., and B. Sawyer, 1975: Comparison of wind measurement
systems: Cloud tracked winds versus rawinsonde wind and rawinsonde
winds versus rawinsonde winds. Preliminary assessment of the cloud
tracking system developed at the University of Wisconsin, SSEC,
University of Wisconsin-Madison.

Reed, R.J., and E.E. Recker, 1971: Structure and properties of
synoptic-scale wave disturbances in the Equatorial Western Pacific.
J. Atmos. Sci., 28, 1117-1133.

Suchman, D., and D.W. Martin, 1976: Wind sets from SMS images: An
assessment of quality for GATE. J. Appl. Meteor., 15, 1265-1278.

Warner, C., 1979: Cloud measurements on Day 245 of GATE. Cloud
populations and their interaction with the boundary layer. Tech.
Rep. No. 5, Univ. of Virginia, Charlottesville. 24 pp.



Table 2.B.1.

35

Reliability of measured parameters in determining

cloud height, for different cloud types.

Parameter

IR
Temp.

Moisture

Wind

Reliable

Large uniform cloud decks
(stratus) where accurate IR
temperatures can be determined.
Cumulonimbus.

Layer, non-cumuloform clouds
in low or mid levels.

Clouds of small vertical
extent in a sheared flow
(low level Cu, alto-form).
Cirrus.

Unreliable

Small, thin clouds (low
level Cu, Ci) or multi-
level clouds due to

averaging by IR sensor.

Large cumulo-form clouds
where moisture is injected
to upper levels from the
boundary layer. (Sounding
in ambient air.) Ice
clouds (Ci).

Cumulo~-form where the
steering level is not the
the cloud top. Regions of
minimum vertical shear or
large horizontal shear
(fronts, cyclones).
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Table 2.B.2 Determining cloud heights

using aircraft, climatology,

and local soundings.

Aircraft Climatology Local Sounding
Mean Ht. 7.08 5.91 5.91
Standard Dev. 3.46 1.96 2.12
Mean Error - -1.17 -1.17
Standard Err. - 2.27 2.17

Note:
error are based on aircraft as

All measurements are in kilometers.

Mean error and standard
ground truth. 45 observations.

Table 2.B.3 Determining cloud heights using Quadra RHI,
climatology, and local soundings.

RHI Climatology Local Sounding
Mean Ht. 10.75 11.64 11.41
Standard Dev. 2.23 1.49 1.19
Mean Error - .89 .66
Standard Err. - 2.25 2.20

Note: All values are in kilometers.

on RHI as ground truth.

Mean and standard error are based
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Table 2.B.4 Variability in cloud heights using climatology and
local soundings.

Climatology Local Sounding
Mean 4.28 4.08
Standard Dev. 2.30 2.50

Observations 101 101
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3. CLOUD TRACKING FOR GATE WIND FIELDS

3.A Introduction

Satellite-based cloud motion winds offer a wide spectrum of wind
data for various meteorological purposes. They can provide coverage
from global scales down to motions within the anvil of a cumulonimbus.
The finished product varies according to the needs of the researcher.
Consequently, the techniques developed to meet these needs will vary
also. The cloud tracking for GATE has been concerned‘with high density
mesoscale wind fields with a high degree of accuracy as a means of
obtaining wind fields on a variety of scales of motion. These fields
differ both qualitatively and quantitatively from those produced for
FGGE (which deals with larger scale flow), for example.

Because we are concerned with extracting as much information as
possible from the cloud field, the production of these wind sets is
quite laborious. Over the past few years, we have improved our methods
of cloud height determination, delineating mid- and high-level cloud
tracers, combining satellite-derived cloud winds with those obtained
from other platforms, and editing. Many of the techniques to be
discussed will not be applicable to those interested in coarse, large
scale wind fields, or in real-time information. As the GATE wind fields
are intended to support the scientific study of the structure and
dynamics of tropical systems, accuracy and completeness are our primary
goals.

Our main objectives have been to 1) expand satellite wind coverage

in middle and high levels, 2) develop objective means for editing these
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winds, and 3) integrate all of the satellite winds with those available
from rawinsonde and aircraft observations.

In general, our data come from the following sources:

1) Full resolution SMS-I visible and infrared data at 15 or 30
min intervals. A three image sequence is generally the basis
for cloud tracking, with a picture on either side for

reference.

2) Ship winds. These are radar winds, nationally processed and

validated.

3) 12-h filtered VLF/Omega winds. Provided by Ooyama and Chu,
these winds have been subjected to an iterative editing and

two-dimensional time-height filtering.

4) Aircraft winds. These were obtained during GATE from flights

of the DC-6 and Electra aircraft.

Background information on cloud tracking at SSEC can be
obtained from Suchman and Martin (1976), and Johnson and Suchman (1980).
The Suchman and Martin paper, "Wind Sets from SMS Images: An Assessment of
Quality for GATE", explores the accuracy, representativeness and
reproducibility of tracer winds in the area of the 1974 GATE region. Two
questions are addressed: 1) @ow accurately can the cloud displacements be
measured? and 2) To what extent do the cloud displacements represent the

wind field? Accuracy is evaluated in terms of data characteristics, McIDAS
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precision and consistency. The Johnson and Suchman paper,
"Intercomparisons of SMS Wind Sets: A Study Using Rapid-Scan Imagery",
examines the effect of variations in the time and space resolutions of
satellite images on satellite-derived drift winds. Rapid-scan satellite
data are used as a basis for computing cloud-tracked wind fields over the
south central United States on three synoptically different days in 1978.
Winds from 30, 15, 6 and 3 m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>