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SSM/I PROJECT SUMMARY REPORT

I. INTRODUCTION

The Microwave Environmental Sensor System, referred to as the Mission
Sensor Microwave/Imager (SSM/I), is a joint Navy/Air Force Project. It is a
passive microwave radiometric system developed by the Hughes Aircraft
Company under the direction of the Navy Space Systems Activity (NSSA) and
the Air Force Space Division to be flown on the Defense Meteorological
Satellite Program (DMSP) operational spacecraft as an all weather oceano-
graphic and meteorological sensor. The Space Sensing Applications Branch of
the Naval Research Laboratory (NRL) has served as technical consultant to
the NSSA beginning in fiscal year 1982.

In this capacity NRL has performed a number of studies and analyses
requested by NSSA, prepared a draft SSM/I calibration/validation plan and
conducted the SSM/I Calibration/Validation Workshop on 10 and 11 August
1982. This report is intended to describe and document these efforts. In
addition, a description of the instrument and the geophysical retrieval
algorithms is included so that this report might also serve as an intro-
duction to the SSM/I for those individuals who have an interest in the SSM/I
or its geophysical data products.

A summary description of the SSM/I instrument is presented in Section
II. Section III contains a description of the environmental retrieval
algorithm designed by Environmental Research and Technology, Inc. (ERT)
under subcontract to Hughes Aircraft Company. Five letter reports,
describing studies which were conducted at the request of NSSA, are attached
as Appendix A through E.

II. DESCRIPTION OF THE SSM/I

The SSM/I is a seven channel, four frequency, linearly polarized,
passive microwave radiometric system. The instrument measures
atmospheric/ocean surface brightness temperatures at 19.3, 22.2, 37.0, and
85.5 GHz. These data will be processed by the Naval Oceanography Command
and the Air Force Air Weather Service to obtain near real time global
precipitation maps, sea ice morphology, marine surface wind speed, columnar
integrated liquid water, and soil moisture percentage. In addition, Navy
and Air Force DMSP tactical sites will be capable of receiving this same
data directly from the satellite to satisfy their unique customer mission
requirements.

The DMSP Block 5D-2 satellite and the SSM/I are depicted in Figure II.1.
The instrument consists of an offset parabolic reflector of dimensions 24 x
26 inches, fed by a corrugated, broad-band, seven-port horn antenna. The
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reflector and feed are mounted on a drum which contains the radiometers,
digital data subsystem, mechanical scanning subsystem, and power subsystem.
The reflector-feed-drum assembly is rotated about the axis of the drum by a
coaxially mounted bearing and power transfer assembly (BAPTA). All data,
commands, timing and telemetry signals, and power pass through the BAPTA on
slip ring connectors to the rotating assembly.

A small mirror and a hot reference absorber are mounted on the BAPTA and
do not rotate with the drum assembly. They are positioned off axis such
that they pass between the feed horn and the parabolic reflector, occulting
the feed once each scan. The mirror reflects cold sky radiation into the

feed thus serving, along with the hot reference absorber, as calibration
references for the SSM/I. This scheme provides an overall absolute
calibration which includes the feed horn. Corrections for spillover and
antenna pattern effects fror the parabolic reflector are incorporated in the
data processing algorithms.

The prototype of the SSM/I is shown in the stowed position in Figure
11.2 and deployed in Figure 11.3. The feed horn antenna may be seen in
Figure 11.2 and the sky reference reflector in Figure 11.3. The hot
absorber reference is under the thermal blanket in both figures. Photo-
graphs of the feed horn antenna, sky reference reflector, and hot absorber
reference are given in Figures 11.4, 11.5, and 11.6, repectively.

The radiometers are total power, balanced mixer, superheterodyne type
receivers. The exact operating frequencies and radiometric performance

characteristics are given in Figure 11.7. The weight, size, power, and

orbit specifications are given in Figure 11.8.

Details of the scan geometry are shown in Figure 11.9. The SSM/I
rotates at a uniform rate making one revolution in 1.90 seconds during which

time the satellite advances 12.5 km. The antenna beams are at an angle of
45°0 to the BAPTA rotational axis, which is normal to the earth's surface.
Thus as the antenna rotates the beams define the surface of a cone and, from
the orbital altitude of 833 km, make an angle of incidence of 53.1 at the
earth's surface. The scene is viewed over a scan angle of 102.40 centered
on the ground track aft of the satellite resulting in a scene swath width of
1394 km. The radiometer outputs are sampled differently on alternate scans.
During the scene portion of the scans labeled scan A in Figure 11.9, the
five lower frequency channels are each sampled over 64 equal 1.60 intervals
and the two 85.5 GHz channels are each sampled over 128 equal 0.80 intervals
or approximately each 11 km along the scan. During the alternate type B
scans, only the two 85.5 GHz channels are sampled at 128 equal intervals.
Sampling, to 12 bit precision, is accomplished by the integrate, hold and
dump method with an integration period of 7.95 milliseconds for the five
lower frequency channels and 3.89 milliseconds for the two 85.5 GHz
channels. Alternate 0.80 intervals are centered on the midpoints of the

1.60 intervals so that samples of all seven channels are collocated with
additional 85.5 GHz samples equally spaced between them. Thus the five
lower channels are sampled on an approximate 25 km grid along the scan and
along the track. The two 85.5 GHz channels are sampled at one half this
spacing both cross and along track.
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Figure 11.2 The prototype of the SSM/I in the stowed position
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Figure 11.3 The prototype of the SSM/I in the deployed position
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Figure 11.5 The sky reference reflector of the SSM/I
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The hot absorber and cold sky reflector references are each sampled in
the same manner as the scene data but over total angles of 8.00, rather than
102.h ° , as they occult the feed horn during the remaining portion of the
scan. The scene, absorber and reflector samples along with the temperature
of the absorber, various instrument parameters and zero's required to match
input and output data rates result in 3636 bit blocks of data each second.

The radiometer outputs are converted to absolute antenna temperature
using the hot and cold sky reference measurements and then corrected for
antenna pattern effects to obtain absolute brightness temperatures. The
brightness temperatures are then used with a "D" matrix retrieval algorithm
to estimate variuus environmental parameters. The measured environmental
parameters, the geometric resolution, and the range, quantization and
absolute accuracy of the measurements are given in Figure I.10.

III. ENVIRONMENTAL RETRIEVAL ALGORITHM

The SSM/I environmental retrieval algorithm includes several important
components: climatology and radiosondes, an interactive (radiative transfer)
model, a geophysical model and the parameteric extraction algorithm. Figure
III.1 shows the relationship among these elements. The geophysical model
and the interaction model are employed in the brightness temperature (T

B'simulations. The D-matrix approach is used for all parameter extraction
except for sea ice morphology. In that case, a deterministic approach is
used. The environmental retrieval algorithm was developed at Environmental
Research and Technology, Inc. (ERT) under a sub-contract from Hughes
Aircraft Company. Detailed documentation of the algorithm and models was
not part of the contract and is not generally available. The following
sub-sections contain descriptions of the geophysical and interactive models,
the environmental parameters, the climatology, and the parameter extraction
algorithm as compiled from several different sources (1,2,3,4). This
section serves as a comprehensive digest of the SSM/I environmental
retrieval algorithm.

A. Geophysical Models

A.1 Ocean Surface Wind Speed

The calculation of the emissivity of a smooth water surface is
relatively straightforward. The dielectric properties of sea water, derived
from the measurements of Lane and Saxton (5) and expressed in analytic form
by Chang and Wilheit (6), are used for the SSM/I algorithm. The Fresnel
equations for a plane dielectric interface are used to calculate the
emissivity of the smooth surface for a given view angle and polarization.

Wind driven waves and foam on the ocean surface both significantly alter
the microwave emissivity of the ocean surface. The wind speed is highly
variable both horizontally and vertically. Marine wind speed measured from
a ship is usually referenced to a standard height of 20 meters. However,
the wind speed which directly relates to roughness and foam, and the one
used in the development of the physical relationships, is the friction
velocity at the ocean-sea interface. The relationship developed by Cardone
(7) is then used to translate it to the standard 20 meter height.
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The roughness effect is modeled using a study by Cox and Munk (8) and
treating the sea surface as a collection of plane facets large compared to
the observational wavelength. The variance in sea surface slope is defined
as a function of wind speed and then used for calculation of emissivity
assuming a Gaussian slope distribution for the facets and using the Fresnel
r~lations. The derived wind speed dependence of the surface slope variance,
, is given by

2
2(f) = (0.3 + 0.02 f) (0.003 + 0.48 W) for f < 35 GHz, and

(111.1)

= 0.003 + 0.48 w for f > 35 GHz;

where f is frequency in gigahertz (GHz) and W is the wind speed at 20 meter
height in m/sec.

In the ERT model, foam is treated as partially obscuring the surface in
a manner independent of polarization but dependent upon frequency. The foam
fraction, K, is defined as

K = a(l - e o) (W - 7) for W > 7 m/sec, and

(111.2)

= 0 for W < 7 m/sec;

where a = 0.006 sec/m and f is 7.5 GHz. This equation is based on
Nordberg's (9) observation ?hat the brightness temperature increases
linearly with wind speed exceeding 7 m/sec, and that no foam forms below
that wind speed.

Figure 111.2 demonstrates the response of ocean surface wind speed at 19
V and H, 22 V, and 37 V and H, assuming a tropical clear atmosphere.

A.2 Precipitation Over Ocean and Land

Precipitation size droplets are the primary contributors to atmospheric
attenuation at microwave wavelengths. The attenuation results from both
absorption and scattering by the hydrometeors. The magnitude of these
processes depends upon wavelength, drop size distribution, and precipitation
layer thickness. This leads to the potential application of microwave
observations for the detection of precipitation as well as the estimation of
rain rate at the surface.

At lower frequencies, such as 19.35 GHz, rain is highly absorptive and
results in an apparent warm brightness temperature over cold backgrounds
such as the oceans. At frequencies greater than about 80 GHz, scattering
effects become predominent and result in an apparent cool brightness
temperature relative to warm backgrounds such as land (10). These effects
increase with increasing rain rates.

15
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Some of the important physical properties of precipitation affecting
microwave radiation are the drop size distribution, rain layer thickness,

and the possibility of ice crystal coverage above the rain layer.

The drop size distribution employed for the SSM/I rain algorithm is
derived by fitting the Deirmendjian distribution to the empirically observed
spectra of Laws and Parson (11). The Deirmendjian distribution is defined
as

C1  C
n(r) = Ar exp (-Br , (111.3)

where n(r) is the drop size distribution in cm-m -I, r is the radius of
rain drops in pm, and A and B are scale parameters.
Here, /Me2  I "B c + 4 ) / c 2 I

where M is the total liquid water content in gm/m,, and

M Pw 4 r3 YI(r)dr

C2 -C2

B ( r ° 2

and r is the mode radius in pm. The shape parameters are C and C 2 The

former of these, affects the distribution of the smaller radii while the
latter affects the larger radii.

The analytical results from fitting the Laws-Parson empirical spectrum

are M = 0.0636 (R 8 8 1 ) (gm/cm 3), where R is rain rate in mm/hr,

r = 225 +9.16 (R 881); (r o)max = 375 Pm,

C1 = h.o, (111.4)

C2 = .70 - .00458 (R 881); (C2 )min = .625.

This formulation relates the rain rate to mode radius and liquid water

density. It parameterizes the distribution as a function of rain rate only
and thus simplifies the solution to the Deirmendjian distribution. On the

other hand, it still retains the sensitivity of scattering to drop size,
which would be lost if the simpler Marshall-Palmer distribution is used.

Figure 111.3 shows the good agreement between the Deirmendjian model and the
Laws and Parson distributions.

For weak storms with low rain rates, R<8 mm/hr, the ceiling for the rain
layer does not exceed the 0 C isotherm. For more intensive convective

storms, the ceiling is higher with a supercooled water layer on top. The

17
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thickness of this layer depends on the intensity of convection. Climatology
using categories of latitudes (tropics, mid-latitudes and Arctic regions)
and surface types (land and ocean) is used to provide the estimation of the
supercooled water layer thickness as a function of rain rate. The thickness
of the supercooled layer, AZ, for rain rates in excess of 8 mm/hr, is given
as

AZ = (R - 8.0) Zinc,
and (1II.5)

AZ < Z

where Zinc and Zmax are determined from climatology (1).

At lower frequencies the absorption effect of ice particles is
insignificant, but large ice or snow crystals, which may occur on the top of
a storm, can cause significant scattering effects at 85.5 GHz. From simu-
lation studies, it is evident that layers of ice particles having a size of
4OO pm would cause the loss of all sensitivity to rain rate. With 200 gm

particle size, the effect could also be significant depending on the layer
thickness. For most rain conditions, the typical ice particle size is 100
mm, which does not cause significant attenuation at 85.5 GHz. A 1 km thick
cloud layer of 200 pm ice particles would be considered unusually severe
(1).

Brightness temperature calculations are based on the radiative transfer
theory and the atmoshpere and rain models. The brightness temperature
versus rain rates over mid-latitude ocean and over mid-latitude land are
presented in Figures III.h and 111.5. These calculations include the
presence of supercooled water layers for rain rates above 8mm/hr. The 19.35
and 37.0 GHz frequencies are used for retrieval of rain over ocean, while
the 37.0 and 85.5 GHz are used over land.

A.3 Cloud Water Over Ocean and Land

Cloud water is defined to consist of droplets smaller than 100 m in
diameter. Droplets this size produce negligible scattering at the SSM/I
frequencies and only absorption due to the mass of water present need be
considered. The absorption coefficient, ) , in nepers/m for droplets with
diameter small compared to a wavelength is given by Staelin (12) as

1.0016 x lo4 m 100.0122(291-T) (11.6)

where m is liquid water content gm/m3; T is atmospheric temperature in K and
X is wavelength in cm.

The water vapor in the cloud is taken as the saturation value. The
absorption coefficient for water vapor is computed using the Van-Vleck and

19



260,
19

H

~230-

WH
0w H
w

200

w

I-

ra 170
C',
w
=
CD

Cr 140

0 10 20 30

RAIN RATE (mm/hr)
Figure III.I Brightness temperature vs. rain rate over mid-latitude ocean

background at 19.35 and 37 GHz~ vertical and horizontal
polarizations (look angle =50 )

20

ii/



280

19V

0w 2 7 0
0%-0 1.9 H

w

i 260-
w

w

cn250-
z

I-

(r)
a'240 -

030

23 5 10 15 20 25 30

RAIN RATE (mm/hr)
Figure 111.5 Brightness temperature vs. rain rate over mid-latitude land

at 85.5, 37 and 19.35 GHz. The look angle is assumed to be
0

50

21

(.9-,>



Weisskopf (19) collision broadened line shape with an empirical correction
term for the wings of the line (20). The absorption coefficient of oxygen
is computed using line shape factors defined by Rosenkranz (21). These are
computed for all parameters for each level and integrated using the
radiative transfer equation to provide brightness temperatures. The
response due to cloud water at 19, 22, and 37 GHz over a mid-latitude ocean
background is shown in Figure 111.6. The figure is an idealized
demonstration assuming the existence of only one type of cloud.

In general, the retrieval of cloud water over the ocean can be achieved
with a high degree of accuracy due to the fact that the ocean surface is a
cold background in the microwave range, and is relatively homogeneous. The
retrieval of cloud water over land can be difficult because the land back-
ground is much warmer than the ocean and results in less contrast between
cloud and background and because the variations in the land background are
significant relative to the cloud contrast. As a result, cloud signatures
frequently fall within the environmental noise range.

When rain occurs, the sensitivity of the algorithm to cloud water is
lost. Criteria including the 85.5 GHz vertical polarization brightness
temperature, and the brightness temperature difference between the
horizontal and vertical polarizations at 85.5 GHz, have been set to
determine whether rain exists over land. Similar criteria using 37.0 GHz
data have been chosen for ocean cases. These are used to determine whether
cloud water or rain rate is to be retrieved. The brightness temperature
criteria are given for different latitude regions and seasons. Those for
mid-latitude land for spring and autumn and tropical ocean for summer are
illustrated in Figures 111.7 and 111.8.

A.h Soil Moisture

The soil moisture model developed for SSM/I is based on the concept that
thermal microwave radiation in soils results from the random, microscopic
current loops within the soil volume (13). The intensity of radiation at a
given point depends on the local dielectric constant and the physical
temperature of the soil. Moisture produces a marked increase in both the
real and the imaginary parts of the dielectric constant of soil, leading to
a decrease in the soil emissivity. Experimental observations and
theoretical calculations indicate that the emissivity of soil at microwave
frequencies can range from > 0.9 for dry soils to < 0.6 for very moist
soils.

A generalized incoherent layered surface model (24) was used to simulate
expected SSM/I soil moisture signatures. In this model, layers of soil with
different moisture contents are modeled as multilayer media, with the
reflection coefficients between layers and opacities within the layer
calculated from the dielectric properties of the medium.

For a plane dielectric-air interface the Fresnel coefficients are

cos 0 - sin 20FH = (I1I.7)

cos 0 +Vc-sin 2

22
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F -C cose (111.8)

C Cos# sin 2

where the dielectric constant of soil is c. The angle of incidence is 9 and
the horizontal and vertical polarizations are denoted by H and V. The
reflection coefficient is the square of the absolute value of the Fresnel
coefficient.

RH = IFH 12  and RV = lFvI2  (111.9)

The soil moisture model uses existing measurements of the dielectric
properties of the soil. The layered surface is combined with the radiative
transfer equations of the atmosphere to obtain brightness temperatures for
the generation of the inversion algorithms.

Figure 111.9 gives the predicted emissivity at 1.43, 19 and 37 GHz as a
function of soil moisture. The SSM/I soil moisture retrieval uses only the
19 GHz H and V channels.

Choudhary and Schumugge (14) developed a simple correction factor to the
reflectivity to take into account the surface roughness effect. The
corrected reflection coefficient is given by

2
R'(8) = R(O) exp (-h cos 6),

where (III.10)

h =4 2 (21/A) 2

2.
a is the variance of the surface roughness, A is the observational
wavelength and h at 19 GHz is assumed to vary between 0 and 0.6.

A.5 Sea Ice

A detailed geophysical model is not used for sea ice since the sea ice
parameters are not obtained from the general "D" matrix retrieval algorithm
employed for the other geophysical parameters but rather are obtained from
deterministic equations with empirically determined constants. The
upwelling brightness temperature sensed by the SSM/I radiometer from a scene
containing various amounts and types of sea ice may be expressed as

TBp = e- 1C'F (Elp Tf + (1-Cfp) Tsk) + C'(I-F) (Cmp T m + (1-C rp) Tsky

+ (1-C) (+TT +(l£ )T s + at m

26
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where T is total atmospheric opacity; p indicates polarization (H or V), C
is the fraction of sea ice including all ice types; F and M are fractions of
first year ice and multiyear ice relative to the total ice present and

F+M=l. The emissivities are given byE , and T is the surface temperatures

in Celsius. Subscripts f, m, and w indicate first year ice, multiyear ice,
and sea water. T , is the incident sky temperature at the surface, and
Tatm is atmospheric contribution to the upwelling radiation.

The difference between the vertical and horizontal emissivities at 37
GHz (see Table III.1) exhibits significantly less dependence on ice age than
the corresponding 19.35 GHz emissivity differences or the vertical and
horizontal components themselves at either frequency. This property is
employed to obtain the ice concentration using only the difference in the
vertical and horizontal 37 GHz brightness temperatures through the
deterministic inversion method.

The algorithms used to extract sea ice concentration and ice temperature
are given by

C = a + 1 IT (37) - T BH(37)] (111.12)

=[(a 2 + a TBV(37)/C + a4  (111.13)

Ice type is determined by the derived temperature T in the following manner:

FY if T > To,

MY if T < T
0

The coefficients a thru a4 , as well as T are different for each season
of the year and are

a°  a1 a2 a3 a4  T 0

winter 1.165 -0.0206 -217.70 1.1050 192.28 218.0
spring 1.164 -0.0176 -217.70 1.1050 192.28 218.0
summer 1.164 -0.0176 -219.06 1.1050 193.64 228.0
autumn 1.163 -0.0276 -219.06 1.1050 193.64 228.0

The ice edge locations is determined using a two dimensional
interpolation technique. If a pixel is determined to be ice by the above
algorithm, the four cardinal adjacent pixels (two perpendicular and two
along the scan) will also be tested. If any of these four pixels is found
to be water, the center pixel will be flagged as the ice edge.

B. Interaction Model

The geophysical models define the physical and electromagnetic
properties of the surface and atmospheric constituents. The interaction
model determines the radiative transfer properties of the total
surface-atmospheric system. The liquid water present in the system
dominates the radiative transfer calculation. When only very small droplets
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in the form of clouds are present, the calculations are relatively simple
because only absorption effects need be considered. However, when
scattering is present, e.g., in the case of precipitation, a much more
complicated scheme must be employed. The Mie theory is employed to evaluate
the extinction coefficients and a variational, iterative approach (16, 17)
is used to solve the radiative transfer equation.

The radiative transfer equation, using the Rayleigh-Jeans approximation
for a blackbody, can be written as

dT = TB (A,) - T, (111.14)

dr'

where T is the brightness temperature and T is the physical temperature in
B

degrees K; r' is the total opacity of the atmosphere along the line of sight
(in nepers); Z is the height and 0 is the look angle. When no scattering is

present, TB sensed by the satellite can be written as (18)

TB(Z , ) = TGB(Z, ) + I(-R) TG + R TB ] exp (-r') (111.15)

where T is the upward atmospheric emission; R is the effective surface

reflectivity; T is the surface temperature, and T is the downwardG B 2
atmospheric emission plus the attenuated sky background emission.

Intergrating over the entire atmospheric yields.

H
TBl = /T(z)7(z) exp I - J (z') sec dz'] sec~dz,

and (111.16)
-T' H

T =T eT  + f T(z)y(z) • exp '[ v(z')sec~dz']sece dz
B2 sky fJ

H 0
where r = f (z) sec dz. Here H is the height of the radiometer andV

o

is the total extinction coefficient at height z.

The Mie scattering theory is the formalism used to account for the
coupling of the absorption and multiple scattering effects when rain is
present. It is based on the diffraction of a plane monochromatic wave by a
sphere with a homogeneous complex index of refraction. The absorption in
the sphere and the scattered wave are calculated to provide the extinction
coefficient and single scatter albedo.

QE = QA + QS'
.0 =  Qs/QA '(11117)

where the Q's are efficiency factors defined as the ratio of 
actual to

geometric cross sections. A, S, and E indicate absorption, scattering and
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extinction. w0 is the single scattering albedo. The extinction coefficient
is derived by integrating the efficiency factor over the drop size
distribution encountered in the geophysical model for rain.

IVE =JN(r) QE r2 dr (111.18)

Note that Q is a function of wavelength, temperature and drop size. The
radiative transfer equation is now

dTB ('0) = TB (z,) - Ts (z,O) (111.19)
dr'

The difference between this and equation (III.lh) is that the source
function is no longer the physical temperature. Equation (111.19) can be
written as

dT (T)
=r T B(r, ) - T S(r,j,) (111.20)

where s = cos 9 and 7 = r' ,'p.

TS [1- T o /p(,,') TB(r, ,) dm' (111.21)21
where P is phase function. It is reduced to 1 in the isotropic scattering
case. It can be shown that the integral equation for the source function
TS including the boundaries i

TT) [-rJ .Tke]7+ 0 O Tr(T) El( (T-ri )dr

(111.22)
W (r)r( 1) i

+---E (*-) + R TS (T) exp --
2 2 LlJG+ L SJ

0

where r* is total optical depth of the atmosphere and En is

En (x) =f1exp (-x/$)M n- 2 d

The variational-iterative approach (16,17) is then used to solve for the
integral for T . The method essentially finds the "extremum" of a function

in N-dimensional parameter space. It is a fast and accurate technique for
handling large ensembles of data.

C. The Retrieval Technique and Climatology.

The statistical inversion method is used for retrieving the geophysical
parameters with the exception of the ice parameters, from the brightness
temperatures. The method determines the statistical correlations between an
ensamble of sets of brightness temperatures derived from the environmental
model and the associated environmental parameters. The resulting
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correlation cofficients are contained in the so-called D-matrix. This
technique assumes a linear relationship between the T B's and the physical
parameters.

P* = D t, (111.23)

Where p* is the vector of estimates of the parameters, t is the vector of

brightness temperatures and D is the D-matrix.

C.1 Averaging technique for each parameter

Another feature used in the inversion process is to "tune" the D-matrJx
to the average value of each parameter. Though the resulting inversion is
still linear in brightness temperature, D is now focussed on a correlated
deviation from the statistically averaged values of the parameters. The
D-matrix is determined from the least squares process based on the actual
parameters and the corresponding simulated brightness temperatures.

C.2 Separate inversion scheme for each climatology.

In order to minimize non-linearities between the TB's and the
environmental parameters to be derived, and hence to enhance the accuracy of
the retrievals the earth is divided geographically into three major regions
over four seasons (see Table 111.2). Transition zones are also designed to
avoid drastic transition between the neighboring regions. Stations,
representative of each climate region, are selected for the collection of a
atmospheric radiosondes and surface observations necessary for the
calculation of the brightness temperatures needed for the construction of
the D-matrices. The stations selected are shown in Table 111.3.

C.3 Piece-wise Scheme for regression

Another type of non-linearity encountered in the retrieval of the
geophysical parameters involves the relationship between the parameter and
brightness temperature. The radiative signatures, particularly rain rate,
are highly non-linear. The signatures for no rain, light rain, and heavy
rain are very different. A piece-wise decision test for rain was designed.
The algorithm for the estimation of rain over ocean is shown in Figure
111.8. The criterion for no rain, light rain, and heavy rain are the 37.0
GHz vertical polarization and the difference between the vertical and
horizontal polarization brightness temperatures at 37.0 GHz. The criteria
for rain over land are based on brightness temperatures from both the 37.0
and the 85.5 GHz channels. (See Figure 111.9.) For each of the categories,
seasons and locations, a separate D-matrix is available for retrieval
purposes.
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NRL COMMENTS ON THE ERT SST STUDY FOR THE SSM/I

Robert C. Lo and. James P. Hollinger
Space Sensing Applications Branch

Naval Research Laboratory
Washington, DC 20375

In anticipation of the presentation of the sea surface temperature
(SST) studies by Environmental Research and Technology, Inc. (ERT), at
El Segundo, CA on November 24, 1981 NRL requested and received copies of
the report. In the few days available before the presentation NRL
examined the report and conducted a number of comparison studies;
particularly in the area of sensitivity of the SSM/I instrument to
changes in the SST. Results analogous to Figures 2-1 to 2-6 of the ERT
report (Ref. 1) are attached as Figures 1 to 6. These were simulated
using an environmental model previously developed at NRL (Ref. 2). The
set of figures were presented to ERT's Dr. K. Hardy and Commander F.
Wooldridge of NSSA at the conference. Note that the rain cases shown in
the ERT figures are not included in Figures 5 and 6 because the NRL
model does not yet contain a rain algorithm. Comparing figures 1
through 6 with the corresponding figures in the ERT report, shows that
the two sets are in general agreement. The only sifnificant discrepancy
between them are the curves representing 15 m sec-i wind in Figures 3
and 4. Dr. K. Hardy of ERT, who made the presentations at the November
24th conference, stated that the ERT 15 m sec -I curves are in error.

The D-matrix algorithm previously developed at NRL is distinctly
different from that used by ERT. Trade off studies were done at NRL in
1978 during the definition study phase of the SSM/I (Ref. 3). In-
cluded in these studies is a sensitivity study of radiometric noise on
SST estimations. The climatic data selected for this sensitivity study
were mid-latitude summer (see Ref. 3). The study used 5 frequencies with
2 polarizations each (i.e. 14.5 H,V and 22.2 H in addition to the SSM/I
frequencies). This early study indicates that in order to obtain a SST
retrieval error of 1.6 K from climatic data with an a priori uncertainity
of 3.8 K, as in the ERT report, no radiometer noise can be present.
Assuming a realistic radiometric noise of about 0.8 K, as specified in
the ERT report, the retrieval error would be approximately 3.2 K.
Current but preliminary studies based on an updated D-matrix model for
the SSM/I developed at NRL confirm this result. On this basis it appears
that the 1.6 AK accurracy indicated in the ERT study might be too optimistic.
NRL suggested at the meeting that ERT should perform a sensitivity study
concerning the effects of radiometric noise.

The following are some other observations made while examining the
ERT report.

1. The surface air temperature is used in place of SST for the
climatic SST data set since the actual SST data were not available.
This artificially introduces a greater variance in the SST. Since
regression models tend to be more sensitive to variables with
greater variance the accuracy obtained by the ERT model may be less
if actual SST data were used.
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2. The climatic data are taken from two stations chosen to
represent warm mid-latitude and cool mid-latitude ocean conditions.
From Figures 3-2 to 3-4 of the ERT report (Ref. 1), the data
appear to represent a bi-model sample. This may be inadequate
for the linear regression model which implies a normal distribution.
The effect of the bi-model sample is usually an over-estimate
of the a priori variance in the SST.

3. The ERT model uses half of the climatic data set to arrive
at the D-matrix and the other half to verify the algorithm.
It appears that a more independent set of climatic data should
be employed. For example, those taken from a third station in
the mid-latitude ocean.

4. The verification of the model through the climatology is
of the nature of internal verification showing model self-
consistency. External verification is also necessary to
establish that the model is not only self-consistent but also
relates to reality. An independent benchmark set of, say,
mid-latitude ocean SST and the corresponding TB's at the SSM/I
frequencies ought to be collected. These should be tested
with the D-matrix produced from the ERT model. This benchmark
set should include cases of warm and cool mid-latitude ocean.
Since the ERT model produces D-matrixes for other climates
benchmark data sets for all of these climates should be collected
for tests. Only then can an understanding of the ERT model's
real performance be achieved.

Among those in the audience when Dr. Hardy presented the SST algorithm
and an algorithm for the retrieval of land surface temperature (LST)
(Ref. 4) and who made significant remarks concerning the SST algorithm
were Mr. F. Wentz of Wentz & Associates, Dr. E. Njoko of Jet Propulsion
Laboratory and Mr. J. Cornelius of Fleet Numeric Oceanic Center. Dr.
Robert C. Lo (Code 7911L) represented NRL at the meeting.

Dr. Hardy presented simulation results which indicate the sen-
sitivity of 19.35 GHz TB to SST and wind speed. Changes in TB (ATB)
corresponding to a change of 20 K in SST for three different wind speeds
were presented. Similar simulationo of ATB for thin clouds, thick
clouds and rain were also presented. The approach for the SST retrieval
and the climatic data base employed, were then presented. The following
is a list of some of the relevant comments made during the meeting.

1. ERT cloud and rain models assume single scattering. This
assumption is not adequate for thick cloud and rain cases. Multiple
scattering should be included in the considerations. (Njoko)

2. From the sensitivity studies, the relationship between SST and
T at the SSM/I frequencies is apparently non-linear, while the ERT
model implies linearity. The estimated 1.6 K accuracy appears to
be too small under such a situation. (Wentz)

*For SST retrieval, rain cases were excluded using pre-determined criteria.
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3. Analysis of data from SEASAT SMMR, which includes lower frequency
channels approximately 3 times more sensitive to SST While several
times less sensitive to the atmospheric effects than the SSM/I
higher frequency channels, indicates an accuracy of 1.0 K for SST
estimates given an instrumental RMS error of 0.2 K. Based on the
SEASAT results, the fact that instrumental error for SSM/I was
assumed to be about 1.0 K and assuming similiar algorithms, the
retrieval accuracy should be about 4 K (Njoko, Wentz).

4. The SST used in the ERT algorithm was in fact air temperature
at the surface rather than the skin temperature of the sea surface
since the SST was not available. This results in a much larger
variance of SST than what would actually be expected from the two
stations if the SST had been measured directly. Questions were
raised as to whether the artifically large variance led to a good
result. (Wentz) Some discussion was also made concerning implied
surface stability from decoupling SST from air temperature. (Wentz,
Njoko) No definite conclusions were reached concerning these
points, due to the lack of data and comparison studies. Another
question was raised about using surface air temperature, for it is
usually closely related to water vapor burden in the lower troposphere.
(Cornelius) However, the ASST (actually radiosonde measurements of
surface air temperature minus predicted SST) was plotted against
the integrated water vapor, which is another parameter estimated by
the D-matrix algorithm. No clear correlation is indicated in the
plot. This appears to indicate that even using the air temperature,
the algorithm is relatively independent of water vapor. By the
same means, estimated SST appears to be independent of wind speed
and integrated cloud water.

Additional Comments are:

5. That a sensitivity study as to model certainty should be performed.
The result from the model is highly dependent on the input climatology.
It is important to understand how reliable the model parameter
estimates are when certain error exist in the climatology. (Njoko)

6. A sensitivity study of the model to instrumental noise should
be done. (Lo)

7. Climatology data should be collected from more stations to
constitute a more representative data base for the mid-latitude
ocean. (Wentz)

It is observed that besides NRL, none of the critics in the audience
has done an in depth comparison of the ERT model with their own.
The evaluation and comments, valuable as they were, were more
qualitative than quantitative.
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In summary it appears that in its present state the ERT model has the
following shortcomings.

1. Using air temperature rather than the SST for retrieval and
evaluation.

2. Not enough sensitivity studies done concerning the model uncertainty,
therefore, not enough understanding as to how well the model could
perform.

3. Not adequate cloud model for thick clouds and rain cases.

4. Not enougb understanding as to the effect of the linear assump-
tion to the bdsically non-linear problem.

5. Not enough data for climatology.

6. Not adequately verified with independently collected data.

A possible explanation for the discrepancy in the sensitivity of the 'RT
and the NRL models to radiometer noise is in the way the noise was
introduced into each model. Further comparison of this aspect is needed.

NRL strongly recommends that the SST retrieval algorithm be incorporated
in the SSM/I retrieval since it is of relatively very low cost and will
be the only SST test bed in the known future. NRL concurs with other
critics that the environmental models are not yet fully understood, that
the techniques for retrieval need further development and refinements
and that the climatological data base needs to be increased. It is for
these very reasons that the SST algorithm should be included in order
that experience and data can be gained to improve our knowledge in these
very areas. Only in this way can the NAVY develop the capability for
accurate spaceborne sensing of SST as required. The algorithm is constructed
in such a way that improvements can be incorporated and tested fairly
easily in the operational system. NRL also recommends that sets of
benchmark TB observations with corresponding atmospheric and surface
truth data at the SSM/I frequencies be collected which include all
climate conditions considered by the ERT model. The algorithm should
be tested against this data set. Finally, NRL recommends that model
validity be tested as well as sensitivity tests be done for radiometric
noise effects on SST retrieval errors.
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List of Figures

Figure 1 The variation of the 19.35 GHz (vertical) brightness
temperature with SST for several wind speeds.

2 The variation of the 19.35 GHz (horizontal) brightness
temperature with SST for several wind speeds.

3 Change in brightness temperature (vertical polarization)

for a change in SST from 5 to 25C for three different wind
speeds.

4 Change in brightness temperature (horizontal polarization)
for a change in SST from 5 to 25C for three different
wind speeds.

5 Change in brightness temperature (vertical polarization)

for a change in SST from 5 to 25C for two different -1
atmospheric conditions. The surface wind speed is 7 m sec

6 Change in brightness temperature (horizontal polarization)
for a change in SST from 5 to 25C for two different
atmosyheric conditions. The surface wind speed is 7 m
sec
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Figure 2 The variation of the 19.35 GHz horizontal brightness
temperature with sea surface temperature for several wind
speeds.
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SELECTION OF OPTIMAL COMBINATIONS OF FREQUENCIES FOR THE SPECIAL
SENSOR MICROWAVE IMAGER (SSM/I) ENVIRONMENTAL RETRIEVALS

Robert C. Lo and James P. Hollinger
Space Sensing Applications Branch

Aerospace Systems Division
Naval Research Laboratory
Washington, DC 20375

I. Introduction

The SSM/I brightness temperature observations are related to the
environmental parameters as independent variables through the so-called 'D'
matrices of regression coefficients. Some of the most important parameters
for ocean retrievals are wind speed, sea surface temperature, columnar
density of water vapor, and liquid water contained in clouds. The best
estimation of each parameter is expected when all seven SSM/I channels are
used. However, limitations of the computing facility dedicated for the
SSM/I project, dictated the use of at most four channels for each
environmental parameter (6).

The purpose of this study is to evaluate the retrieval performance of
all four-channel subsets from the seven SSM/I channels, and to determine the
optimum subset for each environmental parameter. The performance of a
certain frequency combination depends on the instrumental noise (1), (2),
the geophysical model and the climate statistics utilized for the derivation
of the 'D' matrices. A model originally designed by Wisler and Hollinger
(1) is used for this study. The climate statistics were compiled by Wentz
for the SSM/I definition study (3). They include all four seasons for three
locations representing high, middle, and low latitudes. Instrumental noise
is simulated. The environmental parameters examined in this study are the
sea surface temperature, wind speed and the columnar densities of cloud

liquid water and water vapor.

II. Approach

All four-channel subsets are evaluated for the sake of completeness.
The total number of possible combinations is 7C4 = 71/(41/31) = 35 and the
channels included in each of the combinations are listed in Table 1. The
criteria chosen for the evaluations are the residual RMS errors of the
parameter for a certain frequency combination, and a quantity called the
confidence factor which is defined as:

CF = 1 - 2 - ;r )/U * (If.1)
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Table .

Listing of Frequency Combinations

Combination No. Channels

1 19.3 H 19.3 V 22.2 V 37.0 H
2 19.3 H 19.3 ' 22.2 V 37.0 V
3 19.3 H 19.3 V 22.2 V 85.5 H
4 19.3 H 19.3 V 22.2 V 85.5 V

5 19.3 H 19.3 V 37.0 H 37.0 V
6 19.3 H 19.3 V 37.0 H 85.5 H

7 19.3 H 19.3 V 37.0 H 85.5 V
8 19.3 H 19.3 V 37.0 V 85.5 H
9 19.3 H 19.3 V 37.0 V 85.5 V

10 19.3 H 19.3 V 85.5 H 85.5 V
11 19.3 H 22.2 V 37.0 H 37.0 V
12 19.3 H 22.2 V 37.0 H 85.5 H
13 19.3 H 22.2 V 37.0 H 85.5 V
14 19.3 H 22.2 V 37.0 V 85.5 H
15 19.3 H 22.2 V 37.0 V 85.5 V
16 19.3 H 22.2 V 85.5 H 85.5 V
17 19.3 H 37.0 H 37.0 V 85.5 H
18 19.3 H 37.0 H 37.0 V 85.5 V
19 19.3 H 37.0 H 85.5 H 85.5 V
20 19.3 H 37.0 V 85.5 H 85.5 V
21 19.0 V 22.2 V 37.0 H 37.0 V
22 19.0 V 22.2 V 37.0 H 85.5 H
23 19.0 V 22.2 V 37.0 H 85.5 V
24 19.0 V 22.2 V 37.0 V 85.5 H
25 19.0 V 22.2 V 37.0 V 85.5 V
26 19.0 V 22.2 V 85.5 H 85.5 V
27 19.0 V 37.0 H 37.0 V 85.5 H
28 19.0 V 37.0 H 37.0 V 85.5 V
29 19.0 V 37.0 H 85.5 H 85.5 V
30 19.0 V 37.0 V 85.5 H 85.5 V
31 22.2 V 37.0 H 37.0 V 85.5 H
32 22.2 V 37.0 H 37.0 V 85.5 V
33 22.2 V 37.0 H 85.5 H 85.5 V
34 22.2 V 37.0 V 85.5 H 85.5 V

35 37.0 H 37.0 V 85.5 H 85.5 V

The seven SSM/I channels are 19.0 H, 19.0 V, 22.2 V, 37.0 H,
37.0 V, 85.5 H and 85.5 V.
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Where 072 is the natural variance of a parameter given as a climate
2

statistic, ar is the variance predicted by the retrieval model and is part
rrof the modelrotu and, 2Y_ 2is the residual RNS error.Th

confidence factor is then a measure of the fraction of the error explained

by the retrieval model. If it is unity, the estimation is perfect, and if

it is zero, the scheme is completely unable to retrieve the environmental
parameters.

The RMS error and the confidence factor for each of the 35 frequency
combinations are examined with respect to different climate conditions

assuming the same instrumental noise. They are then examined with respect
to changes in the instrumental noise for a given climate. The noise for the
85.5 GHz channels is assumed to be one-half those of the other channels
since its linear resolution is one-half of the other frequencies. It is
assumed that four samples will be averaged together for use with a single
sample of each of the other channels. The two frequency combinations which

exhibit the best overall performance are then recommended for each
parameter.

II.A. Sea Surface Temperature

The residual RMS and confidence factors for Azores Summer with

instrumental noise of 0.5 K are listed in Table 2. The RMS error is also
plotted in Figure 1. Based on the RMS error and confidence factor values,
the best frequency combination is determined to be number 26 which is
composed of the 19 V, 22 V, 85 H and 85 V channels. Numbers 30 and 10
which, substitute the 37 V and 19 H, respectively, for the 22 V channel, are

the next best choices. The same examination is performed for all 11
remaining climates. The climate statistics used for the development of the
SSM/I algorithm by the Environmental Research and Technology, Inc. (ERT) (4)

are included as an additional climatology. The natural variance of sea
surface temperature introduced by use of the ERT climatology is much greater
than for any of the Wentz climates. The ERT climatology implies that the
sea surface temperature is equal to the measured air temperature. This is

an inappropriate assumption but it does afford an evaluation of the
performance of the retrieval scheme under large variance conditions. The
best three frequency combinations for each of the cases are shown in Table 3
together with the associated RMS error and confidence factor values. The
retrievals for Azores Summer climatology are also shown in Table 3 with
simulated instrumental noise of 0.1 and 1.0 K. In general, a larger natural
variance leads to a better estimation in the sense that the confidence
factor tends to be greater. Retrievals are also sensitive to the
instrumental noise. For example, it is greatly improved as the instrumental
noise decreases from 0.5 to 0.1 K.

Even a cursory examination of Table 3 will reveal the fact that none of

the frequency combinations is best for every climate condition. In order to
choose a combination which has the best over-all performance, the confidence
factor and the RMS error, averaged over all the climate conditions, are used
as the criteria of selection. The best frequency combination selected for
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Table 2

RMS and CF of SST for Climate 7 and IN of 0.5

Combination No. Residual RMS CF

1 0.7377 0.0313
2 0.7394 0.0290
3 0.7385 0.0302
4 0.7455 0.0210
5 0.7469 0.0191
6 0.7474 o.o186
7 0.7322 0.0385
8 0.7470 0.0190
9 0.7299 0.0415

10 0.7125 0.0644
11 0.7586 0.0038
12 0.7583 0.0042
13 0.7309 0.04Ol
14 0.7598 0.0022
15 0.7449 0.0218
16 0.7219 0.0520
17 0.7580 0.0045
18 0.7277 o.o444
19 0.7195 0.0551
20 0.7227 0.0510
21 0.7377 0.0313
22 0.7377 0.0313
23 0.7276 o.o445
24 0.7406 0.0275
25 0.7319 0.0389
26 0.7073 0.0712
27 0.7528 .0114
28 0.7221 0.0518
29 0.7126 0.0642
30 0.7102 0.0673
31 0.7584 O.0O4l
32 0.7367 0.0325
33 0.7261 0.0465
34 0.7258 0.0469
35 0.7434 0.0238

Natural standard deviation = 0.7615
Residual RMS for all 7 channels = 0.7029
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Figure 1 Residual RMS Error of SST for Azores, Summner
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sea surface temperature is number 10. The first runner-up is number 29.
The RMS error and confidence factor of all the climate conditions for these

two combinations are listed in Table 4. From the RMS values, it appears
that the estimation of sea surface temperature is reasonable. They are all
under 1.5 C except for the ERT case when the estimated RMS error is around
2.0 C. But the confidence factors are often less than 0.1, indicating that
the SSM/I is not well suited for the estimation of sea surface temperature.

The reasonable residual RMS error values are due to the fact that the

natural variance for each of the climate conditions is small and is within
*the SSM/I specification value. The relatively higher confidence factors

values for the ERT case are due to the assumpti-i of an unrealistically
large initial RMS errors. The confidence factors are also relatively high
for the case when instrumental noise is equal to 0.1 K. But the actual
noise of the SSM/I is much closer to 0.5 than 0.1 K.

Note that both the 85.5 GHz polarizations are included in combination
number 10 as well as number 29. This may partly be due to the smaller
instrumental noise attributed to these channels. The selections made here
are appropriate only for the case when 85.5 GHz data are averaged to match
resolution with the other channels before retrieval.

II.B. Wind Speed

In the same fashion as for sea surface temperature, the best three
frequency combinations for all the climate and noise conditions are listed
in Table 5 for wind speed retrieval. Again, no single combination is best
for all cases. Based on the mean RMS error and confidence factor values,

the best over-all combination selected is number 2 (19 H, 19 V, 22 V, 37 V)
with number 11, where 37 H is substituted for 19 V, as the second best. The
RMS errors and confidence factors for all the conditions associated with
these two combinations are listed in Table 6. The greatest RMS error found
among all cases is less than 1.5 m/sec, which is quite acceptable. And the
confidence factors of about 0.6 indicate that the retrieval of wind speed is

much more reliable than that of sea surface temperature.

II.C. Columnar Density of Water Vapor and Liquid Water

The best two frequency combinations for water vapor and liquid water
densities are selected in a fashion similar to the other parameters. Tables
7 and 8 contain the results for water vapor density. Tables 9 and 10
contain the results for cloud liquid water. As can be seen, the retrieval
model is extremely sensitive to these two parameters. Especially in the
case of liquid water, every combination appears to yield good retrieval
results. The best combinations for water vapor are number 1 (19 H, 19 V, 22
V, 37 H) and 13 where 85 V is substituted for the 19 V channel. The worst
residual MS error found in the results of these two combinations is around
0.1 gm/cm which is much better than the SSM/I specification. The overall
best combinations for liquid water are numbers 3 (19 H, 19 V, 22 V, 85 H)
and 14 where 37 V is substituted for 19 V. The2largest residual RMS error
found for these two combinations is 0.004 gm/cm,; again much better than the
SSM/I specification. The confidence factors are greater than 0.9 for both
these environmental parameters indicating that they may be very reliably and
accurately determined by the SSM/I.
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Table 4

The Best Two Frequency Combinations for SST(C)

Instrumental Noise = .5 (19.35, 22.235, 37 GHz) and .25 (85.5 GHz)

FC 10 FC 29
RMS(C) CF RMS(C) CF

Jan Mayen
Winter .2017 .0065 .2021 .0045
Spring .7062 .0926 .7478 .0392
Summer .5720 .0392 .5811 .0239
Autumn 1.1674 .0786 1.1200 .0880

Azores
Winter .3365 .0113 .3370 .0097
Spring 1.2319 .1749 1.2378 .1709
Summer .7125 .0644 .7126 .0642
Autumn 1.1722 .1537 1.1776 .1498

Truk
Winter .2114 .0060 .2112 .0073
Spring .2611 .0063 .2598 .0113
Summer .0822 .0005 .0822 .0008
Autumn .2555 .0083 .2548 .0107

ERT 1.9904 .4762 2.0711 .4550

Azores Summer
IN = 0.1 .4141 .4562 .4032 .4775
IN = 1.0 .7442 .0227 .7431 .0241

Average .6706 .1064 .6756 .1020
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Table 6

The Best Two Frequency Combinations for WS (m/sec)

Instrumental noise = .5 (19.35, 22.235, 37 GHz) and .25 (85.5 GHz)

FC 2 FC 11
RMS CF RMS CF

(m/sec) (m/sec)

Jan Mayen

Winter .9948 .7560 1.0307 .7472
Spring .9326 .7968 .9502 .7929
Summer .8764 .7155 .8996 .7079
Autumn 1.0336 .7021 1.0624 .6938

Azores
Winter .8564 .7489 .8689 .7452
Spring .8664 .5995 .8545 .6050
Summer .8915 .5761 .8740 .5844
Autumn .9387 .6928 .9406 .6922

Truk
Winter .9427 .4555 .9417 .4578
Spring 1.1848 .5074 1.2084 .4976
Summer 1.3666 .6852 1.4164 .6737
Autumn 1.1128 .4896 1.1066 .4924

ERT SST .9259 .8347 .9124 .8371

Azores Summer
IN = 0.1 .2288 .8912 .2329 .8892
IN = 1.0 1.4243 .3227 1.4098 .3296

Average .9720 .6516 .9806 .6498

60



U) C'j co CMJ m C\ - 0 00,-4 C\ t- t-H-

o- _:r \C - CO \ C\ t- t- O L\ 0\ 1.~4 Lr\ 0\ co _
_: -: _r'J -IC V I\ \ 0%C0 a\ tUl\ \0 ~ 4 \W0000 0000 0000 0 00

N

*U 1-4 .-q -I C\ 0.] C'.] 0M -A]4

C ~ LI'.

5--4

to N ~ 0o \C').] m\oC~ ~ 4 l 000 a
o~ co1 N m\~~ LI'. t-I -o m 0 4 0 t-- t-H

o.0 c oO 00 coc 00m0\ C N00 00 0\00

..- 0

E4 V Lr\ '.

o- H ('C0 0.H- \O.** 0 \a

A ) 1- r- -*4L ' r- $L -1 11 ' ')tc - - 1 \ ~ H'

02 C) 0000 00 0 0 00 0 0

r. -4
0' +- Y o - \- - I C.c\-. :

CC 0 \ r4r4r4()Cj( : l ~ z

02 hN() 0 0 mHma - t-c
4-U4 oO \00 mC\C N C C C 0 0 Nc

W ,4 ~ 5.

03tCI.% O34)i' 0 oco

C-) 061



Table 8

The Best Two Frequency Combinations For VAP (gm/cm
2

Instrumental Noise = .5 (19.35, 22.235, 37 GHz) and 25 (85.5 GHz)

FC 1 FC 13
RMS2  CF RMS 2 CF

(gm/cm) (gm/cm

Jan Mayen
Winter .0494 .8272 .0492 .8278
Spring .0430 .8908 .0435 .8896
Summer .0424 .9221 .0428 .9213
Autumn .0544 .8329 .0535 .8355

Azores
Winter .0425 .9019 .0437 .8991
Spring .0519 .9061 .0491 .9111
Summer .0519 .9017 .0527 .9002
Autumn .0569 .8945 .0527 .9022

Truk
Winter .0633 .9342 .0684 .890j
Spring .0834 .9077 .0897 .8913
Summer .0956 .8112 .1085 .7857
Autumn .0765 .8937 .0849 .8821

ERT SST .0869 .8354 .0697 .8681

Azores Summer
IN = 0.1 .0177 .9664 .0159 .9699
IN = 1.0 .0940 .8221 .0961 .8181

Average .0607 .8832 .0613 .8794
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Table 10

The Best Two Frequency Combinations for LIQ (gm/cm2

Instrumental Noise = .5 (19.35, 22.235, 37 GHz) and .25 (85.5 GHz)

FC 3 FC 14
RMS CF RMS CF

2 2(gm/cm) (gm/cm

Jan Mayen
Winter .0005 .9905 .0015 .9737
Spring .0007 .9801 .0005 .9846
Summer .0006 .9882 .0017 .9675
Autumn .0027 .9638 .0040 .9688

Azores
Winter .0008 .9771 .0008 .9774
Spring .0007 .9738 .0007 .9717
Summer .0007 .9732 .0007 .9744
Autumn .0010 .9757 .0009 .9807

Truk
Winter .0015 .9689 .0014 .9709
Spring .0028 .9662 .0020 .9757
Summer .0033 .9569 .0023 .9705
Autumn .0017 .9531 .0014 .9617

ERT SST .0007 .9720 .0008 .9699

Azores Summer
IN = 0.1 .0004 .9857 .0007 .9721
IN = 1.0 .0014 .9481 .0013 .9499

Average .0013 .9715 .0013 .9710
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III. Conclusions and Discussions

In this study, a number of simulations were performed for the purpose
of selecting four channel subsets from the seven SSM/I channels for the
retrieval of sea surface temperature, wind speed, columnar water vapor
density and columnar cloud liquid water density The geophysical model and
climate statistics needed for the simulation were developed and assembled at
NRL. The approach of applying the so-called 'D' matrix coefficients to
satellite observed brightness temperatures for environmental parameter
retrievals is similar to that used to develop the algorithm for the SSM/I by
Hughes/ERT. The four channel subset recommended for the retrieval of each
parameter is listed in Table 11.

The expected RMS estimation error for each of the parameters is within
the specifications for the SSM/I project, indicating that the use of four
channel subsets for retrieval purposes is reasonable.

The small estimation error does not imply accuracy in the case of sea
surface temperature, since the confidence factor for sea surface temperature
is extremely low. The small estimation error is mainly due to the fact that
the natural variance of the sea surface temperature is small for properly
defined climate types as can be deduced from Table 3. The confidence factor
for wind speed estimation indicates it is much more reliably retrieved than
the sea surface temperature. The SSM/I instrument is excellent for
retrieving the distribution of moisture in the atmosphere, as indicated by
the large confidence factors and the small residual RMS errors for the
columnar densities of water vapor and cloud liquid water content.

Even though the geophysical model employed in this study is basically
similar to the Hughes/ERT model, the performance of a channel subset still
depends to an extent upon the model. NRL is presently acquiring the
Hughes/ERT model and plans to do a similar study for the selection of
optimum channel subsets for the marine environmental parameters with that
model.

Table 11

The Recommended Frequency Subsets for the
Retrievwl of Marine Environmental Parameters

Recommended Confidence Estimation
Parameter Frequency Subset Factor Error

SST(°C) 19.3 H 19.3 V 85.5 H 85.5 V .1064 .67o6

WS(m/sec) 19.3 H 19.3 V 22.2 V 37.0 V .6516 .9720

VAP(gm/cm ) 19.3 H 19.3 V 22.2 V 37.0 H .8832 .0607

LIQ(gm/cm 2 ) 19.3 H 19.3 V 22.2 V 85.5 H .9715 .0013
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A Simulation Study of the Sensitivity of
Environmental Parameter Retrievals Based on the

Special Sensor Microwave Imager (SSM/I)

Robert C. Lo and James P. Hollinger

Space Sensing Applications Branch
Aerospace Systems Division
Naval Research Laboratory
Washington, DC 20375

I. Introduction

During the qualification tests of the Special Sensor Microwave Imager
(SSM/I) partial failure of the structure resulted in debris from the hot
calibration load lodging in the feed horn blocking the 85.5V port and
rendering the channel inoperative. Since then the problem has been correct-
ed but, as a consequence of the event, a number of questions were raised.
How good would the retrieval of environmental parameters be if the 85.5V
channel is lost? What if any one channel is lost? Which channel is the
retrieval of each parameter most sensitive to? Would the loss of that
channel cause significant loss of confidence in that retrieval?

The purpose of this study is to provide insight into these questions
through simulations using a geophysical model and retrieval scheme developed
at the Naval Research Laboratory (NRL) (1), and a set of environmental
statistics representing high, middle, and low latitude ocean conditions for
all four seasons, produced by Wentz and Associates for the definition study
the of SSM/I performed at NRL (2).

II. Simulations and Discussions

The geophysical model employed in this study (1) is basically a set of
general equations describing the physical relationship among a number of
environmental parameters and their microwave radiative characteristics. A
retrieval scheme based on the geophysical model, climate statistics and the
instrumental noise characteristics produces a matrix of linear regression

coefficients, or the so-called "D-matrix" for a given set of frequencies and
polarizations such as the SSM/I channels. The coefficients provide esti-
mates of the environmental parameters when they are appropriately combined
with brightness temperature observations. The geophysical model and retrie-
val scheme are applicable to a subset of SSM/I channels or any combinations
of frequencies within the microwave and millimeter wave spectrum.

In addition to estimates of environmental parameters, the retrieval
scheme produces certain other quantities which are indicative of the
retrieval accuracy and the performance of a given channel combination. Two
of these quantities are the residual root-mean-square (RMS) error, which is
the total error associated with the retrieved parameter, and the confidence
factor (CF) associated with the retrieval. They are defined as follows:
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RMS- ( 2 a2 (11.1)

2

where a is the original varince associated with a parameter as part of
the climate statistics, and am is the amount of variance explanable by the
model and

CF-.- =- (11.2)

These two quantities are the main criteria for the evaluations made in this
study.

The climate statistics utilized in this study include twelve subsets
representing the four season for three different locations: Jan Mayen,
Azores and Truk. They are taken to represent high, middle, and low latitude
ocean conditions (2).

The operational marine parameters to be retrieved by the SSM/I system
include ocean surface wind speed, ice concentration, age and edge location,
rain rate, and the columnar densities of water vapor and cloud liquid water
(3). The sea surface temperature was included later on an experiment basis.
The NRL geophysical model presently does not contain a submodel for rain
rate and the climatology for ice is not yet complete. The marine parameters
examined in this study are restricted to the columnar densities of water
vapor and cloud liquid water, the surface wind speed, and the sea surface
temperature.

The most accurate retrieval of the parameters is expected when all
seven channels are used. However, limitations of the computational facili-
ties at Air Force Global Weather Central dictated a maximum of four channels
for the eetrieval of each parameter. The channels adopted for wind speed
and the columnar densities of water vapor and cloud liquid water are 19.35H,
22.235V, 37.OH and V (3). The combination of 19.35H, 22.235V, 85.5H and V
is assessed to be the best four channel subset for sea surface temperature
retrieval by the Environmental Research Technology, Inc. (ERT) (4) in a
study conducted under contract to Hughes Aircraft Company. The residual RMS
error in the sea surface temperature from the four channel retrieval is only
minutely greater than the case when all seven channels are used according to
this study (4).

The instrumental noise temperatures measured at Hughes (5) during the
final qualification test are used for the present simulations. They are
0.48, 0.51, 0.64, 0.40, 0.39, 0.64 and 0.81K for 19.35H and V, 22.235V,
37.OH and V, and 85.5H and V.

II.A. Sea Surface Temperatures

Simulations for the 12 climates were performed using the 19.35H,
22.235V, 85.5H and V channel combination and all 3-channel subsets. The
results are shown in Table 1. The same conclusion reached in a previous
study (6) is apparent here; the SSM/I is not well-suited for the rqtrieval
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of sea surface temperature. Even the highest confidence factor listed in
Table 1 is less than 0.03. This is particularly true in the tropical cases,
represented by Truk, where the combination of low surface emissivity and
high atmospheric water content dimirsishes the little sensitivity the SSM/I
has to sea surface temperature. The last two columns in Table 1 represents
the retrievals with the 85.5V channel missing. The confidence factors in
this case are significantly less than those for the other cases.

II.B. Wind Speed

Simulation of retrievals for wind speed and columnar densities of water
vapor and cloud liquid water based on (19.35H, 22.235V, 37.OH and V) channel
combination and the three-channel subsets are listed in Tables 2 through 4.
The SSM/I RMS error specification for surface wind speed retrieval is 2
m/sec (3). Wind speed retrieval results for all the 12 climates in Table 2
indicate that the results are good not only when all four channels are used
but also for all the subsets of three channels. The only exception is the
case for tropical summer if the 37.OV channel is lost. The RMS error for
this case is approximately 2.1 m/sec. The confidence factor values indicate
that the most significant channels for wind speed retrievals are 19.35H and
22.235V, especially for the polar and the mid-latitude climates. For
tropical ocean the most significant channel is 37V. The loss of it could
cause an increase in RMS error of o 0.8 m/sec.

II.C. Columnar Density of Water Vapor

The most significant channel for water vapor retrieval is the 22.235V
GHz as is apparent from Table 3. However, for cases when the atmospheric
water content is very high as represented by spring, summer and autumn of
the tropical ocean, 19.35H becomes the most significant channel. This is
probably due to the fact that the 22.235 GHz tends to approach saturation
and becomes less sensitive when the water vapor content reaches a high
level. It is observed, however, that even for these tropical cases, the
retrieval performance for all channel combinations is significantly better
than he SSM/I requirement which specifies the RMS error to be within +0.2
gm/cM 

I
II.D. Columnar Density of Liquid Water

Among the four marine parameters examined in this study, SSM/I has the
greatest sensitivity to cloud liquid water. The SSM/I specification
requirement of liquid water retrieval RMS error is + 0.07 gm/cm (3). From
Table 4, the RMS error for the worst case is 0.0055-which is more than an
order of magnitude less than the requirement specification. This implies
that the loss of any single channel will not significantly affect the
accuracy of liquid water content retrieval. The liquid water retrieval is
most sensitive to the 19.35H channel as indicated by the RMS error and
confidence factor values in Table 4.

71



III. Conclusion

A number of simulations were performed in this study to assess the
effect on SSM/I parameter retrieval accuracy when one of the channels used
in the retrieval was lost. Particular attention was given to the 85.5V
channel which was rendered inoperative during a qualification vibration
test. Results from this study indicate that the 85.5V channel is the most
significant one only for sea surface temperature retrieval. Although it's
loss could eliminate the ability of SSM/I to retrieve sea surface tempera-
ture, it would have little impact since the simulations also indicate that
SSM/I has very little ability to assess the sea surface temperature even
when all channels are intact. This is not surprising since the sea surface
temperature was not a required parameter, and its retrieval was not a
consideration during the design of the SSM/I.

The loss of 19.AH channel would deteriorate somewhat the wind speed
retrieval for polar and moderate climates, and the water vapor density
retrieval for the tropics. However, the simulation results indicate that
the deterioration is not significant enough to cause the retrieval results
to be below specification. The 19.4H channel is also the most significant
channel for liquid water density retrieval. But the loss of this or any
other channel does not affect the excellent retrieval ability of SSM/I for
liquid water. The loss of the 22.235V channel would result in a loss of
accuracy in the wind speed and water vapor density retrievals for high and
middle latitudes. However, the increased error would still be within the
SSM/I specification.

The loss of 37.OV channel can cause the wind speed retrieval
performance to be below specification for tropical conditions.

The 19.35V channel is not used in the retrieval of the parameters
examined here, and the loss of either the 37.OH or 85.5H channel does not
result in deterioration in the retrieval of any of the four environmental
parameters.
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A Comparison Study of the Sensitivity and Retrieval
Performance of 21.0 and 22.235 GHz Channels

Robert C. Lo and James P. Hollinger

Space Sensing Applications Branch
Aerospace Systems Division

Naval Research Laboratory
Washington, DC 20375

I. Introduction

The Special Sensor Microwave Imager (SSM/I) contains horizontally and

vertically polarized channels at 19.35, 37.0 and 85.5 GHz and a single
vertically polarized channel at 22.235 GHz. The 22.235 GHz channel is
centered on a water vapor absorption line and was selected primarily to
determine the columnar density of atmospheric water vapor and to provide
corrections for its absorption and emission effects at the other channels.

Two arguments have been raised against the use of 22.235 GHz frequency for
these purposes. One is that the 22.235 GHz channel could saturate under
tropical conditions. The other argument is that the absorption coefficient

per unit mass of water vapor at 22.235 GHz increases with height, whereas,
at 21.0 GHz it varies only slightly with height and actually decreases above

about 7 km. Thus, moisture in the upper troposhere will be unduly weighted
and cause a significant bias in the total water vapor content estimation
based on the 22.235 GHz frequency. An alternative frequency, 21.0 GHz on the
wing of the absorption band, has been suggested in place of 22.235 0Hz. It

is speculated that at this frequency, there is enough sensitivity for accu-
rate estimation of water vapor but not enough to cause saturation. Further,
the absorption coefficient at 21.0 GHz is practically constant with height
over the lower atmospheric layers which contain most of the atmosphere water

vapor.

The purpose of this study is to assess the validity of the above two

arguments through the use of sensitivity studies and retrieval result
comparisons.

II. Saturation Under Tropical Conditions

A. Comparison of Sensitivity

Wisler and Hollinger (2) designed a geophysical model and environ-

mental parameter retrieval scheme which provides a measure of the sensi-
tivity of the -icrowave signal to the environmental parameter and the
uncertainty in che retrieval for any given combination of microwave frequen-
cies. This model was used for an SSM/I definition study (3) and other SSM/I
related studies (4, 5, 6).

Climate statistics representing the most humid atmospheric conditions

generally encountered, i.e. tropical summer ocean (3), are used in the
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geophysical model for the examination of the sensitivity of 21.0 and 22.235
GHz channels to water vapor content in the atmosphere. First, all clouds

are removed from the climate statistics while the vertical temperature
structure as well as surface statistics remain. A range from 0 to 7 gm/cm2

is assigned to the water vapor parameter, that is, the columnar density of
water vapor. The upper end of this range is very high even for tropical
conditions (7, 8). Brightness temperatures at 21.0 and 22.235 GHz are
calculated and are presented in Figure 1. The slope of the curve repre-
senting 22.235 GHz is §reater than that of 21.0 GHz for water vapor density
values up to 5.5 gm/cm . Then it becomes slightly less than at 21.0 GHz.
The slope of both curves remains significantly high over the entire range.
This implies that the 22.235 GHz channel is a better predictor of water
vapor content than the 21.0 GHz channel in the absence of clouds for most
conditions found in the atmosphere. And even in the extremely humid case,
the sensitivity of 22.235 GHz is still not significantly less than that of
21.0 GHz.

A similar set of simulations is performed with clouds restored, to
evaluate the effect of clouds on the sensitivity o the two channels. The
average cloud liquid water content is 0.0738 gm/cm corresponding to a cloud
thickness of approximately2l.4 kms. The range used for water vapor density
is again from 0 to 7 gm/cm . The brightness temperature curves for the 21.0

and 22.235 GHz channels under these conditions are presented in Figure 2.
The slopes of both curves are less than those in Figure 1. That is to say,
the presence of the cloud deck decreases the sensitivity of both frequencies
to water vapor density. The slope of the 22.235 GHz curve is g eater than
that of 21.0 GHz for water vapor density values up to 4.5 gm/cm . It then
becomes slightly less than that of 21.0 GHz but not significantly so. From

this set of simulations, it appears that both frequencies would have
adequate sensitivity for the evaluation of water vapor density even with a
moderately thick cloud. The 22.235 GHz has an advantage over the 21.0 GHz
for the majority of the cases. The opposite is true for the extremely humid

cases.

The third set of simulations is designed to compare the sensitivity of
the two frequencies under various cloud conditions. The water vapor density
is held constant at 5.558 gm/cm representing a very umid atmosphere, while
cloud liquid water content varies from 0 to 0.2 gm/cm . Simulation results
are presented in Figure 3. The curves in Figure 3 indicate that 21.0 GHz is
more sensitive to the variations in columnar density of cloud liquid water
than 22.235 GHz. Both channels start to iose their sensitivity when the
liquid water density approaches 0.2 gm/cm . The 22.235 GHz curve levels off
faster than the 21.0 GHz.

From the above sensitivity studies, it appears that 22.235 GHz is a
better frequency than the 21.0 GHz for the retrieval of water vapor density
over most of the atmospheric conditions. In the more humid conditions, it
tends to lose some of the sensitivity but should still be adequate.
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B. Comparison of Retrievals

The relative advantage of using the 21.0 GHz versus 22.235 GHz
frequency is further examined through simulated retrievals. The (19.35 H,
22.235 V, 37.0 H and V) channels are the specified frequency combination for
SSM/I retrieval of wind speed, columnar densities for water vapor and cloud
liquid water (1). For comparison, another frequency combination, with 21.0
V replacing the 22.235 V channel, is used for the retrievals. The twelve
sets of climate statistics (3) describing the four seasons for arctic,
moderate and tropical oceans are used in conjunction with the Wisler and
Hollinger (2) geophysical model and retrieval scheme. The residual root-
mean-square (RMS) error and the confidence factor (CF) are included as part
of the retrieval products. They are defined as follows:

2 2
RMS a - ar

r

and

02

where 02 is the atural variance of the environmental parameter being
retrieved and 0 r is the variance of the parameter after retrieval. The
confidence factor ranges between 0 and 1. A large confidence factor value
implies a good retrieval ability.

The RMS errors and confidence factors of wind speed, columnar density
of water vapor and cloud liquid water retrievals for all 12 climates are
listed in Table 1. Results from both frequency combinations are included in
the table. The performance of the frequency combination with 22.235 V
channel is consistently better in the retrievals of wind speed and water
vapor density for 9 of the 12 climates. Only for the three warmest and most
humid climates, i.e., the spring, summer and autumn seasons for the tropical

ocean does the 21.0 V channel combination result in lower retrieval errors.
The difference in RMS error for wind speed retrieval of the tropical summer
case, where this phenomenon is most pronounced, is approximatel 0.02 m/sec.
And the difference for water vapor density is about .013 gm/cm • Both are
extremely small. The SSM/I 5equirement specification is 2 m/sec RMS error
for wind speed and 0.2 gm/cm for water vapor density (1). The performance
of both frequency combinations for all the 12 climates meets the SSM/I
specifications. It is concluded, therefore, that the 22.235 GHz is prefer-
red to 21.0 GHz for overall performance in the wind speed and water vapor
density retrievals.

Both of the frequency combinations yield excellent retrieval results
for the cloud liquid water density. he SSM/I specifications for the RMS
error of this parameter is 0.07 gm/cm (1), which is more than an order of
magnitude greater than that from the retrieval results. The relative
performance between the two frequency combinations does not follow the
pattern for wind speed and water vapor density. Retrievals with 22.235 GHz
are better in 8 out of the 12 climates, judging by the confidence factor
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Table 1

Retrieval Result of Wind Speed and Moisture Terms
from the Two Frequency Combinations

21.0 V
19.35 H, or , 37.0 H, 37.0 V

22.235 V

Wind Speed Columnar Water Vypor Densit

(r/sec) (gm/cm

Residual Residual Residual Residual
Original RMS CF RIS CF Original RMS CF INS CF

RMS (21) (21) (22) (22) EMS (21) (21) (22) (22)

Jan Mayen
Winter 4.0773 1.0656 .7387 .9980 .7552 .2828 .0738 .7391 .0586 .7929
Spring 4.5889 .96u6  .7907 .9021 .8034 .3873 .0660 .8295 .0520 .8658
Summer 3.0801 .9163 .7025 .8637 .7196 .5477 .0648 .8816 .0518 .9055
Autumn 3.4693 1.1234 .6762 I.O495 .6975 .3317 .0801 .7585 .0630 .8102

Azores
Winter 3.4100 .8867 .740 .8386 .7541 .4359 .0627 .8562 .0522 .8802
Spring 2.1631 .8682 .5986 .8248 .6187 .5568 .0688 .8765 .0590 .8940
Sumer 2.1029 .8702 .5862 .8411 .6000 .5292 .0685 .8706 .0613 .8841
Autumn 3.0558 .9738 .6813 .9185 .6994 .5385 .0768 .8574 .o654 .8785

Truk
Winter 1.7370 .9242 .4679 .9190 .4709 .9592 .0809 .9157 .0785 -182
Spring 2.4052 1.1463 .5234 1.1831 .5081 .9055 .0996 .8900 .1050 .b4o
Sumner 4.3407 1.2746 .7064 1.3653 .6855 .5099 .1101 .784o .1233 .7582
Autumn 2.1801 I.O463 .5201 1.0703 .5091 .7211 .0916 .8730 .0952 .8680

Columnar CI.. d Liquid Water Density (gm/cm2

Jan Mayen
Winter .0548 .0021 .9611 .0021 .9615
Spring .0316 .o014 .9542 .0015 .9536
Summer .0548 .0019 .9649 .0017 .9697
Autumn .0707 .0025 .9649 .0028 .9599

Azores
Winter .0316 .0017 .9470 .0017 .9473
Spring .0316 .o018 .9420 .0018 .9427
Sumer .0316 .0019 .9396 .0019 .9403
Autumn .0447 .0020 .9545 .0020 .9561

Truk
Winter .0447 .0024 .9461 .0024 .9453
Spring .0837 .0032 .9623 .0033 .9602
Sumer .0775 .0034 .9565 .0029 .9624
Autumn .0316 .0025 .92o8 .0025 .9211
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Table 2

Retrieval Results of Sea Surface Temperature
from the Two Frequency Combinations

21.0 V
Sea Surface Temperature(K) 19.35 H, or 85.5 H, 85.5 V

22.235 V

Residual Residual
Original RMS CF RMS CF

IMS (21) (21) (22) (22)

Jan Mayen
Winter .2025 .2023 .0007 .2023 .0007
Spring .7785 .7690 .0121 .7690 .0121
Summer .5950 .5922 .0o47 .5921 .oo48
Autumn 1.2669 1.2455 .0168 1.2437 .0183

Azores
Winter .3406 .3401 .0013 .3402 .0012
Spring 1.4930 1.4501 .0287 1.4554 .0252
Summer .7616 .7544 .0094 .7558 .0076
Autumn 1.3849 1.3542 .0222 1.3583 .0193

Truk
Winter .2121 .2119 .0010 .2120 .0007
Spring .2627 .2623 .0015 .2623 .0013
Summer .0837 .0837 .0001 .0837 .0001
Autumn .2569 .2565 .0015 .2566 .0013
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values. The residual RMS error, however, shows no detectable difference in
several of the cases. The conclusion is that the use of 21.0 GHz channel by
no means improves the retrieval performance for the columnar density of
cloud liquid water.

The frequency combination suggested for the retrieval of sea surface
temperature by a study performed at the Environmental Research and Technol-
ogy, Inc. (9) is 19.35 H, 22.235 V, 85.5 H and V. Retrieval results for the
12 climates using this frequency combination and the alternate combination
(19.35 H, 21.0 V, 85.5 H and V) for sea surface temperature are listed in
Table 2. The performance of the combination with 21.0 GHz is better in most
of the cases. An examination of the confidence factor values reveals, how-
ever, that the ability to retrieve sea surface temperature is dismal for
both combinations. The minimal improvement in sea surface temperature
retrieval alone is not sufficient to justify the substitution of the 22.235
GHz channel.

III. Upper Tropospheric Water Vapor

The vertical profiles of the absorption coefficient per unit mass of
water vapor are calculated using the climatology of Azores, Summer (3) at
22.235 GHz, 21.0 GHz and 23.470 GHz. The absorption coefficient integrated
over the SSM/I passband of ± 10 to 250 MHz centered on the L.O. frequency of
22.235 GHz (1) is also shown to display the effects of bandwidth smoothing.
The equation used for the calculation is

2 20 2/T

( + 1 + 2.55 x 10 T-I. x 105 (111.1)((v-_O)+ AV 2 ( 0)2 AVT

where

A= 2.58 x 10- 3  + o.147 P 31--0. (111.2)

AH20 is the absorption of water vapor per unit mass; T is the temperature(K);

P is atmospheric pressure (mb); v is frequency (GHz); v0 is 22.235 GHz and o

is water vapor density (gm/m3). AH 20 has only a very weak dependence on p.

The four profiles are shown in Figure 4. AR20 increases steadily with height

at 22.235 GHz while only slightly at 21.0 GHz for the first few kilometers
where most of the atmospheric moisture resides.
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Even though the profiles representing the two frequency regions are
distinctly different, the advantage of using one rather than the other in the
SSM/I system must still be evaluated through retrieval simulations. A modi-
fication is made to the climate statistics used for retrievals shown in
Tables 1 and 2, in order to keep the columnar water vapor density constant
while allowing more moisture at the higher levels. An exponentially decreas-
ing absolute humidity profile is assumed in the geophysical model (1). The
profile is a function only of the surface absolute humidity and the water
vapor scale height. By changing the scale height to 1.5 times the normal
climate mean while decreasing the surface absolute humidity so as to hold the
total water vapor constant, some moisture is artificially moved from the
lower to higher layers. A change of scale height by 50% is a very signifi-
cant change for the real atmosphere as it represents quite an extreme
variation in the vertical distribution of moisture. The retrieval results
for the new moisture profiles are shown in Tables 3 and 4. The comparison
between 21.0 and 22.235 GHz retrieval is very similar to those obtained
earlier and shown in Tables 1 and 2. The 22.235 GHz channel combination does
better for wind speed and water vapor in all except the tropical climates and
there is no difference for cloud water retrievals for any of the climates.
Although the 22.235 GHz channel is to be slightly preferred the overall
performance, including all climates and parameters, is very similar for both
the 22.235 GHz and 21.0 GHz combinaticns. The RMS from the retrievals in all
cases are within the SSM/I specifications (1).

IV. Summary and Conclusions

This comparison is performed to evaluate the speculation that 22.235
GHz, included in the SSM/I, may become saturated and lose sensitivity for
environmental parameter retrievals, particrlarly under tropical conditions,
and that moisture present in higher leve Wy bias the estimation of total
water vapor using 22.235 GH71.

The 21.0 and 22.235 GHz brightness temperatures as functions of the
columnar density of water vapor with and without clouds, and as a function of
columnar density of cloud liquid water for the tropical summer ocean are
examined. The results indicate that the brightness temperature at 22.235 GHz
is more sensitve to changes in water vapor content then that of 21.0 GHz in
most zases except when the humidity is very high. And even under such
condition, the 22.235 GHz channel does not lose its sensitivity
significantly.

Retrieval simulations with normal climate and with modified moisture
profiles are then performed comparing the performance of 22.235 GHz and 21.0
GHz. The wind speed and water vapor density retrievals indicate that 22.235
GHz is consistently better except for the more humid seasons in the tropics,
for which case, 21.0 GHz offers a slight advantage. The retrieval results
with either frequency are better than the SSM/I requirement specifications.
The 21.0 GHz is somewhat better for the sea surface temperature retrieval.
However, both frequency combinations yield extremely poor results for this
parameter. A channel of much lower frequency than both 21.0 and 22.235 GHz
is needed before significant improvement in sea surface temperature retrieval
can be expected.
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Table 3

Retrieval Results of Wind Speed and Moisture Terms
from the Two Frequency Combinations

21.0 V
19.35 H, or , 37.OH, 37.0 V

22.235 V

Wind Speed Columnar Water V4por Density
(m/sec) (gm/cm

Residual Residual Residual Residual
Original RMS CF RMS CF Original RMS CF RMS CF

EMS (21) (21) (22) (22) RM'S (21) (21) (22) (22)

Jan Mayen
Winter 4.0773 1.0619 .7396 .9910 .7569 .2828 .0754 .7333 .0580 .7950
Spring 4.5889 -9557 .7917 .8950 .8050 .3873 .0678 .8248 .0516 .8669
Summer 3.0801 .9120 .7039 .8568 .7218 .5477 .0669 .8779 .0519 .9052
Autumn 3.4693 1.1192 .6774 1.0419 .6997 .3317 .0823 .7518 .0624 .8118

Azores
Winter 3.4100 .8855 .7403 .8337 .7555 .4359 .0651 .8506 .0527 .8791
Spring 2.1631 .8683 .5986 .8232 .6195 .5568 .0717 .8712 .0605 .8914
Sumner 2.1029 .8732 .5848 .8465 .5975 .5292 .0722 .8636 .0648 .8774
Autumn 3.0558 .9743 .6812 .9184 .6995 .5385 .0809 .8498 .0683 .8731

Truk
Winter 1.7370 .9331 .4628 .9513 .4523 .9592 .0877 .9086 .0907 .9054
Spring 2.4052 1.1709 .5132 1.3051 .4574 .9055 .1119 .8764 .1356 .8502
Sumer 4.3407 1.3153 .6970 1.5833 .6352 .5099 .1261 .7527 .1684 .6698
Autumn 2.1801 1.0643 .5118 1.1557 .4699 .7211 .1020 .8585 .1192 .8347

2Columnar Cloud Liquid Water Density (gm/cm

Jan Mayen
Winter .0548 .0021 .9616 .0021 .9610
Spring .0316 .0015 .9527 .0014 .9546
Sumer .0548 .0019 .9657 .0019 .9653
Autumn .0707 .0026 .9638 .0026 .9628

Azores
Winter .0316 .0017 .9478 .0016 .9487
Spring .0316 .0018 .9438 .0018 .9445
Sumner .0316 .0019 .9408 .0018 .9418
Autumn .0447 .0019 .9569 .0019 .9574

Truk
Winter .0447 .0024 .9472 .0024 .9468
Spring .0837 .0028 .9670 .0026 .9685
Summer .0775 .0030 .9618 .0030 .9618
Autumn .0316 .0024 .9226 .0025 .9224
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Table 4

Retrieval Results of Sea Surface Temperature
from the Two Frequency Combinations

21.0 V

Sea Surface Temperature(K) 19.35 H, , 85. 5 H, 85.5 V
22.235 V

Residual Residual
Original RMS CF RMS CF

RMS (21) (21) (22) (22)
Jan Mayen
Winter .2025 .2023 .0007 .2023 .0007
Spring .7785 .7690 .0122 .7690 .0122
Summer .5950 .5922 .0047 .5921 .0049
Autumn 1.2669 1.2475 .0153 1.2447 .0175

Azores
Winter .3406 .3401 ,0014 .3402 .0013
Spring 1.4930 1.4474 .0305 1.4535 .0265
Summer .7616 .7539 .0101 .7554 .0082
Autumn 1.3849 1.3516 .0241 1.3563 .0206

Truk
Winter .2121 .2119 .0011 .2119 .0009
Spring .2627 .2622 .0017 .2622 .0017
Summer .0837 .0837 .0001 .0837 .0002
Autumn .2569 .2565 .0017 .2565 .0017
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It is concluded, therefore, that the arguments concerning these two

frequencies may be more academic and speculative than real. The minimal

advantage of using 21.0 GHz, for some of the tropical cases does not justify

the replacement of the 22.235 GHz.
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A Study of the Cross Polarization Effects on the

Special Sensor Microwave Imager (SSM/I) Environmental
Parameter Retrievals

Robert C. Lo and James P. Hollinger

Aerospace Systems Division
Naval Research Laboratory

Washington, D. C. 20375

I. Introduction

The origi.nal development specification required cross polarization

levels of less than one percent for all the seven SSM/I channels. This was
relaxed later to two percent for the 19.35 GHz channels and the 22.235 GHz
channel and five percent for the four higher frequency channels (1). The
relaxation of the cross polarization specification could have a significant
impact on the environmental retrieval accuracies. Although larger cross
polarization will increase retrieval errors it is the uncertainty in the

cross polarization which can have the most serious consequences. This
uncertainty will degrade the performance of the SSM/I and may result in

environmental parameter retrieval errors over specification.

The purpose of the present study is to examine the effects of cross

polarization and its uncertainty on the retrieval accuracy of the environ-
mental parameters.

II. The Effect of Cross Polarization Errors

Let T and T be the true horizontal and vertical polarization bright-
H V

ness temperatures and let T and TVM be the corresponding values measured
in the presence of cross polarization. Assume that the leakage of the two
polarizations are the same and denote it as 0 (0 < a < 1). The relationship
among these variables can be written as follows.

T HM =(1-Q) T H + T TV  (II.1)

TVM (l-a) TV + TH (1.2)

Solving for TH and TV

(1 ) T - TVM
T = (11.3)
H 12
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(1 - l) T CL T

TV = VM HM (I.)

The error in Q, T and T would cause estimation errors in the true
brightness temperature T and'v, which are input to the retrieval schemes.
Let a a and a be thu standXrd errors of T T and a. The relation-M4 sV a .VM.
ship oetween these error terms and that of the #rue brightness temperature
is:

S2 (T 2 3 T 2

2 H orV 2 + H orV 2 + Hor V 02 (11.5)
H or V a; ) \ aT VM VM \ B HM

For the sake of simplicity, assume that the instrumental error, n is
the same for both polarization, i.e., a = a a

(11.4), it follows: R V H. Applying equation

2 (1_o 2  a2

2 = (TVTHM) 2 + (.6)ayT )4 Cy
(1-2 a) (1-2 .)2 R

where a is the standard deviation of the true brightness temperature,

either of the vertical or of the horizontal component.

The instrumental noise, a , is measured for each channel in the sensor
tests as a function of the radiometer only, and independent of the antenna.
But the error that affects the retrieval result is aT. Equation (11.6)
shows that both the cross polarization a and the uncertainty in cross
polarization, a, increase a and contribute to the degradation of the~T
retrieval accuracy. A number of cases are simulated to examine the effect
of a and 0.

Figures 1 through 4 are constructed from equation (11.6) assuming
T - T = 40, which is typical for ocean observation from the SSM/I. The
filuresnepresent cases with cross polarization uncertainty, 0 , of 0, 0.5,
1 and 2 percent, respectively. The instrument noise, a is allowed to vary
between 0 and 1 degree contigrade and the cross polarization, a, varies
between 0 to 5 percent for each figure. The magnification of instrumental
error is not very strong when 0 is zero, as indicated in Figure 1. Even
for a five percent cross polarization, an instrument noise of 1.0 increases
to only 1.06. However, when Oa is no longer zero, the magnification of
instrumental error becomes more significant as shown on Figures 2, 3 and 4.
Even with a "perfect" radiometer, having no instrumental noise, i.e., =
0, the cross polarization uncertainty would still introduce an error in the
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brightness temperature measurement. The error, 0T' is 0.98 K when 0 is 5
percent and 0a is 2 percent (see Figure 4), with no radiometric noise. The
error is 0.8 K when * is zero. Two sets of cross polarization measurements
(2, 3) made at the Hughes Aircraft Company facilities are listed in Table 1.

Table 1
Cross Polarization Measurements

a x 100 (W)

Channels First Measurement Second Measurement

19.35 V .35 .10
H .30 .10

22.235 V .65 .63
37.0 V 1.80 .45

H 1.20 1.30
85.5 V .60 1.4o

H 1.40 2.50

Note that the difference in * for 37.0 V and 85 H between the two
measurements are 1.35 and 1.1 percent, respectively. This indicates that
the a and 0. values used for Figure 1 through 4 are by no means unrealistic.

The effect of cross polarization error on geophysical parameter estima-
tions must be examined through a retrieval model. The retrieval results, of
necessity, are model dependent. In the present study, the model employed is
that originally designed by Wisler and Hollinger (5). Use of this model
provided an understanding and useful evaluation in the application of the
SSM/I system in several previous studies (6, 7, 8, 9, 10). The criterion
chosen to examine the effect of cross polarization error is the percentage
increase in the retrieval RMS error.

RMS (a, ao,) - RM (0=0, cF,=O)
P% = ) x 100% (11.7)

RlS (a=, OM=O)

Where P is the percentage increase, the parameters retrieved are the surface
wind speed, sea surface temperature, and the columnar densities of water
vapor and cloud liquid water. The climate statistics (10) employed in the
model are those of Azores, Summer. The input data for the retrieval simu-
lations are presented in Table 2 in the form of noise vectors. The value of
( is taken from the most recent Hughes measurement (4) made on 2/16/82.

e cross polarization values are taken from the first measurement in Table
1. The error vectors of = 0.0, .005, .010 and .020 are then derived
from Figures 1 through 4. ?Aesults of the retrieval simulations are shown in
Figure 5.
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Table 2

Instru- Cross aT (measurement error in TB)
mentation Polariza- at cross polarization level of

tion
a 0.0 .005 .010 .020

(measured) (measured) (inferred)

19.25 H .48 .0030 .481 .548 .630 .942
V .51 .0035 .512 .552 .655 .960

22.235 V .64 .0065 .643 .687 .765 l.O42

37.0 H .40 .0120 .406 .459 .583 .933
V .39 .0180 .398 .452 .585 .947

85.5 H .64 .0140 .650 .685 .775 1.068
V .81 .0059 .816 .841 .912 1.151

From the results, it is apparent that the effects of cross polarization
errors can be very significant. The curve for sea surface temperature in
Figure 5 is misleading. It does not imply stability in sea surface temper-
ature retrieval because of the low confidence of its estimation (7, 8).

Results shown in this section are derived under the assumptions of
identical coupling between the two polarizations and the same instrumental
noise. This assumption was made for simplicity. However, an exact formu-
lation to take into account non symmetric leakage and instrumental error is
straightforward if precise measurements of these quantities become avail-
able. Such a treatment is not likely to produce significantly different
results than the present one. More important is the fact that the cross
polarization, though uncertain, is some fixed value and will remain constant
over the life of the SSM/I. Thus the cross polarization uncertainty should
not merely be treated as a random error and simply squared and summed with
the radiometer noise to obtain the overall measurement error. Rather the
uncertainty in cross polarization will result in an unknown bias in the
derived brightness temperatures input into the environmental parameter
retrieval algorithms. This can be assessed by comparing the values retriev-
ed with and without cross polarization imposed biases as the biases are
varied over the expected range in uncertainty of the cross polarization in
all possible channel combinations. A separate study has been planned to
examine the effects due to the biases.

III. Conclusions and Recommendations

The present study has demonstrated that the cross polarization and its
uncertainty can cause serious degradation of retrieved geophysical param-
eters, even when the SSM/I cross polarization measurements are within the
relaxed specification values.
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Proper correction of the cross polarization effects, however, can be
made, as demonstrated in this study, if the cross polarization between ports
at each frequency (i.e., H to V, and V to H) is accurately measured along
with the VSWR of the feed horn for each channel. The uncertainty of these
measurements must also be accurately assessed, a it may be the most
important error source for the environmental retrievals.

The effect of cross polarization measurement uncertainty has been
evaluated as a factor which magnifies the noise in brightness temperature
measurements. Results of the study indicate that it can be very signifi-
cant. However, the uncertainty, just like the true cross polarization value
is more likely a fixed value and should remain constant over the life of the
SSM/I. Its greatest effect is probably in the form of bias rather than
noise in brightness temperatures. A separate study has been planned to
examine this aspect.
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