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DETERMINATION OF SEA SURFACE TEMPERATURE WITH N-ROSS

I. INTRODUCTION

The all-weather, global determination of sea surface temperature (SST)
has been identified in the Satellite Measurement of Oceanographic Parameters
Operational Requirement (SHOP OR-WO527-OS) as a requirement needed to
support naval operations. The target SST accuracy is specified as +0.5 K at

a surface resolution of 10 km with an accuracy of +1.0 K and surface
resolution of 25 km acceptable. Passive microwave radiometry has the 0
potential of meeting this requirement.

During the period 1972-78 NAVAIR supported inves'igations of the
microwave radiometric properties of the ocean and atmosphere which led to
the specification of the Remote Ocean-surface Measurement System (ROMS).
Although ROMS was not built, the understanding of the phenomenology and 0
technology developed for it directly contributed to subsequent systems.

NASA launched an experimental sensor, the Scanning Multichannel
Microwave Radiometer (SMMR), on both the SEASAT and NIMBUS-7 satellites in
1978 to explore the all-weather measurement of sea surface temperature, as
well as other oceanographic and atmospheric parameters, with microwave 0

radiometry. The SMMR employs a 79 cm diameter antenna and dual-polarized
radiometers at 6.6, 10.7, 18.0, 21.0, and 37 GHz with the 6.6 GHz frequency
primarily chosen for its sensitivity to SST. Results from SMMR indicate
that the SST can be measured to an RMS sensitivity +1.2 K or better with it,
e.g. (1). However, the surface resolution of SMMR at 6.6 GHz is only 150

km.

The next generation of passive microwave sensors planned by NASA was
the Large Antenna Multichannel Microwave Radiometer (LAMMR) as part of the
sensor complement of the National Oceanic Satellite System (NOSS). LAMMR
was planned as a seven-frequency, dual-polarized radiometric system with a
four-meter antenna and a performance goal for SST of +0.5 K precision, 0

+1.0 K absolute accuracy, and 24 to 36 km spatial resolution. Although NOSS
and LAMMR were not built due to funding limitations, the design studies
performed and the continuing development of the necessary technology have
demonstrated that the SMOP OR is presently attainable.

The Navy-Remote Ocean Sensing System (N-ROSS) is a planned 0

oceanographic satellite in the Navy core program for POM-84 with funding
beginning in FY 85 to meet the SMOP OR. The sensor complement of N-ROSS is
to include a scatterometer to measure the marine wind field; an altimeter to
measure wave spectra, the earth's geoid, and to locate fronts and eddies;
and a Mission Sensor Microwave/Imager (SSM/I) to measure sea ice, 4
precipitation, atmospheric moisture, and surface winds. All-weather
measurement of sea surface temperature will require the development of a

Manuscript approved April 24, 1984.
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second p&ssive microwave system. Critical to the development of this system

is the selection of the operating frequency and other characteristics
compatible with earth sources of RFI and optimized to functionally integrate

with the SSM/I and N-ROSS.

The objective of this study is to define the frequency, antenna, and

other essential parameters of a microwave radiometric system for the
all-weather measurement of SST from N-ROSS.

II. SENSITIVITY AND RETRIEVAL ACCURACY STUDIES

A primary criterion for the selection of frequency for the low
frequency microwave radiometer (LFMR) is sensitivity to, and thus the
retrieval of, sea surface temperature (SST). The present sensitivity study
will be limited to the frequency range of 2 to 14 GHz since frequencies

below 2 GHz and above 14 GHz are relatively insensitive to SST (2). Three
different approaches are used to examine the sensitivity question. They are

(a) theoretical studies, (b) interpretation of satellite data, and (c) the
use of aircraft data. The theoretical studies are the most versatile in

that wide ranges of environmental conditions can be simulated, and many
frequencies and frequency combinations can be examined. Functional

relationships are built into the theoretical models providing the freedom to
0 examine various trade-off relationships. Satellite and aircraft data, have,

of course, the advantage of being actual measurements. They are, however,
restricted in frequency and range of environmental conditions. The

combination of all three studies provides a more complete basis for the
determination of the microwave radiometric sensitivity to SST.

II.A. Theoretical Studies of Sensitivity

The rate of change of brightness temperature with respect to sea

surface temperature, calculated using the geophysical model (3) developed at
NRL, is given in Figure 1 as a function of frequency for several mean sea

surface temperatures. The climatology (4) of the ocean-atmosphere system
used with the model was compiled for mid-latitude summer conditions. The

calculations are for vertical polarization of an incidence angle of 53.10.
All the parameters of the ocean-atmosphere system are kept constant except
the SST for the calculation of the derivative.

The sensitivity is much greater over the frequency range of 6 to 10 GHz

for very warm water, i.e., a SST of 30 C. However, the sensitivity

decreases drastically, especially at the higher end of the frequency range,

as the water temperature becomes colder. At 10 GHz and beyond, little
sensitivity remains for the colder SST values. The sensitivity trend is
reversed at the lower end of the frequency range, e.g. between 2 and 3 GHz.
These frequencies are more sensitive to colder than to warmer water.
Judging from Figure 1 the optimal frequency range for overall sensitivity
appears to be in the 4 to 6 GHz range.

The choice of an optimum frequency not only depends on the sensitivity

to SST but also on the sensitivity to other environmental parameters. If a
given frequency is more sensitive to another parameter, such as wind speed,
it will primarily provide information concerning that parameter rather than
SST, even though the sensitivity to SST may also be significant. Some of
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the most significant geophysical parameters for the microwave frequency
range of interest are salinity, SST, wind speed, integrated atmospheric
liquid water (clouds), and integrated atmospheric water vapor. The changes
in the vertically polarized brightness temperature as a function of
frequency is depicted in Figure 2 for those geophysical parameters. The

incidence angle used in the calculations is again chosen to be the same as
that of the SSM/I instrument, 53.10, since there are advantages to choosing
the same scan geometry for the LFMR because of possible mutual support and
applications between the two instruments. The sensitivity to SST is
dominant between about 2 and 10 GHz. Above about 10 GHz the effects due to
water, both liquid and vapor, exceed that of SST while below about 2 GHz
salinity effects are greater.

However, in order to examine the true relative sensitivity to various
environmental parameters, the brightness temperature change caused by

representative changes in the other relevant parameters must be examined.
Assuming that the Navy's operational requirement for the other parameters 0

are met, i.e., residual errors of part per thousand for salinity, 2 m/sec
for surface wknd speed, 0.01 gm/cm for columnar density of liquid water,
and 0.2 gm/cm for columnar density of water vapor along with the minimum
requirement of 1 C for SST, the corresponding resultant changes in
brightness temperature were calculated. These changes in brightness
temperature are given in Figure 3. As to be expected from Figure 2 the

salinity effect ceases to be significant for frequencies higher than about 3
GHz, and the vertically polarized brightness temperature is relatively
insensitive to wind speed and water vapor. Liquid water is the only serious
contender with SST for sensitivity and then only at the higher frequencies,
above about 10 GHz.

Similar calculations are presented for the horizontally polarized
brightness temperature in Figure 4. Wind speed and liquid water are the
dominating environmental parameters. The sensitivity to water vapor is also
higher than that of SST beyond 11 GHz. Thus, horizontal polarization
primarily contains information concerning wind speed and liquid water. It
therefore provides a means to remove the effect of these parameters from the
vertically polarized brightness temperature, and enhance the accuracy of the
SST estimation. The horizontally polarized brightness temperature of the
LFMR could also be used in conjunction with the SSM/I to enhance the
retrieval of surface wind speed and liquid water content.

The theoretical sensitivity studies indicate that a frequency in the 4
to 6 GHz region is optimal for the over-all retrieval of SST, and a

frequency in the 8 to 10 GHz region is optimal for the retrieval of the SST
of warm ocean water. The studies also indicate that both vertical and
horizontal linear polarization are required for the retrieval of SST.

II.B. Analysis of Satellite Data

Theoretical models are versatile and convenient for various analyses
and trade-off studies. Yet, their validity must be established through
correspondence to reality. Two types of real data are available for the
LFMR frequency selection. The first of these is satellite data. Among the 0

satellite instruments that have been flown during the past decade, the only
instrument which contains a multiple frequency passive microwave radiometer

3 0



containing frequencies in the required range of from 4 to about 10 GHz is
the Scanning Multichannel Microwave Radiometer (SMMR). Both the SEASAT and
the NIMBUS-7 satellites, launched in 1978, carried a SMMR. A number of
serious problems complicate the proper interpretation of the SMMR data.
However, careful selection of data and definition of retrieval algorithms
have led to reasonable retrievals of the SST (1,5).

A study of the sensitivity of the two lowest frequencies (6.6, 10.7
GHz) of the SEASAT SMMR to SST and an analysis of the SST retrieval using
these two frequencies was conducted by Frank Wentz of Remote Sensing Systems
(RSS) (6). The total mission of SEASAT lasted 104 days; from June 28 to
October 10, 1978. Wentz filtered the total SEASAT SMMR data set according
to the following criteria: (1) only the middle two of the four 150 km SMMR
brightness temperature cells for each scan are used in order to eliminate
severe cross-track polarization error, (2) all data within 800 km of land
are discarded to avoid side-lobe contamination problems, (3) only
night-time data are used to avoid the Faraday rotation effect, sun glitter
effect, sun entering the cold reference horn, and thermal gradients caused
by heating effects which make the interpretation of day-time data
unreliable, (4) only data from the second half of SEASAT's 3 month period
were selected because the 18 GHz channel, which is used in the SST retrieval
algorithm, showed a significant time dependent drift during the first half
of the period. The climatological data used for comparison with the SEASAT
SMMR SST retrievals (7,8) were compiled at NOAA.

Table 1 contains the most relevant results from the RSS study. The
complete results of the RSS S4MR study are given in Appendix A. The slope
between the brightness temperature and the climatological SST value is
directly proportional to the cross correlation coefficient between the two
variables. The brightness temperatures are sorted according to the
corresponding climatological SST values into cold water, tepid water, and
warm water categories. The slope at 10.7 GHz is higher than that at 6.6 GHz
for warm water indicating higher sensitivity. The reverse is true for cold
and tepid water. This result is in agreement with the theoretical results
from subsection II.A. The SMMR brightness temperatures were also used to
retrieve SST. The retrieval accuracies based upon the 6.6 GHz channels are
superior to the retrievals based on the 10.7 GHz channels for all cases of
liquid water content and surface wind speed (see Table 1). The 10.7 GHz
retrievals are most accurate for tepid and warm water. This confirms the
previous conclusions based on theoretical calculations that the frequency
region of 4 to 6 GHz provides the most sensitive overall estimator of the
SST except for warm water.

II.C Aircraft Measurements

During November-December 1982, NRL conducted a series of airborne
radiometric measurements of SST. The instrument complement included the
NASA/Langley Stepped Frequency Microwave Radiometer (SFMR) (9) and the NRL
SSM/I simulator with channels at 19 H and V, 22 V, and 37 H and V mounted on
a pallet aboard the NRL RP-3A aircraft. The pallet can be tilted to provide
incidence angles from nadir to 53 degrees. The SFMR is vertically polarized
and is electronically stepped over the range of 4 to 7.5 GHz. The
frequencies chosen for data collection are 4.530, 4.994, 6.594, and 7.394
GHz centered on a bandpass of 50 MHz. A precision radiometric thermometer

4



1-- 49 C% 1- -t c'J 0D % Ln Ln co

LA ll lll C9 0% 0 LI? 4%
M~ CJ - LO LA cn -4 f

U% 0 N

LAA cl 1 0 D

LAJ =A LA LA LA 00 m% . 0
a. to 0% 0% %0 to 0A 0 LA qc -~ LA

LUJ LA fnJ -O -4e c" E A CJ C

V) LA LA -L 0JL
0%J 0) 0=A~ 0 %

LU t 1-4 en en fnC. L
0% LU f- LA -4 a r v c
a, 0o 0 0 0 0 0%0 0 0 %C a

LDAD 0 cmQ-D Q C

LA .. J In"

Zk. LA 4

n NN

ll el C9 t 0 - : 19 0 1
VI) 0%- LAi 04 04 cm 014

- o Lai%~ LA ~ e ' ~ L

LA * LAJ -L

La L 0 0r 0l 0l 0 0 0 -i

LA~~I =
ULA 0L V

-) u- >' 04 -4i Go cr CJ LA -m Lj 04 M
C5.. M *r 44 LA% D c L 0* L

AcL m 0o C.o 4 ". -O -cJ aJ - LJ CJ =oj P. P 4 c o c o 0 (7 4. co 0L I.-

ui %0 LLU LA ..J
CAZ ~0N . 0i

LUJ 0 D 0 cl % m C o C D r 0 LUS LUJ LA
-i Z- I- m- LA 0- m 0 m 00 c L = coS

_ Ln C~ cJ LA4 %. to m~ ON 0t U. ~

viL c A; ci 0% -L

La 01- -
cm LU

0L LU c L. u

=9 ~ ~~ -cLi =c LUJ
cc~~ ~ 0 j j c

0 L61 -c -i - j .
-i LU

C~ LUi 0 01 Li00

sU I-- LU Z - ex -

'C 'V-)- >. LAJ

0 9- 4A LU I C

0 Ln 00LM

C; LULA=
v\ LU 0 v. 1-4 I-v1-



(PRT-5) provides the surface truth measurements of the SST. Flights were

conducted across the Gulf Stream, the continental shelf off the Norfolk, VA

coast, Gulf of St. Lawrence, the Labrador Sea, and Frobischer Bay covering a

SST range from 2 to 25 C. The pallet angle was set at 0, 10, 20, 30, 40 and

50 degrees. The SFMR instrument failed several times during the mission and
the mechanism which tilts the pallet locked at nadir several times due to

the extremely cold conditions in Labrador. As a result, very little of the
SFMR data are actually usable for this study. The brightness temperatures

at 4.530 GHz for the pallet angles of 0 and 40 degrees are shown in Figures
5 and 6 as functions of sea surface temperature. Even though the data were
collected on different days, over different locations, and under different
weather conditions, the 4.530 GHz frequency is shown to be significantly
sensitive to SST. The slope of the regression line in the Figure 6 for the
400 look angle is greater than that of the nadir looking case in Figure 5.
These slopes are somewhat greater than those from the SEASAT SMMR statistics

(see Table 1) or the theoretical studies (see Figure 1). Even though the
extent of the aircraft data is very limited, the results are in general

agreement with the theoretical calculations and substantiate the theoretical
approach.

II.D Retrieval Accuracy

The confirmation of the theoretical sensitivity studies by the
satellite and aircraft measurement results provides the practical basis for

detailed theoretical retrieval and trade-off studies. Several independently
developed geophysical models and retrieval algorithms are available to be

used in parallel to assure consistency and reliability of the study results.
Alex Stogryn of the Aerojet and Electro Systems (AES) and Gene Poe* of the

Hughes Aircraft Company (HAC) have conducted extensive investigations in the
field of microwave remote sensing (e.g. 10, 11, 12, 13, 14) and have

independently developed geophysical models and retrieval algorithms
applicable to the study of the microwave radiometric determination of SST.
Their models share in common, parts of the physical relationships, as of

course they must; however, the retrieval methods and the data base employed
are sufficiently different so as to render the models independent for

practical purposes. Stogryn and Poe volunteered to join NRL in an
independent SST retrieval study. A common set of environmental and
experimental parameters and ranges were agreed upon and are given in Table
2.

The range of environmental condition chosen covers all but the most

extreme conditions likely to be encountered. The frequency pairs were

chosen to contain a lower frequency from the optimal region of 4 to 6 GHz
and a higher frequency which will have greater sensitivity in warmer ocean
waters and provide greater spatial resolution.

The effects of instrumental noise, AT, and of using SSM/I environmental

products in the SST retrieval are of particular interest. The SSM/I is

expected to provide estimates of wind speed, water v~por, and liquid water
at accuracies of 2 m/sec, 0.2 gm/cm , and 0.01 gm/cm , respectively.

Poe performed retrievals for instrumental noise, AT, temperatures of
0.0 and 0.25 K testing all the frequencies and frequency combinations using

*Gene Poe has since joined Aerojet Electro Systems.
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SSM/I products. His results are given in Figures 7 and 8 and indicate that
it is possible to achieve the operational requirement of 1 C for SST, for a
noise uncertainty of 0.25 K or less, using a dual-polarized single-frequency
system at a frequency of 6.5 GHz or less. The results also indicate that it

is not possible to reach the required accuracy using either a 10.7 or an 8.6

GHz system, even when the SSM/I products are used in the retrieval. The
retrievals from a dual-frequency system perform consistently and
significantly better than those of the single-frequency system.

TABLE 2

1. Environmental Conditions

SST (C) -2 to 30

Wind Speed (m/sec) 2 to 17

Salinity (PPT) 33 to 37

Colummar density of wa er vapor

(gm/cm ) 0.6 to 6.0 6

Colummar density of liquid water
(gm/cm 0.0 to 0.08

Air temperature (C) 0 to 32

2. Frequencies for consideration (both polarizations)

4.3, 5.1, 6.5, 8.6, 10.7 GHz and (4.3, 8.6 GHz), (5.1, 10.7 GHz)

combinations

3. Instrument noise AT

0.0, 0.25, 0.5 and 1.0 K

Stogryn's retrieval results are depicted in Figures 9 through 11. The

results in Figure 9 confirm the conclusion from Poe's study that the
retrievals based on either 8.6 or 10.7 GHz alone are not adequate to meet

the operational requirement even using SSM/I products. For an instrumental
noise of 0.5 K or less, the lower frequencies may be used alone to retrieve
SST. The RMS retrieval error values vary somewhat between Stogryn's and
Poe's models, but the general characteristics and trends agree very well.

Stogryn examined the two-frequency combinations with and without SSM/I
products. The retrievals for the 4.3, 8.6 GHz combination are shown in
Figure 10. Retrievals using only the single 4.3 GHz frequency are also
included in this figure to provide a reference for comparison with the
dual-frequency system. The additional frequency improves the retrieval
results much more significantly than including the SSM/I products. When two

7



frequencies are used, the inclusion of the SSM/I products adds only minute
improvement, implying that the S M/I products are not necessary for a
dual-frequency LFMR. This would relieve constraints on the spacecraft
interface design imposed by requiring common lines of sight for both the
LFMR and the SSM/I. Another benefit of using a dual-frequency system is
redundancy in case of partial failure, such as the loss of one channel. The
dual-frequency system also provides higher accuracy, and the higher
frequency channels provide better surface resolution in warm ocean water
regions.

Similar retrieval results for the 5.1, 10.7 GHz combination are
presented in Figure 11. The same conclusions, as derived from the 4.3, 8.6
GHz system, are supported by this set of simulations. The inclusion of the
SSM/I products only marginally improves the retrievals when a two-frequency
configuration is used for the LFMR and a dual-frequency system is far
superior to a single-frequency system. The 4.3, 8.6 GHz combination appears

to be slightly better than the 5.2, 10.7 GHz system in retrieval accuracy.
But both of these combinations are adequate to meet the operational
requirements if a system noise of about 0.5 K or less can be achieved.

NRL performed the simulations in the same fashion as Stogryn. The
results are shown in Figures 12 through 14. A difference between the two
sets of results is that the climatology used to develop the NRL retrieval
algorithm is assumed to describe the environment perfectly. Under such
conditions, the retrieval contains no error when the measurement is perfect,
i.e., when there is no instrumental noise. Stogryn's model employs
different sets of actual radiosondes for model development and for
retrieval. The difference between the two sets of radiosondes imposes a
modelling error not included in the NRL approach. Therefore, the NRL

results differ from Stogryn's for very small system noises. The Stogryn and
NRL results are in agreement for system noises of about 0.5 K or greater.
If a modelling error is introduced into the NRL retrieval with the same
magnitude as is implied in Stogryn's results at zero system noise, the two
approaches yield nearly identical results. The NRL simulation results are
in agreement with those of Poe and Stogryn and suggest the use of a
dual-frequency, dual-polarized system for the LFMR.

Although theoretical studies may be questioned on the basis of how well
they represent nature and the real world, the excellent agre,,ment among the
three different retrieval studies and the agreement of the theoretical model
with the aircraft and satellite measurements encourage confidence in the
conclusions derived from the theoretical studies.

III. RFI, FARADAY ROTATION, SUN GLINT, AND ANTENNA DISH SIZE
CONSIDERATIONS

The sensitivity and retrieval simulation studies suggest that either
the 4.3, 8.6 GHz or the 5.1, 10.7 GHz combination is a reasonable choice for
the LFMR. The exact frequencies are not critical and depend upon further
considerations of the operational requirement for surface resolution,
antenna size, antenna weight, and LFMR power consumption limitations. In
addition, radio frequency interference (RFI) must be considered in the
selection of the exact frequencies. Faraday rotation caused by the earth's
magnetic field in the ionosphere is known to affect low frequencies in the

8
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microwave range, and sun glint is also a significant source of error for
microwave remote sensing. These matters are considered in the following
sections.

III.A RFI

One of the problems encountered by the SEASAT and the NIMBUS-7 SMMR
instruments was RFI, particularly at 6.6 GHz. A survey of potential RFI
sources germane to satellite-borne microwave radiometers was performed at
NRL (15) in connection with design studies for LAMMR. The results for the 4
to 6 GHz region were compiled (16) and are presented in Figure 15. There is
a band at least 200 MHz wide around 4.3 GHz which is relatively emitter
free. Similarly, the 400 MHz wide band centered around 5.2 GHz has
relatively few emitters. Based on this information, tentative frequency
combination for consideration are 4.3, 8.6 GHz and 5.2, 10.4 GHz, with the
higher frequency in each pair arbitrarily chosen an octave above the lower
frequencies. The 5.2, 10.4 GHz combination is to be preferred on the basis S
of providing higher surface resolution if other considerations allow it.

A more significant RFI parameter is the total power of the radio
emitters rather than their number. The studies (15, 16) did not address the
power emitted and did not survey the whole frequency range of present
interest. Further RFI investigations are clearly necessary before a final S
frequency selection for the LFMR is made.

III.B Faraday Rotation

The plane of polarization of microwave radiation propagating upward
through the earth's ionosphere is rotated by an angle, AG, by Faraday 0
rotation (17). The amount of rotation depends upon the magnitude and
orientation, with respect to the direction of propagation, of the earth's
magnetic field and the density of electrons along the propagation path. It
is given by,

2.36 x 10 4
ANH cos4 dr (1)

where f is the observational frequency in Hertz, H is t e earth's magnetic
field in Gauss, N is the electron number density in cm , and dr is an 5
element of length along the path of integration through the ionosphere in cm
(18). Ionospheric Faraday rotation determined from equition -1) using the
mean values of 0.47 Gauss for H, 450 for * and 3.8 x 10 cm for the
integral of N along the propagation path is given in Figure 16 as a function
of frequency. Rotation can be as much as three or more times the values
given in Figure 16 during the solar sunspot maximum and for extreme values
of H cos . It should be noted that N-ROSS is scheduled for launch near
sunspot maximum. Thus Faraday rotations of several degrees may be expected
at the lower frequencies of interest.

The rotation of the plane of polarization by ionospheric Faraday
rotation, if uncorrected, will result in an error in the measured vertical

and horizontal linearly polarized brightness temperatures of ATB given by

9
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ATB = (TBV - TBH) sin (26 + Ae) sin Ae. (2)

Here TBV and T are the true vertical and horizontal brightness
temperatures oP the radiation at the earth's surface, 6 is the angular
orientation that the plane of reception of the receiving antenna at the
satellite makes with respect to the surface vertical, and Aj is the Faraday
rotation. If 0 is large compared to A0

ATB = (T - T BH) sin 26 sin A0, 6>> A, (3)

then AT is proportional to sin A8. This is the case with SMMR where the
plane oP polarization rotates with scan angle and 6 can be as large as 250.
If 6 can be held constant at 00, independent of scan angle, then

ATB = (TBV - TBH) sin2 A, 6 = 0, (4)

and AT is proportional to sin 2A. This can be a very large difference.
i p to

For example for T - T B = 100 K, 6 25 , and Aa6 3 equation 3 gives a
brightness temperature error of 4 K whereas an error of only 1/4 K results
from equation (4) when 0 = 0. Therefore, an important design consideration
is to maintain the reception plane of polarization aligned with vertical at
the earth's surface independent of scan angle. The expected error, under
the mean conditions assumed above, calculated using equation (4) is also
plotted in Figure 16 using a value of 100 K for T - T which is an upper
limit even at 15 GHz. For example, at 4.3 GHz, Re error is approximately

0.03 K and may be as large as 0.1 K under severe ionospheric conditions.
The error decreases quickly with increasing frequency, and normally, will
not be important and can be ignored. If necessary, a relatively simple
correction can be made to remove the bulk of the effect since Faraday
rotation is systematic and well understood. Only if the plane of
polarization rotates with scan angle will Faraday rotation be a problem.

III.C Sun Glint

Sun glint is caused by the specular reflection of solar radiation from
the sea surface. The sun is very intense at microwave frequencies,
especially during periods of high sun spot activity when it can have
brightness temperatures as high as 40,000 K at 10 GHz and more then 200,000
K at 5 0Hz. Therefore, it can cause a large contribution to the observed
brightness temperature when the specular point falls within the footprint of
the observing radiometer. The brightness temperature error caused by sun
glint is a function of angle relative to the specular angle and the surface
roughness of the sea which is primarily a function of wind speed. Studies
have been performed (19, 20) for the purposes of defining a cone angle about
the direction where sun glint presents a problem in environmental parameter
retrievals. Consideration has also been given to the possibility of
generating a correction algorithm. These studies indicate sun glint effects
can cause brightness temperature increases in excess of 1 K for angles
within +200 of bistatic for the StM1R 6.6 GHz channel. Unfortunately, the

10
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sun glint problems cannot be avoided nor be obviated by system design or
frequency selection. Fortunately, sun glint problems are minimized by the
sun synchronous early morning orbit planned for N-ROSS. The 98.10

retrograde N-ROSS orbit is shown in Figure 17 with solar positions at summer
and winter solstice and the equinoxes indicated for both a 7:15 a.m. and an
8:15 a.m. equatorial crossing. The limit of the LFMR scan is shown by the
small circle labeled "swath edge". There will be no specular solar
reflection for any sun position within this circle. However, under rough
surface conditions scattered solar radiation will be received from
directions considerably away from the specular direction (19, 20). Thus,
sun glint will be a problem at some scan angles over some portions of the
orbit, primarily near the swath edge in the summer. Criteria for its
detection and elimination must be determined in a way similar to that done
for the SMMR (19, 20) experiment. This problem will have to be addressed in
the processing software rather than instrument design.

III.D Antenna Dish Size 0

The primary factors for the determination of antenna dish size are the
Navy's operational requirements for surface resolution, the spacecraft
volume and weight allowances for the LFMR instrument, and the state of the
art in antenna design. According to the spacecraft configuration work force
(RCA) and the antenna industry, the antenna for LFMR must be significantly S

below 10 meters in diameter. The Navy's operational target requirement for
surface resolution is 10 kms and the acceptable resoultion is 25 kms.

The surface resolution size of the LFMR depends on the slant range, £,
which is a function of satellite height and the incidence angle, I , of the
LFMR, as well as the wavelength, A, and the antenna aperture diameter, d. 0

For a conically scanning instrument, such as the SSM/I, the half-power
footprint is approximately elliptical with the along track dimension, Dat
and cross track dimension, D given by

c

1.2X9, 1.2At,
D and D = (5)

a d cosl c d
0

Assuming that the LFMR scan geometry is the same as the SSM/I, the along
track and cross track surface resolutions for a number of antenna apertures S
are presented in Figures 18 and 19.

The target requirement of 10 km cannot be met at the lower frequencies
of the 4.3, 8.6 GHz and 5.2, 10.4 GHz pairs under consideration unless the
antenna aperture is significantly greater than 10 meters. The acceptable
requirement of 25 kms is met in both along and cross track directions at
5.2, 8.6, and 10.4 GHz by a 6-meter diameter antenna. A 6-meter antenna
will also meet the acceptable requirement of 25 kms at 4.3 GHz in the cross
track direction and will meet the target resolution requirement of 10 kms
along and cross track at the two higher frequencies. Furthermore, a smaller
dish of 3.6 meters would meet the acceptable resolution requirement at 5.2,
8.6, and 10.4 GHz cross track but only at the two higher frequencies along
track. At present it appears possible to build a 6-meter diameter antenna
which is within the weight specification and can be folded and stowed in the
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volume available in the launch shroud. Therefore, a 6 meters target size
for the LFMR antenna is adopted. The 5.2, 10.4 GHz pair of frequencies is
preferred to the 4.3, 8.6 GHz pair because they allow the resolution
requirement to be met with the 6.0 m antenna in both the along track and the

cross track dimensions and with the 3.6 m antenna in the cross track

direction.

IV. BASELINE MODEL OF THE LFMR

The sensitivity and retrieval accuracy studies described in Section II
indicate that the 4.3, 8.6 GHz frequency combination may be marginally

better for SST retrieval than the 5.2, 10.4 GHz pair. However, any possible
slight improvement in SST retrieval accuracy obtainable with the low fre-
quency combination is negligible compared to the 21 percent increase in
surface resolution provided by the higher frequency combination. Since both
accuracy and resolution are important considerations, the 5.2, 10.4 GHz
combination will better meet the operational requirement than will the 4.3,

8.6 GHz pair. Further, uncertainities in the measured brightness tempera-

ture caused by Faraday rotation, as described in Section III.B, will be
about half as large for the higher-frequency combination and, since solar
intensity decreases with increasing frequency, sun glint problems will also
be somewhat smaller. For these reasons the frequencies of 5.2 and 10.4 GHz
are selected over 4.3 and 8.6 GHz for the baseline instrument.

An incidence angle near 500 is required to enable corrections for
marine wind speed and a conical scan geometry, similar to that of the SSM/I
(21), is indicated for the same reasons that led to its use for SMMR, SSM/I,
and LAMMR. The adoption of a scan geometry identical to the SSM/I will
facilitate data comparisons between the two instruments and will ease the

development of algorithms using different combinations of channels from both
systems. Further it will enable a common format and use much of the same
software for data display, handling, and distribution. This scan geometry
is shown in Figure 20. It is a conical scan at a 5.1 incidence angle.
Measurements of the scene are obtained over a 102.4 scan angle centered on

the satellite ground track. A scan period of 1.9 seconds leads to a 12.5 km
spacing between successive scans for a satellite altitude of 833 km.

A minimum antenna size of 3.6 m diameter is required to obtain a 25 km
half-power footprint in the cross track direction but only provides a 42 km
footprint in the along track direction at 5.2 GHz. The surface resolution

at 10.4 GHz is, of course, one half of these values. If the output of the
radiometers is sampled each 12.5 km along the scan direction, the same as
the along track spacing, the 5.2 GHz channels will be Nyquist sampled, i.e.
sampled at intervals of one half or less of the antenna surface resolution,
but the 10.4 GHz channels will not be. Nyquist sampling is very important
to prevent aliasing and allow the full use of the antenna resolution for
locating and mapping thermal fronts and eddies, ice edges, and other surface I
features. This results in 128 samples per scan and requires a 118 GHz low
pass filter at the radiometer output prior to sampling.

System temperatures of 250 K are obtainable with FET amplifiers at 5
and 10 GHz. If a calibration scheme similar to that used for the SSM/I can
be designed for the LFMR, a total power radiometer can be used. Bandwidths

12



of 300 MHz and 500 MHz are achievable at 5 and 10 GHz and should be
compatible with RFI considerations. Ocean scene temperatures will be about
130 K and 150 K leading to RMS noises of 0.34 K and 0.27 K per sample at 5.2
and 10.4 GHz. Sampling both polarizations, with 12-bit precision, will
result in a 1.6 kb/s data rate at each frequency. Assuming about 0.5 kb/s 0
for scan position, reference temperatures, and other instruments condition
and performance data requires a total data rate of 3.7 kb/s. All of these
considerations of sampling, resolution, noise, and data rate for a 3.6 m
antenna are summarized in Figure 21.

In order to obtain Nyquist sampling at 10.4 GHz as well as at 5.2 GHz a
second dual polarized 10.4 GHz system must be added. This would be a second
feed, offset in both the along and cross track directions, so as to provide
the footprints shown in Figure 22. This would provide two series of 10.4
GHz samples spaced by 6.2 km in the along track direction each scan.
Sampling each 6.2 km along the scan direction to provide a 6.2 x 6.2 km grid
would lead to an increased sample noise of 0.39 K and quadruple the data •
rate for 10.4 GHz. The overall data rate would increase to 8.6 kb/s.

In order to obtain 25 km resolution in the along track direction at 5.2
GHz, a 5.9 m diameter antenna is required. This would provide 1q x 25 km
resolution at 5.2 GHz and 8 x 13 km resolution at 10.4 GHz. The resolution
at 10.4 GHz with a 5.9 m antenna is about 10 percent better thon the SSM/I 0
at 85.5 GHz. Samples at 7.5 km cross track are required for Nyquist
sampling at 5.2 GHz. The resultant sampling, noise, and data rates are
given in Figure 23. A second offset feed and dual polarized radiometric
system must be added to achieve Nyquist sampling at 10.4 GHz. Samples will
be obtained on a 3.8 x 3.8 km grid. This situation is summarized in Figure
24. It is still possible to meet the RMS noise requirement of 0.5 K. The •
overall data rate is 14.0 kb/s.

The 5.9 m antenna, six-channel, Nyquist sampled system meets the opera-
tional requirement in both accuracy and resolution. Since the major expense
and weight of the system is required by the antenna, the addition of
two-dual polarized radiometers and feeds at 10.4 GHz to a minimum 5.2 GHz
system will only marginally increase the weight and power requirements, and
the data rate of 14 kb/s is modest. The dual-frequency, dual-polarized,
six-channel system provides greater accuracy over a larger range of SST,
better surface resolution in warm ocean water regions, a stand alone system
independent of the SSM/I, and redundancy in the event of partial system
failure. 0

Nyquist sampling in both along and cross track directions will allow
maximum use of the antenna resolution in mapping surface features. It
should be noted the data can always be smoothed in post processing to
decrease the RMS sample noise and increase retrieval accuracy to the same
reduced surface resolution as would have been obtained originally if the S
data had not been Nyquist sampled. The reverse is not possible. If the
scene is not Nyquist sampled, no post processing will restore the surface
features to the maximum resolution allowed by the antenna.

The baseline system is given in Table 3. The weight, volume, and power
requirements given for the antenna and radiometer were obtained from
discussions with Harris Corporation and extrapolations from SV MR, SSM/I, and
LAMMR.

13



TABLE 3

BASELINE SYSTEM

* Daul Frequency -5.2 and 10.4 GHz
* Dual Polarization - horizontal and vertical linear polarization
0 450 Conical Scan (53.1 incidence angle at earth's surface)

* 1.9 second period
* 102.40 scan width

* Antenna - 5.9 m diameter
- 70 lbI maximum weight
- 22 FT stowed volume
- 20 watts power
- Pointing accuracy +0.1; precision +0.020

* Resolution - 15 x 25 km-5.2 GHz
- 8 x 13 km-10.4 GHz

* Radiometer - Total Power
- Externally calibrated
- Bandwidth 300 MHz 5.2 GHz

500 MHz 10.4 GHz
- AT noise 0.44 K 5.2 GHz

0.50 K 10.4 GHz
- 24 lbs weight
- 24 watts power
- six channel (H, V 5.2 GHz; 2H,2V 10.4 GHz)
- Nyquist sampled

- 14.0 kb/s data rate

* Orbit 833 km altitude
98.7 inclination (polar orbit)
DMSP constellation

3 years mission life
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POE'S SIMULATION RESULTS
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Figure 7 Poe's retrieval results for L~T 0.0 K
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Figure 9 Stogryn's retrieval results for single frequencies
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Figure 20 SSM/I scan geometry
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3.6 M ANTENNA

}2. KM.5K

SCAN PERIOD 1 .9 SEC
ACTIVE SCAN PERIOD 0.54 SEC
ACTIVE SCAN ANGLE 10 02.40

5.2 GHz I10.4 GHz
BEAM SPOT 25 x42 Km 13 x21IKm

NUMBER SAMPLES/SCAN 128 128
LOW PASS FILTER 1 18 Hz 1 18Hz

(250 + 130 )K (250 + I 50)K
AT -C0xI0)Cx18 =0.34K - 0.27K

/(30xlr*/ 2I 1) (5OOx I 6)/(2x II8)

DATA RATE 2 2 2= 1.6 KB/S 2 2 2= 1.6 KB/S
1.9 1.9

TOTAL DATA RATE = I1.6 + 1 .6 + 0.5 = 3.7 KB/S

Figure 21 Summary of the LF M baseline with a 3.6 m antenna
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3.6 M ANTENNA
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0 0 00000

0 0 0 0 0 0 0 0 *- -
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2xI_.Bx12 4x56x 12

DATA RATE = 1.6 KB/S = 6.5 KB/S
I1.9 1.9

TOTAL DATA RATE= I.6 + 6.5 + 0.5 = 8.6 KB/S

Figure 22 Surmary of the LFMR baseline with a 3.6 m antenna using

Nyquist sampling
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5.9 M ANTENNA

*00 0 0 0 *-0
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Figure 23 Summary of the LFMR baseline with a 5.9 m antenna
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5.9 M ANTENNA
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DATA RATE = 2.7 KB/S = 10.8 KB/S

1.9 1.9

TOTAL DATA RATE = 2.7+ 10.8+0.5 = 14.0 KB/S

Figure 24 Summary of the LFMR baseline with a 5.9 m antenna using
Nyquist sampling
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APPENDIX A

COMPARISON OF SEA SURFACE TEMPERATURE
RETRIEVALS USING 6.6 AND 10.7 GHz SMMR DATA

Prepared by:

Frank J. Wentz

Remote Sensing Systems

2015 Bridgeway Ste. 302
Sausaltio, CA 94965

IA. INTRODUCTION

The SST measurement capabilities for two microwave radiometer systems S
are investigated using SEASAT SMMR data. The channels for the two systems
are as follows:

System I - 6.6 Giz both horizontal and vertical polarization
18.0 GHz vertical polarization

21.0 GHz vertical polarization S

System 2 - 10.7 GHz both horizontal and vertical polarization
18.0 GHz vertical polarization
21.0 GHz vertical polarization

The analysis is based on actual SEASAT SHMR TR 's rather than theory. A S
simple deterministic retrieval algorithm is used to compute SST, given the

four SMMR T 's corresponding to either System 1 or System 2. The SST's
inferred from System 1 and from System 2 are then compared with each other
and with climatology to determine the relative accuracy of the two systems.
In addition, correlation statistics are computed for the 6.6 GHz SST (System

1), the 10.7 GHz SST (System 2), the climatology SST, the 6.6 GHz v-pol TB,
and the 10.7 GHz v-pol TB.

2A. SEASAT SMMR TB DATA SET

The SMMR brightness temperatures are averaged onto a 150 km grid

aligned with the spacecraft subtrack. Associated with each 150 km cell are
10 T 's corresponding to the five SflMR frequencies and two polarizations.

(In his study only 6 of the 10 T 's are required.) For each cell, we
computed two SST's corresponding o System 1 and System 2, respectively.

For this study, only the highest quality SEASAT SMMR brightness
temperatures are used. An objective quality filtering technique is used to
obtain this TB subset. The filtering criteria are as follows:

1. There are four 150 km SM4MR TB cells across the swath. Only the two

middle cells are used because the two edge cells suffer from severe

polarization coupling due to the SZ1MR antenna scan Gesign.
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2. The T cell must be at least 800 km away from land. This eliminates
3the possibility of sidelobe contamination.

3. Only the nighttime portion of an orbit is used. Faraday rotation,
sea-surface sun glitter, sun entering the cold-horn, and thermal gradients
aboard the spacecraft all combine to degrade the daytime data.

4. Only measurements coming from the second half of the SEASAT 3-month
period are used. During the first half, the 18 GHz channel showed a
significant time-dependent drift.

After this filtering, there remains 31781 cells. It is believed that the
quality of this T subset is indicative of that which will be obtained by
future microwave Padiometers such as SSM/I and the large aperture N-ROSS
radiometer. As such, the data set can be used as a benchmark to evaluate
the performance of these instruments.

3A. GEOPHYSICAL RETRIEVAL ALGORITHM

In order to compute SST from the four T 's reliance is placed upon a
simple deterministic inversion algorithm. Te inversion problem consists of
four equations in four unknowns.

TB = F. (SST,W,V,L)1 2.

where i denotes the channel from 1 to 4. The unknowns SST, lJ, V, and L
denote sea-surface temperature, wind speed, columnar water vapor, and
columnar atmospheric liquid water. The TB function F. is given by Wentz
(1983) and is quasi-linear in SST, W, V, and L. Because of this
quasilinearity, the system of equations is easily solved using Newton's
method extended to four dimensions.

4A. CLIMATOLOGY SEA SURFACE TEMPERATURE

The SST's computed from the SMMR T 's are compared to a monthly one
degree global SST climatology compiled Ry Reynolds (1982). This climatology
is based on surface marine reports consisting of bucket and engine-intake
temperatures. For each month, the SST is given on a 10 grid extending in
latitude from 80 N to 80 S. A bilinear interpolation is used to compute the
climatology SST at the center of a 150 km SIMVR cell.

5A. INTERCOMPARISON STATISTICS AND ENVIRONMENTAL CASES

In this investigation, six different types of comparisons are made.
These are:

1. The 6.6 GHz SST is compared to the climatology SST

2. The 10.7 GHz SST is compared to the climatology SST

3. The 10.7 GHz SST is compared to the 6.6 GHz SST

4. The 6.6 GHz, v-pol TB is compared to the climatology SST
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5. The 10.7 GHz, v-pol is compared to the climatology SST

6. The 10.7 GHz, v-pol is compared to the 6.6 GHz, v-pol TB

For each type of comparison, ten statistical quantities are computed. To
define these quantities, let X and Y denote the two quantities being S
compared. For comparison 1, X is the 6.6 GHz SST for a given 150 km SMMR
cell and Y is the corresponding climatology SST. Futhermore, let N denote
the number of SMMR cells being compared, and let <...> denote a simple

average over the N cells. The ten statistics are the following:

> mean value of X

Y> = mean value of Y

SD(X) = standard deviation of X

= SQRT (<X2> - <X>2
)

SD(Y) = standard deviation of Y

2 2
= SQRT(<Y > - <Y>2)

<Y-X> = mean value of Y minus X

SD(Y-X) = standard deviation of Y minus X

2 2= SQRT(<(Y - X) > - <MY - X)>2 )

Al = slope of least-squares linear regression 0

= (<XY> - <X><Y>)/(<X 2> - <X> 2 )

AO = Y intercept of least-squares linear regression

= <Y> - A1<X> 0

R = correlation coefficient between X and Y

= SQRT((<XY> - <X><Y>) 2 /(<X 2 > - <X> 2 )(<Y 2 > - <Y>2

Q = standard deviation of Y about the linear regression 0

= SQRT((I - R2 )(<Y 2 > - <Y>2))

To determine the effect of sea-surface temperature, wind speed, and
atmospheric conditions on the SST retrievals, the data are stratified into 0
the following ten environmental cases:

1. Cold water - SST is less than 150

2. Tepid Water - SST is between 150 and 250

3. Warm Water - SST is greater than or equal to 250
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4. Clear - columnar atmospheric liquid water is less than 10 mg/cm2

5. Cloudy - columnar atmospheric liquid water is between 10 and 25 mg/cm
2

6. Rain - c lumnar atmospheric liquid water is greater than or equal to
25 mg/cm

7. Light wind - wind is less than 7 m/s

8. Medium wind - wind is between 7 and 14 m/s

9. High wind - wind is greater than or equal to 14 m/s

10. All 31781 cells, regardless of environmental conditions

The climatology SST is used to specify the sea-surface temperature
stratification. The wind speed and columnar atmospheric liquid water that
are computed from the T 's for system 2 are used to specify the wind and the
atmospheric stratification.

6A. RESULTS

Tables 1 through 6 show the statistics from the six types of
comparisons listed in Section 5, respectively. In each table, the

statistics are given for the ten environmental cases. In analyzing the

tables, focus on the column labeled SD(Y-X), which is the standard deviation
of the difference between the two parameters being compared. Table I shows

that the overall agreement between the 6.6 GHz SST and climatology is 1.58
C. The agreement is better for warm water than cold water (1.24 C compared
to 1.85 C). There is a slight degradation in the comparisons going from

clear skies to rain. Furthermore, the high wind case shows poorer agreement
than the light wind case. It should be noted that the average climatology
SST for high winds in 10.31 C. *Thus the poor agreement for high winds may

be due to the cold water rather than the wind. The comparisons of the 10.7
GHz SST with climatology given in Table 2 show a stronger dependence on SST.
The agreement degrades from 1.17 C to 2.37 C when going from warm to cold
water. In Table 3 the 10.7 GHz SST is compared to the 6.6 GHz SST. The
agreement between the two SST estimates is better than that obtained for the
climatology comparisons, probably because of errors in the climatology. For

warm water the variation between the two estimates is only 1.09 C, and in

cold water this figure increases to 1.78 C.

The bias term <X-Y> in Tables I through 3 also varies in going from
warm to cold water. This variation in the mean SST difference is probably
due to small systematic errors in the T model function F. used in the

retrieval algorithm and/or regional difderences between the actual SST and
climatology.

Tables 4 through 6 give the statistics for the brightness temperature
comparisons. For these tables, the important statistic is the correlation

R. The overall correlation between the 6.6 GHz v-pol T and the climatology

SST is 0.8980, which is higher than the 0.7853 correlation obtained in Table
5 for the 10.7 GHz T . The lower correlation for 10.7 GHz is due to two
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factors. First, as compared to 6.6 GHz, the 10.7 GHz v-pol TB is about
three times more sensitive to variations in the atmosphere (i.e., water
vapor, clouds, and rain). Second, as shown by Tables 1 and 2, the 10.7 GHz
v-pol T is overall less sensitive to SST because of the cold water cases.
It shou~d be noted that due to the restricted range of SST for the cold,
tepid, and warm water cases, the correlations for these cases are smaller
than the correlation for the 'all' case, which has three times the dynamic
range in SST. Table 6 compares the 6.6 and 10.7 T 's. The overall
correlation between these two channels is quite high, being 0.9538.

Plots of the six comparisons appear in Figures I through 6. In

generating these plots, the 31781 cells are stratified into 1 bins along S

the X axis. Table 7 gives the mean X value <X> and the number of samples
for each bin appearing in Figures 1 through 6. The mean Y value <Y> and
standard deviation of Y are also found for each bin. The error bars in the
figures are drawn such that their center is at the point <X>,<Y> and their
length is twice the standard deviation of Y. Thus the error bars represent
the + one sigma variation of Y. In Figures 1 through 3, the large error S

bars for cold water apain show that the SST retrieval degrades for
temperatures below 15 C, particular for 10.7 GHz. Figures 4 and 5 clearly
show how the TB versus SST relationship flattens out for cold water, which
is the cause for the poor SST retrieval. The interpretation of Figure 6,
which plots the 10.7 GHz T versus the 6.6 GHz T is less straightforward.
The error bars are the smaplest for the lower TB values, which are

associated with cold water, light winds, and low water vapor content. It
thus appears that the 6.6 to 10.7 GHz T variation is less for regions
having cold water, light winds, and low vapor.

7A. CONCLUSIONS

The SST performance of the 6.6 GHz and the 10.7 GHz radiometer systems
depends on the water temperature. The performance is better for warm water
than cold water. The degradation of the 10.7 GHz system in cold water is
more serious than for the 6.6 GHz system. The one sigma variations among
the 6.6 GHz SST, the 10.7 GHz SST, and climatology for water temperatures
less than 15 C and greater then 15 C are summarized as follows:

< 15 C > 15 C

6.6 GHz system compared to climatology 1.85 C ;.34 C

10.7 GHz system compared to climatology 2.37 C 1.49 C

10.7 GHz system compared to 6.6 GHz
system 1.78 C 1.17 C

Note the above figures do not represent the actual accuracy of the retrieved
SST compared to truth because of the existance of real SST anomalies with
respect to climatology. However, it is clear from the figures that the
performance of the 10.7 GHz system is about the same as the 6.6 GHz system
for warm water and is worse than the 6.6 GHz system for cold water.

It is interesting to note that for SST > 15 C, the agreement between

the two systems is 1.17 C. If the errors in the retrievals for the two
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systems are uncorrelated, random, and of the same magnitude, then the 1.17 C
difference can be equally partitioned. That is, it can be assumed that
Systems 1 and 2 each have an error of 1.17/ 2 = 0.83 C. If the SST
estimates from the two systems were averaged, then the 0.83 C error for a
single system would be reduced by 2. Thus by using both 6.6 and 10.7 GHz,
the SST retrieval error would be 0.58 C. However, in order to achieve this
high degree of accuracy, all systematic errors in the retrieval process must
be eliminated.

REFERENCES

1. Reynolds, R. W., "A Monthly Averaged Climatology of Sea Surface
Temperature," NOAA Technical Report NWS 31, June, 1982.

2. Wentz, F. J., "A Model Function for Ocean Microwave Brightness
Temperatures," Journal of Geophysical Research, 88(C3), pp. 1892-1908,
February 1983.

46



LA~ PON (1J 61% 1*1 r p0 ,

-S. - 0 0 00 ul 0
N~ 10 r- r- - r.j 0 1010 N P.U - 10 a0 N N- N-

oo co - 0 0. 0. O. 0% Q% 0%

NJ o 0 0 10 0- 07 0r 0~

(N 0'. 00 00 '0 0l 0co 0 O

0 Pe r - It. f -T 00 - CF. W-%

W% 00 r- 0 ~ 0 , 0 e0 0 00 0i

o1 00 r- a V% Go 0. L

A rN LAi 10 r' N . 00
X- a a * a Pe a~ a

oi rn)- UI C4 (- -r r- -40 rr N 0

- a r- a. ul a w a *o a
00 a - - a - a O- rN a-

(.0 Ua- (1 0 0 10 0- 1- (N 00,

A, r- 0 0 0 0 0n 0l -0 0 0

CCu

- M.j on 1i a 0 '0l - '0) LA In -4 0 01

C) 0 - 47 -0 LAj 1 0 r'0 17 0

U)~ 0% IT 1- N 0 'fLA N 4 N

ul L

(.0~ <- 0

V 0 02 '0 cr (Nt(N0 0

I-j

0 a. . UC
V J 0'. 0 :a ~ (N ( -. ~ 0

(N ( -( (N (N - - a

47 '



t- -r 10 9- 0 10 ** N- 0 -
cv Fn - N (1, 00 -r N '

cc CD (NJ ql 10 w.% Ul Ln(N

rui (1 N3 -- LA qN fo (iti
e0 L^ 0 - 10 0 0 0% Lf i
It (n U0 '0 (M r~ ul _r '

c N 0 co0 00 00 0% (7 co

00 U' - 0 0 0 (N V, V%

?l_ 00 00NU% 0 N-
0~ N0 r- 00r~ 0 10 O

A . 0D r-0 0 10 10 0 0

V) U, r4) 00 CD a * r r4) 0 CD

0 N0 .r ND 0' .I -l 0 0 0 LA

I.-' ~ * 4 4 4 4 4 4 4 4

0 Lq i N ( ( N i

cf0 U* 0k 0 (N i 0 0

( A )- 6A 0 0 0 0 0 0 0" 0

x r%

w~ (%j --i (J

C- 0 10 -7. 0T n 10 0" -1 00
(A_ (31 00 Uj N0 CD 1N\ IT r- I U

a- 0 N a, I- 10 0' i , ~ j -

Po I.- I.- w 0' < q- N
< -C .j 0 4 c

LI~~ CL U, ( UC --
-~~~~ w 0- U, r, w- ( 0 i

I- 4 4 4 4 4 4 S

(A V - 0 0 ~ N r' (N 040



co On 10 10 0 Ok Fl- rn 0% -rCY P - o rv n q- 0)f-

.1* 14 1: 14 ~ u~N : -*

10 10 w 00 LA MIj 1,- 10 Go
0% 0% o N. r- N._ r.I- n N

~ 0% 0% 0% 0% 0 % 0

o 00 0 0 0 10 0- 0a,

'C 00 0 0 0% 0%l 0% 0 0% (M ON

- 0 - tn e'J '0 mJ 0 0
o 0 7' CD 10 0 '1 0

41C * 1. . * * *

I'C co a M 1 S , C

=n - rC' 0 00 0J. C0
-It 04 0Z 0t (1 -s' 0 cs

j S * * C CS C C * 40

C- ('C

UJ 0 C 0 Ix C 0 rC 0, 0 vi'

W >C

aC ' '0j '? -0 z0 a,% 10 -.

C0 Ui N.j U"% N. 0 0 - I > 00 J'

V) A (C 00 -Z 5 5

-: ~ .'0 LJ~ ~ .i '0 ~' ' 0,

zl 0 r5 00 O'a,

o CDC 0\ '0 cc '0 i rl" '0 - '0

Ldj --r Lf' -. -Ip '.? S
(\ 1.7 '0 1: 40 dl ccor

r- o> aN.jrl. 7 f
U,7

'0 c
a* -

0 CL * C
30

(N .i .t~2 -. % 0 1 "4-9



0 ti a '0 f0% 'A 10 co ONf~

(N q- C ' q

0% 00 N~ 6111 1 - -r 1% 00 r 0

c~ro IT - n 00 V,% -0 00A-7 r' 0 V- P-1 0. 10 - 0% C
19 .. 1C CC C 11 * C9

oD a 0 0 0 C 0m CD M

(j r4 07. -: W)1 cm 10 rw) L4"
01 Ln r- 0 r- 0% -: -: pe -r
-Z 00 r- un LM 0 '0 a, 10 -.
en -7 0 It fe P-1 LA -r 'r -

* S C C S * C S

V) ro C 0 0 0 10 0 0% 0 0

1r% -0 U% LA 10 P-C 0 01
(A C), 0% 'J C 0 10 co 0%~

"0 ~ ~ L 4 : C i ~1.L

2f L,4 r'
re) r- "I. rn ue) pn LA) '0 N. y- 0

C 0 0 0 0- '0 0 0 C0-r,

CfL

-. C ' * * * . 0 C7

4" P. A0 r* C C) 1 -n 00 c

-0 a, -e - - - C

-7 C)

e - tm C 00 -7 C7, 0 r-1 (NJ '0
r 0 ' '40 0% -r '0 10 I- 0 0

01 0.0 0~ *0 CD .~ It *

* I (N - . 0 ' - (NJ N. -4

z 4
00

r:1 39 10 O N C L O C

I.--

0 . *C It CC

500



ol 00 f- I rM -Z 0 -U 0 -t CI

10 co N 0- - 0 P1 r- 0

0. '0 10 10 10 00 00 It U, r4-
C? ~0 0 -4 Nr 0% r4 fl- 0
N- ur 0% 0) cm u,% Ir fo ?-I

n ~ o 0 0 0n 0 0o 0 0 10

(A '0 0 '0I P0 r * r.a N

Ln -* % Pn LA Ln 10 .4' LA 6%

0 ( 0 0- 0 Y 0 00 0O 0% 0 0-

LI-

cf 0L N. 0- r 10 LA N o 'rN i

-t C .r- Nr P0 O 0 N 0%
gm Oi O r% U, ro -- U ,

oD V) s- 10 10 4l _

I- >
'C% 10 0%% 1--0 .J* 10 ul, U- U"

U, .4 CO U 0% 0 ur N. 01

CA '0 0 0 N0 mr 0% 0% 10 rI un

v 0: C; rl: C4 0% CO CO 0% '0

'0j In '0 0 0% NY N0 - 0j 0
V -:j oi 0 C7 It -0 LM 10 co

C) - C7 00 r~ 10 CD ' I- r-

w LLJ u-z -

IO' .- u- 40 -4 < 0 %
'C~- :1 c

I-~L > uNNi

acX >

=5



q- Ol P 0 10 - N N It i-

0 n Le 00 N) J 00 N ' 0% 0

C9 al . 09 C. a: *

fl- 00 %0 c 0 0 L- 1

LA 611% u 10 1 N In It ~ f
0o -* -: 0 t LAC 0'

EJ -Z CIO0 0 U" '0 N~ LA r~
f0' 17 00 0'00 07 0' 0NJ

0 , 0 r ol t- 00 10 a '

co r- 4 l o- Mi 0 L 0 C) CD

0 a - N: 8 8 CO 1: li C

0 N1 0' U0' Nl CO 0
'0 0 -40 0 0l wl 0 n '

,0

* o 10 C - r.) -

V)

-~1 10 P 0 N ~ . -1 M~ M

w. C; 5 5 5 4 0: 0

cr .

0- 0 07 00 -r C CD -4i -x '
Nl C, *x *0 *i (\j* *

w NL z zl zJ N -Nj '
Ulu >-S * S S

Cdl

I-z
0 CL 5 -cc A CO

* I-A N ' ~ '. ~ c~ ~
Cdl * . . * 52



TABLE 7. Number of SampLes for Error Bars in PLots 0 4

Fig. 1,2,4,5 Fig. 3 Fig. 6

SSTCY number SST6 number TB6V number

1.66 - 16 1.57 - 47 143.76 - 5
2.62 - 100 2.56 - 108 144.62 - 84
3.52 - 175 3.51 - 183 145.57 - 298
4.53 - 365 4.53 - 272 146.54 - 734
5.55 - 395 5.50 - 423 147.53 - 1103
6.56 - 707 6.54 - 542 148.52 - 1373
7.49 - 1004 7.52 - 655 149.52 - 1761
8.48 - 1120 8.49 - 737 150.51 - 2040
9.47 - 852 9.48 - 822 151.52 - 2359

10.48 - 847 10.48 - 858 152.50 - 2534
11.52 - 827 11.51 - 864 153.50 - 2628 0
12.49 - 843 12.50 - 884 154.49 - 2699
13.50 - 885 13.52 - 886 155.52 - 3195
14.50 - 886 14.51 - 898 156.52 - 3856
15.51 - 904 15.51 - 916 157.47 - 3594
16.50 - 938 16.50 - 1082 158.45 - 2309
17.50 - 1005 17.49 - 1164 159.39 - 940 0
18.50 - 1140 18.52 - 1343 160.38 - 193
19.47 - 1018 19.51 - 1494 161.41 - 47
20.51 - 1188 20.50 - 1691 162.40 - 25
21.50 - 1577 21.50 - 1739
22.49 - 1547 22.50 - 1787
23.51 - 1582 23.50 - 1816
24.53 - 1896 24.50 - 1963
25.48 - 2188 25.51 - 2165
26.51 - 2330 26.50 - 2237
27.50 - 3393 27.47 - 1981
28.41 - 1561 28.45 - 1301
29.26 - 492 29.42 - 634

30.39 - 211
31.51 - 35
32.35 - 12

Iq 5
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Fig. 1. Comparison of 6.6 GH-- SST versus Climatology SST.
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Fig. 5. Comparison of 10.7 GHz v-pol TB versus Climatology SST.
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