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Force effort to develop a microwave scanning system for the Defense Meteorological Satellite

‘Program (DMSP) to provide all weather , global meuurements of the sea surface winds, temperature
and ice cover , precipitation over land and sea , and atmospheric liquid water and water vapor to
support Department of Defense worId.wk~,i military operations.
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S E C U R I T Y  C L A S S I F I C AT I O N  OP THIS R A G E  rW’~.n 0... Eni...4)
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~~~~. Three tasks are addressed. Task I Is a sensor performance analysis, system trade-off study and
~~~ ~~algotithm development program utilizing a theoretical/empirical environmental model and a

statistical description of the environmental parameters. Results are presented of a comparison of
selected candidate sensor system with regard to their relative accuracy in measuring the desired
surface and atmospheric environmental properties.

~~ Task II is to develop a complete set of statistics necessary for Task I. It consists of deriving the
means and covariance matrix for all of the desired envi ronmental parameters. In all twelve matrices
are being computed corresponding to arctic , temperature and tropic latitudes under spring, summer,
fall and winter conditions.

<— Task III is to conduct a flight program using the NRL RP3-A aircraft and sensor complement to
obtain microwave measurements of marine wind speed, atmospheric liquid water and water vapor,
and precipitation over land and ocean to evaluate sensor performance models and data reduction
algorithms. The results of the flight program in September 1977 to measure precipitation over
land and sea aie presented.
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JOINT SERVICES 5D—2 MICROWAVE SCANNER DEFINITION STUDY

INTRODUCT ION

The Defense Meteorological Satellite Program (DMSP)
provides global weather information to support Department of
Defense world—wide military operations. Passive microwave
sensors offer the advantages, over devices operating at
infrared and optical wavelengths , that they can view the
earth’ s surface through a cloud cover and that they have
sensitivities to surface features and atmospheric properties
that are unique to this part of the spectrum. They can
thus provide information about the environment unobservable
at other shorter wavelengths. For these reasons a microwave
scanner is being developed for the DMSP.

This progress report presents the results obtained to
date by the Naval Research Laboratory from their participa-
tion in the Joint-Services Microwave Scanner Definition
Study . Three tasks have been undertaken.

Task I is a sensor performance analysis , system trade-
off study and algorithm development program. It is intended
to be responsive to analysis of new or innovative system
conf iguration ideas and compromises dictated by engineering
development of the sensor hardware as well as the development
of data processing algorithms. As such it is a continuing
program. It is constrained to the frequency range of 14 to
90 GHz and provides estimations of measurement accuracies
of marine wind speed, sea ice boundary , integrated atmospheric
liquid water and water vapor, precipitation rates over land
and ocean , and s~~.l moisture. It utilizes a theoretical
approach and environmental model but relies on an empirical
ocean roughness model and a statistical description of the
environmental conditions for a range of geographic locations
and sensors. Precipitation and soil moisture models are
provided by the Air Force. The results of this continuing
study , to date , are described in the second section of this
report.

Task II is to develop the statistics necessary for
Task I. It consists of deriving the means and covariance
matrix for the following environmental parameters:
Note : Manuscript submitted June 15. 1978.
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1. Surface Air Temperature
2. Air temperature vertical lapse rate
3. Columnar density of water vapor
4. Scale height of the water vapor profile
5. Surf ace pressure
6. Columnar density of non-precipitating liquid water
7. Surface rain rate
8. Surface wind speed
9. Sea surface water temperature.

In all, twelve matrices were computed corresponding to
arctic, temperate , and tropic latitudes under spring ,
summer, fall and winter conditions. The data base used
contains rawinsonde measurements, ground based weather
station observations , and ship observations at or near Jan
Mayen (70°57’N , 8°40’W) for arctic , Azores (38°44’N , 27°05’W)
for temperate and Truk (7°28’N , lSl°51’E) for tropic maritime
conditions. This effort has been subcontracted to Frank J.
Wentz and Associates. The covariance and the correlation
matr ices along with the mean standard deviations of each
environmental parameter are given in the third section of
this report.

Task III is to conduct a flight program using the NRL
R23-A aircraft and sensor complement to obtain microwave
measurements of marine wind speed, atmospheric liquid water
and water vapor, and precipitation over land and ocean to
evaluate sensor performance models and data reduction
algorithms. The results of the flight program in September
1977 to measure precipitation are described in the first
section of this report.

AIRCRAFT FLIGHT PROGRAM

Measurements were made during the period 12 through 30
September 1977 with the NRL RP3—A aircraft. The objective
was to obtain measurements of precipitation over both land
and water. A decision to fly or cancel was made prior to
each tentative fl ight based on weather information obtained
from Weather/Flight Operations at Patuxent Naval Air Test
Center (PAXNATC) and from Major Richard Savage at Air Force
Global Weather Center (AFGWC), Of futt Air Force Base. All
flights were from and return to PAXNATC .

Measurements were obtained with the following microwave
radiometers:

14 GHz Tunnel Diode Amp (13.5-15.0 GHz) H&V Pol
19.3 GHz Xtal Mixer (20—300 MHz IF , DSB) H&V Pol
22.2 GHz Xtal Mixer (5—500 MHz IF, DSB ) H only
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31.3 GHz Xtal Mixer (5—500 MHz IF, DSB) V only
89.5 GHz Xtal Mixer (1-2 GHz IF, DSB) V only .

All of the radiometers have antennas with a 7 degree half-
power beamwidth except the 90 GHz which is 2 degrees. The
90 GHz was primarily used in an imaging configuration (1)
where the beam is scanned at a rate of 10 scans per second ,
±32 degrees in the cross-track direction. All of the
radiometers, except the 90 GHz, were mounted on a palette
which can be rotated in flight to vary the direction of view
from nadir to 55 degrees from vertical in the aft direction.
The 90 GHz was mounted on the palette in place of the 14 GHz
for all flights after 19 September.

In addition to the radiometers , a PRT-5 Barnes infrared
thermometer operating in the 9.5 to 11.5 micron band was
used to measure cloud top temperatures. Outside air tempera-
ture , dew point temperature , and barometric pressure were
recorded . The inertial navigator outputs of latitude ,
longitude, true heading , ground speed , and wind speed and
direction were logged.

Flights were conducted on the 13, 14, 15, 19, 20, and
23 of September. Measurements of precipitation over land
were obtained on the 13th, 15th, and 20th and of precipita-
tion over ocean on the 14th. No precipitation was encountered
on the 19th and 23rd. The ground tracks for the flights of
13, 14, 15, and 20 September are shown in Figures 1, 2, 3,
and 4 respectively .

A complete description of the conditions along the
ground track for all flights is being assembled and prepared
by Major Richard Savage using the resources of AFGWC but is
:~ot yet available. The following conditions along the
flight path were determined by measurement and observation
from the aircraf t and by interrogating weather stations
along the route at the time of the flights.

On the 13th broken Cumulus clouds were observed at
15:20 GMT. By 15:44 GMT the sky was completely undercast.
A def inite rain patch was overflown in the time period
16:13-16:31 GMT. Another rain cell was overflown at about
17 :27 GMT. Clearing was gradually observed dur ing over-
flight of Lake Michigan at 17:41 GMT. From the National
Weather Service Map conditions on Lake Michigan were as
follows:

Surface Pressure : 1009.4 mb
Surface Air Temperature: 14°C
Relative Humidity : 94%
Wind Speed: 10 knots
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Rain was again observed from 17:50 GMT to 18:10 GMT.
Weather stations in the area reported light showers. Approx- S
imately 10 mm of rain fell in the area during the 24-hour
period .

On September 14th , clear conditions were observed from
17:24 to 18:03 GMT. Observations of rain commenced at 18:05
GMT and continued until approximately 19:30 GMT. From the
National Weather Service Map, conditions on the North
Atlantic at about 17:40 GMT were as follows:

Surface Pressure: 1006.4 mb
Surface Air Temperature : 18°C
Relative Humidity : 80%
Wind Speed: 15 knots

Only traces of precipitation were reported at land stations.

Rain was observed continuously during the flight of 15
September along the flight track from 16:35 GMT through
18:20 GMT. From the National Weather Service Map conditions
on Lake Michigan at about 17:20 GMT were as follows:

Surface Pressure : 1015.6 mb
Surface Air Temperature : 16°C
Relative Humidity : 91%
Wind Speed : 10 knots.

Light rain was reported by area weather stations during the
flight. Up to 25 mm of rain fell at places in the region
surrounding the southern and eastern edge of Lake Michigan.

Available ground truth for the flight of 20 September
shows broken Cumulus were first observed at 15:00 GMT,
towering Cumulus and complete undercast at 15:23 GMT, and
entrance into clouds at 22,000 ft at 15:37 GMT. Rain was
first observed at 16:00 GMT and proceeded to become heavier
and eventually mixed with hail  by 17:22 GMT . These condi-
tions prevailed unt i l  17:36 GMT when some clearing was
noted.

In order to ver ify the overall calibration of the
radiometers , the brightness temperatures measured at 17:41
GMT on 14 September over relatively calm seas and under
clear sky conditions are compared in Table 1 with brightness
tempera tures calculated using the NRL developed environmental
model (2). The environmental conditions were obtained from
coastal weather station reports and are also given in Table
1. Under these relatively benign conditions , the calculated
values should be most accurate and thus provide a good test
of the accuracy of the measurements. As can be seen , there

8
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TABLE 1

Comparison of Measured and Calculated Bri ghtness
Temperature for a Calm Sea

Date: 9—14—77

Time: 17:41 GMT

Altitude: 23,000 ft

Surface Pressure: 1006.40 mb

Surface Air Temperature : 18°C

Surface Relative Humidity : 80%

Surface Absolute Humidity : 12.28 gm/M3

Scale Height: 2.2 km

Total H20 Vapor: 2.88 gui/cm2

No Clouds

Sea Surface Salinity : 35.0 ppt

Sea Surface Temperature : 16°C
S Surface Wind Speed: 15 knots

S Frequency in GHz 14 19 22 31 90

Measured TB(°K) 125.9 140.6 175.4 158.4 233.0

Calculated TB(°K) 125.2 142.8 175.8 158.0 233.1

¶1
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is good agreement between the measured and calculated values;
the difference being less than l°K except at 19 GHZ where it
is 2.2°K.

Three por tions of the data of approximately one hour
duration were selected for each of the flights of the 13,
14, and 15th as being representative of the precipitation
measurements. The aircraf t was above the cloud system for
all of these measurements at altitudes of 26, 000, 23,000,
and 22,000 feet respectively. The nadir brightness tempera-
tures at 14, 19, 22, 31, and 90 GHz are given as a function
of time in Figures 5, 6, and 7 for 13, 14, and 15 September
respectively . The 90 GHz data shown is the average of the
central four beam positions obtained from the imager. This
results in an eight degree nadir field of view for compari-
son with the other profile radiometric data. The full 90
GHz image is given for these same periods in Figures 8A, 8B,
9A , 98, 1OA and lOB. The field of view is 64 degrees and
the flight track runs continuously from left to right along
eight successive rows . The f irst f igure in each set
describes the color coded brightness temperature image which
follows. Very roughly green corresponds to the brightness
temperature of land, blue to water , and white to clouds.
This is not, of course , strictly true since rain over water
can have a brightness temperature high enough to resemble
land .

The data for 13 September corresponds to a portion of
the f l ight track over Michi gan , preceeding across Lake
Michigan to Wisconsin and then returning back across the
lake. A river and various surface features are seen on all
channels except 90 GHz over Michigan. The eastern edge of
the lake is totally obscured at 90 GHz ; however , conditions
slowly clear as Lake Michigan is crossed , and the surface is
nearly clear by the western edge. These brightness tempera-
tures are consistent with a 2 mm/hr rain rate (3) over
Michigan and the eastern edge of the lake to an absence of
precipitation at the western edge. This is in agreement
with available ground truth.

The entire section of the f l ight track shown for 14
September is over the Atlantic off the northeast coast
except for a short turn around over Saint John , New Burnswick .
Again various land features in the vicinity of Saint John
are apparent on all channels except 90 GHz which is obscured. S

The rain continues to be opaque at 90 GHz well out into the
Atlantic , south of Saint John with occasional individual
rain cells visible on all channels. These cells appear

S green on the 90 GHz image of Figure 9B and are not to be
confused with land . The brightness temperatures of the rain
area over and south of Sain t John as well as the isolated

10
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cells are consistent wi th  very l ight  rain;  probably 1 mm/hr
or less (3).

The f l i g h t  path taken on 15 September is very similar
to that of the 13th . Conditions are also similar . The rain
is mostly to the east and sou th of Lake Michigan. The rain
rate on the 15th is probably greater than on the 13th. This
is indicated by the greater rain accumulation in the area ,
by the weather stations report of light rain rather than
li ght showers and by the visual observations at the time
from the aircraft. and observations from the aircraft at
the time~ The greater rain rate is suggested by the micro-
wave data as well. The lake is totally obscured at 90 GHz
and there is an apparent more intense region of rain at
about 17:16 GMT and again near the eastern edge of the lake
at 17:34 GMT. The 90 GHz shows a slight depression of about
8°K at 17:16 GMT while the 31 GHz shows a slight increase of
about 4°K. The other channels also show a relative absence
of surface features indicating an increased opacity at the
lower frequencies. This indicates a more intense region of
ra in over land of about 4 nun/hr (3). The rain cell over the
lake at 17:34 GMT is about 6°K warmer than the one at 17:30
GMT on the 13th at 31 GHz indicating more intense rain on
the 15th. The brightness temperature of about 244°K at 31
GHz for the cell at 17 :34 GMT indicates a rain rate in
excess of 2 mm/hr (3). There is also a rain cell at 17:44
GMT. Here the 90 GHz brightness temperature is depressed to
252°K where land with little or no precipitation has a
brightness temperature of closer to 280°K; e.g. in the
region of 16:40 GMT. There is also a relative absence of
surface features as during the cell at 17:16 GMT. Therefore
rain rates of 2 to 4 mm/hr are indicated.

These measurements substantiate the need for a 90 GHz
channel to detect very low rain ra tes and demonstrate the
ability of microwave radiometry to quanti fy  precipitation
over both water and land surfaces.

SENSOR PERFORMANCE ANALYSIS

In this section, candidate SSM/I systems are compared
with regard to their relative accuracy in measuring certain
atmospher ic and earth’ s surface parameters. The radiometric

- 
environmental model available at this time does not include
the environmental parameters of rain and soil moisture. The
parameters that were selected are thereby restr icted to a
mar ine environment and are : surface wind speed, sea surface
temperature , precipitable water (integra ted water vapor),
and integrated liquid water in the form of clouds.
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13 SEPTEMBER 1977 LAKE MICH IGAN

LAND VA
LAND

*LAND LAKE M I C H I G A N

LAKE M I C H I G A N

LANDLAKE~~~ICHIGAN (TURN AROUND 1 BACK TO LAKE)

LAKE M I C H I G A N  LAND

BORDER OF LAKE M I C H I G A N  NOT SEEN BECAUSE OF R A I N
1657-1811 LOCAL TIME
BLUE 170-255 K S

GREYJ (WHITE) 255-275 K
GREEN 275-330 K 

S

- 

~~~~REF ~~~~CAL

Fig. 8(a) — Schematic description of the 13 September color coded brightness
temperatur~ images in Fig. 8(b). Data reads left to right top to bottom.
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Fig. 8(b) — Color coded brightness temperature images for a
portion of the 13 September fl ight
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1~ SEPTEMBER 1977 STUJOHN

OCEAN

OCEAN

OCEAN

LAND
(s i. JOHN)

LAND

LAND OCEAN

OCEAN , WITH HEAVY RAIN (WHITE, GREEN)~~~~~~~~

OCEAN

1750-1902 LOCAL TIME
BLUE 170-255 K

WHITE , GREY 255-275 K
GREEN 275-330 K

REF CAL

Fig. 9(a) — Schematic description of the 14 September color coded
brightness temperature images in Fig. 9(b)
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Fig. 9(b) — Color coded brightness temperature images for a
portion of the 14 September flight
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15 SEPTEMBER 1977 GREAT LAKES AREA

LAND

LAKE S OUTSIDE MIL WAUKEE

LAND

LAKE MI CHI GAN

LAND

16’42-17V LOCAL TIME

BLUE 170-155 K
GREY 255-275 K
GREEN 275-330 K

~1
REF ~~~CAL

Fig. 10(a) — Schematic description of the 15 September color coded brightness
temperature images in Fig. 10(b)
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Fig. 10(b) — Color coded brightness temperature images for a
portion of the 15 September flight
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Because of the over water measurement conditions , the
radiometric earth incidence angle was chosen to be 55 deg.
for maximum separation of the horizontal and vertical
channels during a variety of sea states (4). The radiometric
measurement noise was varied and the frequencies and polari-
zations were changed and their effects on estimation precision
were recorded using the NRL developed estimation techniques
(2)

A major input to the estimation technique is a set of
parameters which appreciably affect radiometric brightness
temperatures. As previously mentioned, a complete set of
these will be available at the end of May. For this report,
an interim set of covariance matrices was constructed from
available seasonal statistics. In these matrices the cross
terms were set equal to zero due to the lack of information
about cross correlations in our data sources. The effect of
this simplification is unknown at present, but it is believed
that it will not appreciably affect the results qualita-
tively. The climate chosen for analysis will be a worst
case 45°N latitude mid-North Atlantic in July with a thick
(1 Km) cloud and no rain.

There are an inf inity of possible cases consisting of
various environmental parameters , and possible radiometric
channel combinations which may be considered . At this

S stage , to narrow down the task, the analysis is restricted
to combinations of environmental parameters and system 

S

configurations suggested for the SSM/I. The environmental
parameters considered are sea surface temperature , marine
wind speed, precipitable water vapor and iiquid water in the
form of clouds. The sea/ice boundary presents a strong
constrast signal and is generally less than 3 Kin, and
usually less than 1 Kin, wide and thus its location depends
primarily on the system resolution and does not require the
present trade—off analysis. The system configurations
considered include combinations of the strawman system
suggested in the SSM/I Specification Document, containing
channels at 19.5, 22.2, 37.0 and 90 GHz, as well as the
inclusion of a 14.5 GHz channel. Although the 90 GHz
channel is included in the analysis here, it should be kept
in mind that its value primarily rests upon its ability to
detect low rain rates over water and land and its higher

S resolution for sea/ice boundary location which are not part
of this analysis. Therefore, a lower utility of this
channel relative to the lower frequencies in the present
analysis does not mean it should not be given strong consid—
eration as part of the final system configuration. A final
consideration in this study is the relative merits of 18
versus 19 GHz and 21 versus 22 GHz for the determination of
wind speed , sea surface temperature and water vapor.
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The radiometric measurement noise is, of course, a
large factor in the environmental parameter estimation
error , the lower limit on the precision will probably be
around 0.1K and an upper limit on the accuracy is possibly
2K. In what follows, this should be kept in mind in ana-
lyzing the graphs.

Figure 11 shows the ability of a five—frequency radiom-
eter system to measure sea surface temperature as a function
of the radiometer noise (all radiometers assumed to have the
same noise). The sea surface temperature estimate is perfect
if the ability to measure is 1 and useless if the ability to
measure is 0. In between 0 and 1, the ability to measure is
one minus the ratio of the rms residual error to the ritts
a priori error. So, for the case in Figure 11 the rrns
a priori error is 2.3K , and for curve 1 and no radiometer
noise, the sea surface can be measured to a residual accu-
racy of 0.97K. Curve 1 is for a radiometer system consisting
of both polarizations at each of the frequencies 14.5, 19.4,
22.3, 31.4, and 90 GHz. Curve 2 is also for a five—frequency
radiometer system , but with only one polarization measured
at each frequency . Specifically , there are l4.5V, 19.4H,
22,2H, 31.4V, and 90V GHz, where the V refers to vertical
polarization (E field in the plane of incidence) and H
refers to horizontal polarization .

There is some question as to the usefulness of a 22.2
GHz radiometer as opposed to a 21 GHz rad iometer and an 18
GHz as opposed to a 19.4 GHz radiometer. Figure 12 shows
there to be advantage to using the 22.2 rather than the 21.
In both Figures l2a and l2b, X ’ s below the frequency and
polarization column indicate that a measurement is made at
that frequency and polarization. The rows of Xt s then
correspond to a particular system and the point on the graph
colinear with the X ’ s is the residual error for that parti-
cular system. In the columns of X’s, it is noted that the
22.2 GHZ is removed (going from top to bottom) before the 21
GHz, this corresponds to the dotted graph line. Interchange
the columns under the 21 and 22.2 GHz headings to obtain the
configura tion of X ’ s which corresponds to the solid line
graph. The a priori error is the error in estimating the
precipitable water with only a knowledge of its average
value available.

Figure 13 is a set of graphs designed to show the
effect on estimating surface winds and sea surface tempera-
ture of removing the 18 or the 19.4 GHz radiometer. However,
here it was found that although eliminating the 18 GHz had a
slightly greater effect than eliminating the 19.4, the
difference could not be graphed on this scale. So inter-
changing the columns headed by 18 GHz and 19.4 GHz will have 

S

negligible effect on these graphs. S
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Fig. 11 — Ability to measure sea surface temperature as a function of radio-
meter noise. Curve 1 corresponds to a radiometer system measuring both
polarizations at each of the frequencies 14.5, 19.4, 22.2, 31.4, and 90 GHz.
Curve 1 corresponds to a system with only one polarization at each of 5 fre-
quencies 14.5V , 19.4H, 22.2H, 31.4V, and 90V GHz. The V refers to ver-

S 
- 

tical polarization and H to horizontal polarization.
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Figures 14 and 15 show the effects of eliminating each
of the radiometers from a five-frequency strawman system of
14.5, 18, 22.2, 37 and 90 GHz. For this system , the 37 GHz
appears to affect the accuracy of the surface wind measure-
ment more than the other frequencies; probably because the
18 and 14.5 measure nearly the same parameters and the large
cloud used in the environmental model is best accounted for
by the 37 GHz.  The accuracy of the sea surface temperature
measurement seems to be affected most by elimination of the
14.5 GHz and the 37 GHz.

The precipitable water measurement in Figure iSa shows
an expected large jump in residual error when the 22.2 GHz
horizontal polarization channel is eliminated. The integrated
liquid water measurement in Figure l5b shows dependence on
22.2 , 37 , and 90 GHz horizontal polarizations with both
polarizations of the 37 GHz being important for this parti-
cular set of conditions.

Figures 16 and 17 consider the effects of eliminating
one of a five-frequency set of either vertically or horizon-
tally polarized radiometers on the measurement of precipi-
table water and integrated liquid water. As expected , the
22.2 GHz is most sensitive to the water vapor, and the 37
GHz is most sensitive to the cloud in all four figures. The
90 GHz seems to be more important in measuring the water
vapor than the 37 GHz and eliminating either the 14.5 GHz or

S the 18 GHz has little effect on measuring either liquid
water or water vapor.

Three radiometer systems chosen from the five-frequency
strawman of 14.5, 19.4, 22.2, 37, and 90 GHz are examined in
Figures 18 and 19. The surface winds are relatively indepen-
dent of the choice of systems of three radiometers with the

S 14.5, 22.2, and 37 GHz systems a slight favorite. The sea
surface temperature is also measured best by the 14.5, 22.2,
and 37 GHz system with the 14.5, 37 , and 90 GHz system
almost as good .

• The three best for measuring water vapor are the 14.5,
22.2, and 90 GHZ, but they are very poor for surface winds
and sea surface temperature. The best for liquid water are
the 19.4, 37 , and 90 Ghz system. The 14.5, 22.2, and 37 GHz
system seems to be the overall best for measuring the four

S environmental parameters chosen here.

Figures 20 and 21 show trade-of fs between two—frequency
S • systems selected for the same five-frequency set previously -

used. In surface wind estimation, they all seem to do
equally badly , except for the 22.2 and 90 GHz system which
appears worst. For the sea surface temperature, the 14.5 S
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and 37 GHZ system is clearly the best, but also one of the
worst for precipitable water and liquid water. Conversely ,
the 22.2 and 90 GHz system appears best for the precipitable
water and liquid water estimates.

ENVIRONMENTAL STATISTICS

The following printout give the covariance and the
correlation matrices along with the mean and standard
deviations of each environmental parameter .
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