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1 s. Notwithstanding the erroneous

calibration , analyses of ESMR T8 maps do show definite increases in horizon-
tally and vert ical ly polarized brightness temperatures with wind. Such in-
creases are dramatically brought out in a Mistra l occurrence over the
Mediterranean Sea.
An error analysis on derived wind equations establishes the accuracy of wi nd
speed de termination from Nimbus 6 ESMR under various condit ions .
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1.0 INTRODUCTION

The purpose of this study is a preliminary assessmen t of the
utility of the Nimbus 6 Electrically Scanning Microwave Radiometer
(ESMR ) for sea—surface wind speed determination. The 37 GHz Nimbus 6
ESMR, successor to the 19.35 GHz Nimbus 5 ESMR , differs from the latter
not only in frequency but also in scanning geometry and polarization.
Previous studies [1 , 2] proved the utility of the Nimbus 5 ESMR to sea-
surface wind determinati jn , but also pointed out the deleterious effects
of a cloudy atmosphere and of the not—well-def i ned relationshi p between
wind and wave spectrum on the ultimate estimation of wind from bright-
ness temperatures . The Nimbus 6 ESMR with its dual polarization would
partially compensate for atmospheric effects by providing additiona l
information in the vertically polari zed channel. Nevertheless , in
prec ipitation areas and in areas of liquid clouds the uncertainties
introduced by the atmosphere are still too large, thus limiting the
ability of the Nimbus 6 ESMR for accurate sea-surface wind estimation to
cloud-free areas.

The utility of the Nimbus 6 ESMR for sea-surface wind determ ination
Is explored in this study by:

1. Analysis of wi nd equations derived from theoretical calcu-
lations of TB above model atmospheres and assumptions of
linear increases in sea-surface emissivities with wind.

2. Actual analysis of Nimbus 6 ESMR TB in areas of known wi nd .

Unfortunately a calibration problem [3] still present in the Nimbus 6
ESMR (September 1976) prevented quantitative comparisons of TB and wind ,
and the derivation of a sound empirica l relationship between wind and
sea—surface emissivities needed to estimate winds from satellite-
measured TB’s. Notwithstanding the erroneous calibration, analyses of
ESMR TB maps do show definite increases in horizontally and vertically
polarized brightness temperatures with wind . Such increases are drama-
tically brought out in a Mistra l occurrence over the Mediterranean Sea.

[1] Sabatini , R.R ., “The Appl i cation of the Nimbus 5 ESMR to Sea-
Surface Wind Determination. ” EPRF Technical Report 5-74 (ESC) Contract
No. N663l4-73-C-l572. Prepared by Earth Satellite Corporation ,
May, 1974.

(2] Sabatini , R.R ., “Sea-Surface Wind Speed Estimates from the Nimbus 5
ESMR.” EPRF Technical Report 3-75 (ESC) Contract No. N66856-4i20-
5501. Prepared by Earth Satellite Corporation , February 1975.

[3) Comunications with Dr. 1. Wi ’--’i t the NASA ESMR Experimenter and
Dr. A. Chang also of NASA c~ lied our suspicions of a calibration
problem. ESMR data are prese rit4y available in calibration versions
11 , 12 , 13 , and 14 all of whi ch are incorrectl y calibrated . ESMR
data were first received from NASA in versions 11 , 12 and later
In version 14 which , although gridded more accurately than the
prev ious vers ions, still conta i ned a calibration error.

— 1—



An error analysis on derived wind equations establishes the ac-
curacy of wind speed determination from Nimbus 6 ESMR under various
conditions.

Section 2 presents a brief description of the Nimbus 6 ESMR experi-
ment and data . In Section 3 we discuss the surface and atmospheric
effects on to the microwa ve brightness temperatures measured by the
Nimbus 6 ESMR , and develop equations defining the relationship between
wi nd and T~. Section 4 presents analyses of Nimbus 6 ESMR da ta . Section
5 conc1ude~ the report with a summary of results and recommendations .
The equations and model atmospheres employed to calculate brightness
temperatures above the atmosphere are presented in the Appendix.



2.0 DESCR IPTION OF THE NIMBUS 6 ESMR EXPERIMENT AND DATA

Only the essentials will be presented here; for a more detailed
description of the CSMR experiment the reader should consult Section 5
of the Nimbus 6 User ’s Guide [4].

The ESMR is one of eight experiments carried by the Nimbus 6 space-
craft which was launched in a near-polar , circular (1 ,100 km), sun-
synchronous (noon to midnight) orbit on 12 June 1975. Most of the
experiments, including the ESMR , are still functioning properl y as of
this writing (September 1976).

The Nimbus 6 ESMR is sensitive to radiation in a 260 MHz band
centered at 37 GHz (0.81 cm). The Nimbus 6 ESMR measures both hori-
zontally and vertically polarized components of the microwave radiation
by usinq two separate radiometer channels. The antenna beam of the ESMR
scans ahead of the spacecraft along a conica l surface with a constant
angle of 45° with respect to the antenna axis. The beam scans in azi-
nLth ~~350 about the forward direction in 71 steps , such that beam posi-
tion I is 35° azimuth ang le to the right of the spacecra ft, beam posi-
tion 36 views straight ahead , and beam position 71 views 35° to the
left. The instantaneous field-of-view (half—power contours) is approxi-
mately an oval , 20 x 40 km , nearly constant in size along the scan. The
scan geometry and the tipping of the antenna 5° forward of the vertical
axis of the spacecraft permits the antenna beam to intersect the earth
at a nearly constant incidence angle throughout the scan. For the
expected spacecraft pitch bias of +0.6° the incidence angle varies
between an angle of 50.8° for scan positions 1 and 71 , and 49.6° for
position 36. The nearl y constant incidence angle eliminates the effects
of a varying nadir angle on sea—surface emissivit y and on atmospheric
optical path lengths , thus facilitating both qualitative and quanti-
tative data interpretation .

The scanning  geometry near ly  compensates for the d i s to r t ions
introduced by the earth ’s curvature . The width of the image area is
approxima tely 1 ,270 km , causing substantial gaps in the equatorial
regions between successive orbit coverages. These gaps decrease away
from the equator and disappear at 60° latitude .

ESMR data dre available to users from the Nationa l Space Science
Data Center (,SSDC) in image format and on Calibrated Brightness Temper-
ature Tapes (CBTT). The ESMR pictorial data and the Nimbus 6 catalogs
(5) serve the purpose of determining coverage and selecting areas for
In-depth analysis of brightness temperature val ues on the CBTT.

All our brightness temperature analyses have been performed on
computer printout maps obta i ned from the NASA-provided CBT tapes. A
computer program in FORTRAN and in ASSEMBLER l anguages for the IBM
360/168 computer was written to read the CBTT and to map out the cali-
brated brightness temperatures (CBT). Depending upon the instructions
Inserted in a control card , CBT data to be mapped can be selected on the

(4] Nimbus Project, “The Nimbus 6 User ’s Gu ide,” NASA , Goddard Space
Flight Center, Greenbelt, Maryland , 1975.

-3-



basis of time interva l or latitude-lon gitude intervals. Additi ona l ly,
one can choose to map either the vertical or horizontal polarization
brightness temperatures (Tn~ 

or TBh ) or the difference (TBv - TBh).
The CBT maps contain all oT the origina l unaveraqed values of TB mapped
at a nearly one-to-one rat io between the vert ical (along sub-satel l i te
track) and the horizontal (cross—track) distances. The map is at an
approximate scale of 1:2,200,000. Griddin g of the map is achieved by
means of a rubber-grid overlay. The overlay , cou p led w i th satel l it e
subpoint information on the CBTT and printed out on the CBT naps ,
great l y fac i l i ta tes  gridd ing to nea rly the accuracy of the resolution of
the ESMR system . Landmarks such as coastlines are used to correctly
position the overlay grids. Although latitude -longitude i nformation is
available on the CBTT for every 15th beam position starting at position
six , these were often found to have errors of more than one degree and
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3.0 ATMOSPHERIC AND SURFACE EFFECTS ON BRIGHTNESS TEMPERATURES MEASURED
AT 37 6Hz

3.1 Introduction

Theory and experiments have shown tha t the microwave ernissivity ,
and there fore the resultant temperature of a sea-surface , depends
strongly on the s~a roughness and foam and spray. Since these are
related to the wind velocity near the surface , sea brightness
temperatures TB measured from a satellite can be a measure of the
sea-surface wind veloc i ty . The relationship between br i ghtness
temperature and sea-surface wind is complicated by factors which
can be a rbi t r a r i l y divided into two groups: (1) those atmospheric
factors tha t i nf luence  the t ransfer  of micr o~~ve energy from the
sea-surface to the satellite sensor; and (

~
) those boundary layer

factors that influence the relationship between wind and sea state ,
or the effective emissivity * of the sea-surface.

Previous stud ies [6, 7] indicated that the Nimbus 5 ESMR could
estimate sea-surface winds to a five- to six-knots probable erro r
(7.5 to 9 knots standard error) in clear areas and fully developed
open seas, given a clirnato l ogical estimate of atmospheric water
vapor and sea-surface temperatures. These studies pointed out that
the main diff iculty is the definition of an accurate relationship
between wind and surface emissivity , the quant ity that is actually
derived from TB measurements , and also ruled out the use of Nimbus5 ESMR TB for wind estimates in ra i ny and cloudy areas (except
cirrus) unless the cloud liquid water could be accurately estimated .

The two polarizations of the Nimbus 6 ESMR essentially provide
two simultaneous measurements of the T~, which under clear sky
conditions permit estimates of the horizontal and vertical polariza-
tion sea-surface emissivities , which are both related to surface
wind . Nevertheless , there still remains the problem of interpre-
ting the derived emissivities in terms of wind ; even in perfectly
clear atmospheres the ultimate accuracy of the wind estimate relies
on how well the sea wave spectrum , foam, and spray (all of which
control emissivities) can be equated to wind. As we shall show in
the fol lowi ng sections, even with the two TB measurements presence
of liquid clouds may cause unacceptable errors in the wind estim-
ates.

In the fol lowing sections we shall derive simplified equations
for the horizontal and vertical brightness temperatures at 37 6Hz
in terms of surface and atmos pheric parameters , use these equations
and an assumption of a linear relationship between wind and sea-
surface emissivities to derive equations for the wind , and ultim-
atel y speculate on the magnitude of the errors caused to the wind
estimates by errors in estima tes of surface and atmospheric para-
meters.

*By effective emissivity is meant the integrated average emissivity of
an area at least as large as the resolution of the sensor, containing
an ensemble of waves , white caps , and spray.
(6) Sabatini , R.R. , 1974, Op. Cit.

(7] Sabatini , R .R.1 1975, Op. Cit.



3.2 Derivation of Sea-Surface Emissiviti es and Wind Equations
from Brightness Temperatures

The br i ghtness  tem oera ture above the a tmos phere can be cal-
culated for g iven atmospheric and surface conditions by means of
the radiative transfer equation. In our approach , called the thin -
atmosphere approximation and detailed in the Appendix , the atmos-
phere is divided into many l ayers each having an average tempera-
ture , water content , and absorption coefficient. The radiation
emerging from the ocean surface is transferred layer-to-layer up to
the top of the atmos phere . In order to derive a simple expression
for brightness temperature in terms of surface em issivity and
atmospheric and surface parameters , we solved the radiative trans-
fer equation for clear and cloudy (non-precip itating) atmospheres ,
with various sed-~ur lace temperatures and em issi v~ties . We then
fi tted the results with firs t order polynominals. the resulting
equati ons are simpler to handle than the transfe r equat ion and are
amenable to erro r analyses . Two sets of equations have been
derived: one set for the horizontall y polarized brightness tem-
peratures for which the emissivit ies were made to vary from 0.30 to
0.60, and another for the vertical polarization brightness tempera-
tures for wh ich the em issivities were varied from 0.60 to 0.75.
The equations are of the following form :

TBh = k0 + k lEhTs + k2V + k 3C (3.1)

= + K 5EvT5 + k6V + k7C (3.2)

where
TBV and TBh are vertical and horizontal polarization bright-

ness tempera tures (°K);

E~ and Eh are vertical and horizontal polarization sea-surface
emissivities (0.30 < Eh < 0.60), (0.60 < E~ 0.75)

Ts is sea-surface temperature

V is atmospheri c water vapor in cm of precipitable water

C is non- precipitating cloud liquid water in cm of precip-
itable water

- k3 are regression coefficients for the horizontal polar-
Ization equation

— k7 are regression coefficients for the vertical polar-
ization equation

-6-



Table 3-1 presents v~l ues of k,, — k7 , mul tip le co rre l a t i o n
coefficients Mcc , and the standard error of estimate SEE for a
variety of a tmospheres descr ibed in the App endix. Fi gure 3.1 is a
plot of how the brightness temperatures v ury  for the given con-
ditions as a function of emissiv it y calculated with our thin at.mos-
phere assumption , and by means of regression equations 3.1 and 3.2.
The plot g i’ies an idea of the goodness of fit of the regression
equations to thin a tmosphere calculations of TB.

Given the brightness temperatures and estimates of wate r vapor
and cloud liquid content , equations 3.1 and 3.2 can be solved for
the sea-sur face em issiv ities (Eh , Eu ). The emissivitie s in turn
can be translated to a sea-surface wind by an aporopriate empirical
equation derived from Nimbus h ESMR. Unfortunate l y, the inade-
quatel y calibrated ESMR datd did not permit us to derive reliable
equations ~or the sea—surface emissivit ies (both horizo ntal and
vertical polarization) as a function of observed winds . However ,
in our su bsequent analyses , for the sake of estimating range of
errors i n the der i ve d w i n d we sha l l  assume l i near emiss ivity versus
wind equations derived from 37 6Hz observations from an airplane.

The ver tical and horizontal polarization sea—surface emis sii~-
ties are not only dete rmined by the waves , foam , and spray produced
by the wind , but also by the zenith angle , an d the water tempera-
tures and salinity which control the dielectric constants. Figures
3—2 and 3-3, derived from ca~culations presented by Par is [8], show
the sea-surface emissivities at 37 6Hz for calm conditions and
average salinity of 32.72 0/00 as a functi on of zenith angle and
sea temperature . From these graphs we can app ro xi ma te the em i s-
sivit ies for calm conditions at zenith 50° by:

EhO = 1.02059 - 0.162208 x - 0.248206 x lO 5T (3.3)

= 5.4048 - 0.032738T5 + 0.474646 x 10~~T~ (3.4)

where T 5 is sea-surface temperature in °K. The creation of waves ,
foam , and spray by the wind increases thes e emissivi t ies.  At low
wind speeds before any foam form s, sur face wa ves of di mens i ons
comparable to the wavelen gth of observations are primarily respons-
Ible for the emissivity changes. As the wind speed increases so
does the rouqhness , but most importantly so does the foam coverage.
Graphical plots of observations of foam coverage with wind [9] s how
a large scatter , indicating that many other factors affect foam
coverage. These include the duration and fetch of the wind , water
temperature , therma l stability (difference in water and air temper-
ature), salinity, and variations in the surface tension of the
water due to the occurrence of organic films . From all available
observations of wind and foam coverage , Stogryn [9] derives the
following equation :

[8] Paris , J.F. , “Transfer of Thermal Microwave in the Atmosphere.” Vols.
1, 2. Dept. of Meteorology, Texas A&M University. Prepared for NASA
NGR-44-OOl-098, Office of Nava l Research , Nour 2119 (04), and
DOD Project ~o. 5013 , May, 1971.(9) Stogryn , A., “A Study of Radiometr ic Emission from a Rough Sea-
Surface.” NASA Contractor Report NASA CR-2088, July, 1972.

-7-



TABLE 3.1

Regression Coefficients for Estimating Brightness Temperatures
at the Top of the Atmosphere with Equations 3.1 and 3.2

( 1 ) (2)  ( 3) (4)

k 29.4908 45.7560 47.4933 73.9178
k? 0.8708 0.7392 0.7341 0.5704
k2 9.8574 9.2946 9.2142 7.0457
k3 0.0 0.0 0.0 624.654
14CC 0.9999 0.996 0.996 .992
SEE 0.33 1.80 2.12 2.69

k4 32.6313 58.5909 60.8529 92.6543
k5 0.8642 0.7407 0.7383 0.5755
k6 5.2705 4.7083 4.7270 4.0150
k7 0.0 0.0 0.0 351 .633
14CC 0.999 0.995 0.995 0.995
SEE 0.713 1.82 2.01 1.74

14CC - multiple correl;jtion coefficient
SEE - standard error of estimate (°K)

(1) Sub Arctic sumer atmosphere — clear
273 < - 283; 0.20 < V < 0.80

(2) U.S. standard atmosphere - clear
280 < T~ < 295; 1 .00 < V < 4.60

(3) Mid -latitu le sumer atmosphere - clear
290 T5 300; 1 .50 < V < 5 .50

(4) U.S. standard atmosphere - cloudy
28O< T 5~~ 295, l.O0 < V < 4.60; 0.02 < C  < 0.06

-8-
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SEA SURFACE EMISSIV iTY AT 37 GH
~

FOR CALM CONDITIONS

DERIVED FROM PARIS DATA (1971)
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POLA RIZ

0°C

.10 10° C

20° C
30° C

.40

.50

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H OR/ O N M L

.30 I I I 1
0 10 20 30 40 50 55

ZENITH ANGLE

FIgure 3-2 Horizontal and vertical polarization sea-surface emissivities
at 37 GHz for calm conditions , derived from data presented
by Par i s (1 971).
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Figure 3-3 Horizontal and vertical polarization calm sea-surface
emissivities at 37 GHz as a function of temperature ,
derived from data presented by Paris (1971).
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F = 7.751 x l0~ 
W3.23’ (3.5)

where W is wind velocity in m/sec , and F is % foam coverage
(F = 100 for W 38)

The theoretical determination of microwave emissivity of foam
a l so presents complex modeling proolems tha t can best he circ ’jm-
vented by deriving empirical equations from observations. Stoi.~rin
[9] has synthesized all known data on foam ecn issiv ity into a set of
empirical equations that exoress foam emissivity as a function of
temperature , wave length , and zeni th ang le . At 50~ zen i t h angle and
37 GHz his equations reduce to:

EhTS = 190 (3.6)

E~T5 = 228 (3.7)

Equations 3.3 and 3.6 show that at T
~ 

= 293°K, Eh can vary from
0.33 for calm conditions to 0.65 for lOO~ foam cover; similarly
from equations 3.4 and 3.7, E

~ 
can vary from 0.61 to 0.78.

Considering only the effects of foam cover on the emissivity ,
equation 3.5 tells us that emissivity should increase slowl y at low
to medium speed winds and then much faster at higher winds. But as
the wind increases, at low to medium speeds C- 15 m/sec) there is
also an increase to the ernissivi ty due to waves. The combination
of waves and foam nay wel l be responsible for the nearly line ar
effect of wind to brightness temperature observed with 19.35 6Hz
satelli te microwave data by Sabat ini [10] in the Mediterranean and
the Gulf of Tehuantepec (off Mexico) . and observed with airborne
microwave radiometers at variou s frequencies (including 37 6Hz) by
Webster et al. [11] in the Berin~j Sea . Webster et al. [11] have
measured a change of 0.535 ÷ 0.087 °K/meter per second and 1.257 +

0.293 °K/meter per second for vertica l and horizontal polarization
respectively at 37 6Hz and 38° zenith angles. Although these
changes were observed from an aircraft below much of the atmosphere
and at a smaller zenith angle tha n the 50° of the Nimbus 6 ESMR ,
they are indicative of the magnitude of the change in brightness
temperature wi th wind expected in the Nimbus 6 ESMR . Considering
the complexity of the ernissivity versus wind relationshi p, there is
no gain in accuracy in deviating from the assumption of a linear
Increase in brightness temperature (as measured in the absence of
an atmosphere), and therefore a linear increase in emissivity with
wind , at least for winds up to 25 rn/sec. With such an assumption

(101 Sabatini , R.R. , 1975, Op. Cit.
(11] Webster , W.J. Jr. , Wilheit, 1.1., Ross, D.B., and Per Gloersen ,

TMAnalys is of the Convair-990 Passive Microwave Observations of
the Sea Sta tes During the Berm Sea Experiment, ” Paper No. 6 in
~Results of the U.S. Contributio n to the Joint U.S./USSR Bering
Sea Experiment ,’ NASA/GS FC document X-9l0-74-141 , Greenbelt ,
Naryland , May 1974.
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the vertical and horizontal emissivities at 37 6Hz can be expressed
by:

= E~0 
+ a

~
W (3.8)

Eh = Eho + ahW (3 .9)
e~Ev AEh

W is wind in m/sec ; av ~W an d ah ~ are constants to be
determined from observations of TBv an d T Bh i n c l e a r  areas of know n
wind , sea-surface temperature , and atmospheric water vapor . This
is achieved by plottin g observed wind versus E~ (and 

~h
) as cal-

culated from equations 3.1 and 3.2. Unfortunatel y, incorrect
calibration of Nimbus 6 ESMR data hindered our derivati on of reli-
able a~ and a~ . We can nevertheless estima te a~ an d ah from the
airborne microwave observations of Webster et al. [12] at 37 6Hz.
If we assume that T B = ET 5, their values of 0.535 and 1 .257 °K/meter
per secon d for ‘TB/:~W roughly correspond to vertical and horizonta ’

~
polarization em issivity changes with wind (a~ an d ah) of 0.002 and0.004 per meter per second .

Equations for the sea-surface wind can now be obtained by
combining 3.2 and 3.8, and 3.1 and 3.4:

TBh = k0 + kiE hoTs + kia hTsW h + k2V + k 3C (3.10)

TBV = k 4 + kSEVOTS + k5a vTsWv + kç V + k7C (3.11)

In analyzin g equations 3.10 and 3.11 we found that the best pro-
cedure is to obtain two independent estimates of the ~dnd (Wh and
W
~
) from estimates of T , V, and C. These are then combined into

one best estimate W by ~aking the wei ghted mean of Wh and

+ W V /LW V ]/[l/~
.W h + 1/~w~] (3.12 a)

The total error ~W is then obtained from :

(
~~~~

)
2 

= [(l/~Wh)
2 

+ (l/AW
~
)
2
]’ (3.12b)

where AWh and ~~ are the errors in Wh and W~,,.

Let us now briefly examine the accuracy of the above equations
for wind determination under specific conditions . We shal l assume
that av 0.002 and ah = 0.004, a U.S. standard atmosphere with
V = 2 cm of precip itable water , clear conditions or cloud y condi-
tions with C = 0.04 cm of prec ipitab le wa ter, and 290~’K .

For clear atmospheric conditions 3.12 and 3.13 reduce to:

~ 118.642 + .857 W~ + 9.295V (3.13)

TBv 191.760 + .430 ~ 4.708V (3.14)

(12] Webster et al., 1974 , Op. Cit.
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when we substitute the constants in Table 3.1 , and values of Eh0and E~0 calculated from equations 3.3 and 3.4. With errors of
1.8°K in TBh and TBV and 0.1 cm precipitable water in V . we obtain
errors of 2.3 rn/sec in W and ± ~~~~~~~ rn/sec in W~, yielding an
error of 2.0 rn/sec (4 kn~ts) in the average wind. If we include
a plausible • 2’~ error i n the sea-surface temperature , we obtain
an error of * 2 .9 rn/sec i n Wh and 4 .4 rn/sec in W~~, yielding an
error of ± 2.4 rn/sec (4.8 knots) in the average wind.

When we consider the above situation with cloudy conditions ,
equations 3.10 and 3.11 reduce to:

TBh = 130.155 + .662 Wh + 7.046 V + 624.65 C (3.15)

T8~ = 196.122 + .334 Wv + 4.015 V + 351.63 C (3.16)

With errors of 2.7°K in TBh, l.7°K in ~~~ 0.1 cm precipitable
water in V , 0.01 cm precip itab le water in C, and 2~K in sea-surface
temperature, we obtain errors of - 10.3 and ± 11.9 rn/sec in W h and
W~, which then combine to yield a tota l error of 7.8 m/sec (1~knots) in the average wind . The error in cloud precipitable water
C is the biggest contributor to the tota l error; even if we halve
this error to 0.005 cm precipitable water we would still obtain a
total error of 4.9 rn/sec (10 knots). Figure 3.4 sumarizes the
errors in the wind estimates obtained from equations 3.10 and 3.11
for clear and cloudy atmospheres approx imating the U.S. standard
atmosphere.

The preceding error analysis assumes no errors in T6 measure-
ments , does not include errors in the emissivity versus wind linear
relationship as expressed by equations 3.8 and 3.9, nor any inac-
curacies introduced by the thin—atmosphere assumption and errors in
atmospheric absorption coefficients in the derivation of 3.10
and 3.11. Al l  of these factors would tend to increase the wind
estimate errors. Instrument errors in TB measuremen ts can beattenuated by averaging two or more values of T6’s; errors in the
ønissivity versus wind relationship could be minimized by including
other parameters such as fetch and air stability ; finally the
errors of the thin-a tmosphere assumption cind errors in the use of
equations 3.1 and 3.2 for TR can be elinin ated (especially in the
case of a cloudy atmosphere) by solving the radiative transfer
equation for surface emissiv ity . In the solution of the radiative
transfer equation we seek a surface emissivity Es which “fits ’
estimated or measured values of atmospheric parameters and satellite-
easured T~. The determination of thi s surface emissivity is

therefore an i terative computationa l process which starts with a
best estimate of E~. Unless we have very accurate measurements of
atmospheric parameters , such an approach would yield no better
results than the regression equation approach we have used to
solve for surface emissivity (i.e., equation 3.1 and 3.2). With
our proposed approach , in a clear atmosphere where the thin atmos-
phere approximation is most accurate the wind estimate errors in
open sea s (fetch unlimited situation ) may be kept to acceptable
level s (+ 5 knobs) by good estima tes of atmospheric water vapor (to
within 5-1O~ of total), sea-surface tempera tures to within 2~K , and
by averaging two or more values of TB ’S to attenua ted inst rument

-14-
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FIgure 3-4 Errors in sea-surface wind estimates using equations 3.12
and 3.13 for a clear and cloudy atmosphere approximating
a U.S. Standard Atmosphere . The l ower horizontal scale
represents the error in water vapor content , AV , for a
clear atmosphere. The upper horizonta l scale represents
the error in cloud prec ipitable water , ~C, for a 100%
cloudy atmosphere . An error of * 0.1 cm of water vapor
content V is assumed for the cloudy atmosphere . and of
i 2°K in sea-surface temperature for both atmospheres.
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errors. Such estimated wind accuracies with the Nimbus 6 ESMR are
based onl y on the andlyses we just presented; verification mu st
await availability of correctly calibrated Nimbus 6 ESMR data.

In the case of a cloudy (liquid) non -precipitating atmosphere
wind estimate errors of ten knots or greate r may be unaccept able.
In this situation an iterative solution of the transt ’~r equation to
obta in E5 may be warranted , but only if accurate estimates of cloud
water conten t are available.

In rain situations good sea-surface wind estimates are prob-
ably unattainable because rain mostly obliterates microwave radia-
tion from the surface to space , and therefore masks the ef~ ec 1y, of
surface eniissivity changes caused by wind. Figure 3.5 shows the
rainfall absorption coefficients at 19.35 6Hz (1.55 cm) and 37 GHz
(0.81 cm) as calculated from equations given by Paris [13]. At 37
G}-Iz rain absorbs more than twice than at 19.35 6Hz , and even light
rain would quickl y mask the surface to the 37 6Hz radiometer.

The accuracy of sea-surface wind determination i n c l e a r  an d
cloudy areas may be imp roved i f a d d i t i onal micro wa ve ch annel
measure men ts a re ava i la b le . Wilheit et al. [14] have used observed
brightness tempera tures from an a i rp lane fly ing above th e Be ri ng
Sea measu red -in five microwa ve channels (from 0.81 to 2.8 cm) to
deri ve estimates of the wind to within 1.4 rn/sec even in cloudy
areas. The technique they emp l oyed involves the solution (in a
least square sense) of five equations similar to 3.10 and 3.11.
Such an approach from orbital hei ghts will be-possible with a
satellite carry ing multichannel microwave sensors . Presently, to
test th is approach one could take advantaqe of the Nimbus 5 ESMR at
19.35 6Hz , which when operative has near ly simultaneous cove rage of
the same areas scanne d by the Nimbus 6 ESMR . The 19.35 6Hz TB
would provide an additio nal equation of the form of 3.10 and 3.11.
Assumin g that such an equation yields a wind estimate with a
standard error of about eight knots (four m/sec), when this wind
estimate is combined to the 37 6Hz channel wind estima tes with
standard errors of 2.9 and 4.4 rn/sec . we obtain a wind estimate
with a stan dard erro r of about two rn/sec (four knots). In cloudy
non-precipitating areas an additional Nimbus 5 ESMR wind equation
having errors co ipa able to the two Nimbus 6 ESMR equations (10.3
and 11.9 m/sec) would reduce the total wind error to about six
rn/sec (12 knots). The ver i f icat ion of th e accurac y of suc h a
three-channe l approach must also await the availability of cor-
rectly cal ibra ted Nimbus 6 ESMR data.

[13] Paris , J.F. , 1971 , Op. Cit .

(14) Wilhei t , T .T . ,  Fowler , M.G. , Stonibach , 6., and Per Gloersen , “Microwave
Radiometric Determination of Atmospheric Parameters During the Bering
Sea Experiment ,” Paper No. 5 in “Results of the U.S. Contribution to
the Joint U.S./USSR Bering Sea Experiment ,” NASA/GSFC document
X-9l0-74-l41 , Greenbelt, Mary l and , May 1974.
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RAIN CONTENT OF ATMOSPHERE ( Warn/rn3)
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FIgure 3-5 Rainfall absorption coefficients as a function of pre-
cipitation rates and rain content of atmosphere for
0.81 cm (37 GHz) and 1.55 cm (19.35 6Hz) radiation .
Calculations were performed with equations given by Paris
(1971). Rain content and precipitati on rates are related
by the Marshall-Palmer raindrop distr ibuti on (1948).
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4.0 NIMBUS 6 ESMR OBSERVAT I ONS OF BRIGHTNESS TEMPERATURES

A search for usable ESMR data over the oceans was conducted using
the iles of ESMR images available at NASA/GSFC , Greenbelt , Mar y l and ,
and surface weather mans. We concen trated this first search to the
North Atlan tic , an area of dense wind observations and frequent cyclon- .
Ic storms, even in the summertime . T he ESMR data selec ted from thi s
first search covering onl y the 1975 surner mon ths were fi n a l l y rec eiv ed
from NASA at the end of December 1975 , six months after Nimbus 6 launch.
Since these surrer month data contained few observations of hi gh winds
above 40 kno ts, we conducted a second search and put in another order at
NASA for selected ESMR data over the North Atlantic during the fall and
winter of 1975-1976. Additionall y, we or derea ESMR da ta cover i ng a few
possib le Mistral occurrences in the Mediterranean sea .

All data were received in the Calibrated Brightness Temperature
Tape (CBTT) format and were mapped out with our mapping program. Maps
of T8~

, T~~, and TBV - TBh were produced . Latitude -longitudes were
drawn on the ma ps with the aid of rubber grids. Three Nimbus 6 daytime
passes over the North Atlantic were selected on the basis of high winds
and good wind reports from the first group of ESMR da ta.

Ana lyses of win d and brightness temperatures in clear and cloudy
areas were conducted from the mapped T8 data and wind observations on
the closest six—hour surface maps .

As we proceeded in the analyses we noticed that observed brightness
temperatures did not quite correspond to those obtained by calculations
with the atmospheric models described in the Appendix. The differences
were especially evident in clear land and oceanic areas in which the
observed TBv an d T Bh seemed to be lO-20°K l ower than the calculations .
As illustrative examples of typical T3 values  obta ined  from the N i mbus 6
ESMR , we shall present a few scans covering clea r and cloudy areas as
shown by the SMS and NO AA satellite imagery . Figure 4-1 is a sector of
an SMS image of the U.S. East Coast and Atlantic areas on which is
outlined the N imbus 6 ESMR coverage, and two paths of averaged ES M R
scans. Eac h swath represents the coverage of three scans , the avera ges
of which are shown in Figures 4-2a and 4-2b. The northern-most three-
scan swath (F igure 4-2a) starts over land , crosses the Delmarva Pen in-
sula, skir ts the New Jersey coast, and covers clear and cloudy areas
over the Atlantic. TEh ~nd T8~ reach 258°K and 270°K respectively over
land, average l 24 °K and l9 2~K in clear ocean areas south of Long Island ,
and reach up to 240°K and 260°K over rain clouds .

The southernmost swath (Figure 4-2b), except for some clouds in the
middle part , is mostly over clea r oceanic areas. TBh and TB over c lear
areas range from 122-l30~K and 196-200°K respectively left o~ center ,and from 125-l45°K and 196-206°K right of center. Ocean brightness
temperatures are higher than those recorded south of Long Island , most
likely because of higher ocean temperatures and high atmospheric water
content south of the cold front. A gradua l decrease of brightness
temperature away from the center of the swath is apparent , especiall y
In the TBh~
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ATLANTIC OCEAN 
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FIgure 4-2 Average horizonta l and vertical bri ghtness temperatures
of three scan lines occurring over the U.S. East Coast
and Atlant ic area at about 40°N (a), and at about 32°N
(b). The position of the two sets of scan lines is also
shown on the SMS-1 image in Figure 4-1.
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For comparison to the observed TR ’s we call attention to Figure 3-1
which shows the results of TB calculations for a U.S. standard atmos-
phere and sea-surface temperature of 290°K obtained by our thin atmos-
phere approximation (see Appendix). These calculat ions yield clea r
areas T BV an d T~~ values of about 204°K and 144°K at vertica l and hori-
zontal pol ariz ation sr~i-sur face emiss ivities ~f 0.61 and 0.34. These
are 120 and 20K hi gher than the comparable Nimbus 6 ESMR averaqe~ ofl92°K and 124°K south of Long Island. Other data checks with calcu-
lations made with our a tmospheri c mode l , comparisons of our model
results to calculation s performed by Stogryn [15], and to calculations
made with formulas given by Paris [16] at 5Y Na dir , rJso indicat .?d that
the Nimbus 6 ESNR produces Tp~ 

dnd T
~~ 

l0-2O~K lower than what they
should be. Subsequent convers ations~with NASA offici 3l s at GSFC , who at
about the same time (May 1976) were experiencing the s~r~e difficulty
with the data , confirmed our suspicions. A ccord ing to Dr. W i 1~ eit [17]
the ESMR experi~’enter , the problem is due to the heating of the sun
shining on the m i crowave an tenna caus i ng an er roneo u s cal ib ra ti on of the
Instrumen t. NASA is presentl y working on deriving a corrected cali-
bration which would eliminate this heating effect. An ana l ysis •-~econducted with some of the data shows that this calibration error is
more pronounced in the horizonta l polarization , and is a function of
beam position (which determines antenna aspect position relative to
sun). Figure 4-3 presents TBv an d T

~h 
v a l u e s  avera ged for eac h ~~~position for swaths spanning the south and north Atlantic Ocean. To

eliminate thick clouds and rain areas which would introduce gross devi-
ations in these lim it ed area averages, we included onl y TBh below l 7O~K
and T Bv below 2l O~K. The four swaths, two in the daytime c24 Nov@: her
1975, 29 Fe bruar y 1976) and two ~n the nightt ime (14 December 197~ ,
21 February 1976) were chosen at random from the ESMR data we had
ordered fron NASA. All averages show a peak near the center of t~e
swath , a s teep dec rease awa y from t he cen ter , an d a small  r i se nea r t he
edges. For this limited data sample, the peak-to-trough variations are
about 7-ll °K for TBV and l2-17°K for TBh’ w it h the data near  th e cen ter
of the scan containing the least relative errors. The corrections to be
applied are obviously a function of antenna position relative to the
sun , which in turn is determined by beam position , latitude , and tin~ of
year. No attempt was made in our work to correct for this calibration
error .

Calibration errors render impossible the use of the Nimbus 6 ESMR
data for deriv ing valid relationships between sea-surface winds and
brightness temperatures. Neverthele ss , as a preliminary effort to
evaluate the data at hand for sea-surface wind estimation we have con-
sidered the analysis of a Mistral occurrence in the Med i terranea n sea

f15] Stogryn , A ., 1972 Op. Cit.

(16) Paris , J.F., 1971 , Op. Cit.

(17) Communication with Dr. T. Wi lhe it, May , 1976.
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and the ana lysis of large area averages of wind versus TB. The large
area ana lysis would attenuate the calibration errors .

We shall firs t present a Nimbus 6 ESMR coverage of a Mistra l occur-
rence on 15 January, 1976 , because it is probably the most convincing
evidence we have that Nimbus 6 ESMR can be used for sea-surface wind
determ ination . Figure 4-4 and 4-5 show the qridded TCh and Tg~ mapsobtained from a Ni~-~hus 6 pass over the Mediterranear - on 15 Janua r - i
1976 , between 10:31 and 10:33 GMT. Recorded on the maps are the reported
winds at 1200 GMT which range up to 45 knots . Figure 4-6 is a NOAA
sa te l l i te  image of the area taken at 8:48 GMT . on which is outlined the
ESMR coverage. The surface weather map for 12 GMT , 15 January (Figure
4—7) contains the typ ical Mistra l synoptic conditions with a large
antic~yclone centered over western Europe and the Atlantic and a trough
crossing the Italian peninsula. Both the Tflh and the T maps show an
area of relatively higher temperatures in the Gulf of L~~n , yet the NOAA
satellite image and the 1 200 GMT surface map show little or no clouds in
the area . Available ship reports dt 1200 GMT show one- to two-tenths
cirrus and one- tenth cumulus , which would hardly affect the brightness
temperatures .

Relatively higher brightness temperatures in the Gulf of L i on area
during Mis tra l occurrences have also been reported in a previous study
wi th Nimbu s 5 ESMR [18], and are thought to be caused by the higher
winds of the Mistra l funneling into the Gulf of Lion and causing rougher
seas in this area . Ships in and around the area of the Mistra l reported
winds of 35 to 45 knots. In one instance , near the coast of F ra nce a t
about 4l.5N and 3.~ E , the high wind report is not reflected by higher
TB ’S- One may think tha t calibration errors and the 88 minutes differ-
ence between the wind observation and tie T8 map could be the cause ci
such discrepancy . A more likely explanation is the nearness of land, a
reminder that wha t the ESMR “sees ’1 is onl y the effect of the wind upon
the waters , i.e. waves , foam , and spray. Near the coastline where the
fetch is short , the effect of the Mistra l wind upon the waters is not as
pronounced as in the open seas and therefore T8

1 s are not as high.

Figure 4-8 represents the average TBh and TBv of three scans across
the Mistra l area (see Figure 4-7). These averages also bring out the
effect of the Mist ral in the Gulf of L i on , whic h is evidenced by nearly
25°K and 20°K increases in the TBh and T8~ 

averages respectively.
Partially masking and distorting the Mistra l effec t is of course the
calibration error. If we can a~~ume that the curves shown in Figure 4-1
are representative of the relative calibration error across beam posi-
tIons 1 to 71 , then the calibration error would emphasize the Mistra l
effect near the left edge (beams 65-53) by steepening the west- east TB
gradient here by about 4-6°K; and would de-emphasize the effec t west of
the apparent TB maximum (beam 53) by lesseni nq the east-west TB gradient
by about 4-5°K in the following 12 beam positions (52-41).

(18] Sabatini , R.R., 1974, Op. Cit.
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Figure 4-7 Surface weather map for 1200 GMT 15 January 1976.
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Because of calibra tion errors and insufficient wind data , no quan-
titative evaluation of T~ versus wind is possible from thi s single
Mistra l event. Nevertheless, this Mistral occurrence does show a pro-
nounced effect on 37 GHz brightness temperatures similar to the effec t
observed on the 19.35 GHz TB ’s in other Mistra l occurrences, and ind i-
cates that further ana l yses with correctly calibra ted 37 GHz Tg dat~ may
yield useful statistica l relationships between wind and Tg ’ s.

The next analysis involves large area comparisons of wind and
brightness temperatures.

Three Nimbus 6 ESMR daytime passes over the North Atlantic were
selected for this anal ysis from the first batch of ESMR data received
from NASA at the end of December 1975. The selection was made on the
basis of high winds and good wind reports. The passes occur-red on 5
August , 11 September , and 13 September 1975. Maps of 

~~~ ~~~~ and
TBv - TBh covering the r~ort h Atlantic area were produced wit~ our map-ping prog ram and gridded . The ESMR data wh ich were mapped occurred from
about 12:20 to 12:30 GMT on 5 August , from abou t 13:45 to 13:55 GMT on
11 Sep tember , and from about 15:45 to 15:55 GMT on 13 September.
Surface winds over the ocean were estimated from observations and from
pressure gradients by means of the geostrophic approximation corrected
for surface f r i c t ion . The 12:00 GMT surface  ma p s and win d obser va ti on s
were used for the August 5 and September 11 cases . Both the 12:00 G M i
and the 18:00 C~4T maps were used to interpolate the position of the
lsobars for the time of the September 13 ESMR data (about 16:00 GMT).

Isotachs were drawn at five- and ten-knot intervals and transferred
to the gridded T8 maps. Average TBv - Tnh were then calculated for the
area enclosed by each ten-knot interval tor five-knot interval where
wind data warran ted it). F gure 4—9 shows a plot of the resu lts. Each
point is an average TBv - TBh plotted against the m iddle of the wind
Interval; i.e., the average of all - Bh falling within 0-to 10-
kno t I S Ot ’ s were p lo tted at  5 kno ts , etc . The graph -in Fi gure 4-9
shows the .- ~ected decrease in TBV - TEh as the wind increases. How-
ever , grea t caution should be used in interpreting these results. First
of all , no allowances were made for the calibration error discovered
after this analysis was completed; second ard most importantly , the
averages include data over all clear , cloudy, and rain conditions. The
correspondence between TBt, - Tr~h and win d , if any, may therefore be
hidden by the fact that there is an increase in cloudiness and pre-
cipitation in areas where one also expects an increase in wind (toward
the center of a low pressure system). Clouds and rain lessen the con-
tribution of the surface polarized radiation , and therefore tend to
attenuate TBV - TBh~

Figure 4-10 a,b shows the average TBV and TBh plotted against the
middle of the win d interva l for the August 5 case only. Since the
calibration error was discovered at about the time of this analysis, we
decided not to proceed with further analyses on the other two cases .
Again , although both TBv and TBh show the correct trend with wind , we
cannot come to any f i rm conclusion because of the inclusion of cloud
areas. A valid analysis of I~ versus wind must await correct cali-bration of the data , and should exclude cloud-covered areas. For such
an ana l ysis , clear areas can best be determined by temperatures obtained
from the Temperature Humidity Infrared Radiometer (THIR), also flying on
the NImbus 6 satellit e.
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5. CONCLUSIONS AND RECOMMENDATIONS

The presence of a calibration error has prevented a quan t i ta t ive
evaluation of the ap plicabil ity of the Nimbus 6 ESMR to sea-surface wind
determ ination. Comparisons of TB ’s produced by the Nim bus 6 ESMR to
TB ’S calcula ted ~‘ier model a tmospheres show that calibration errors
cause TBv and TCh to be 10-20 ~K l ower than what they should be. The
error is determined by the sun-antenna angle , a nd there fore shows u p as
a function of antenna beam position with the error inc reas ing  towar d the
horizons.

A preliminary error ana lysis on wind equations which assume a
linear relationship between wind and sea—su rface emissivities shows that
in open , well- developed seas , surface winds less than 50 knots may be
estimated fro’~i N imbus 6 ESMR to an accuracy of about 5 knots in clea r
areas and 10 to 16 knots in cloud y non- precipitating areas. The addi-
tion of Nimbus 5 ESMR data would improve the wind estimdtes to an
accuracy of ‘~. knots in clear areas and 7 to 11 knots in cloudy non-
prec i pitatin g areas. These accuracies can further be improved by
solvin g for surface emissivities by i terative solutions of the microwave
radiat i ve trans fer equa ti on; th is met hod is warrante d onl y if atmos-
pheric parameters are accura tely known .

The high sensitiv ity of the Nimbus 6 ESMR to rain precludes its use
for sea-surface wind estimation in rainy areas.

The analysis of Nimbus 6 ESMR TB ’S du r ing a M istra l occurrence
shows that even in the presence of a calibration error the Nimbus 6 ESMR
can qualitativel y detect the effec t of the wind upon the sea . This
effect causes relativel y hi gh horizontal and vertical brightness tenip—
eratures in areas of expected hiciher winds. Large area analys is of TB ’S
and wind also show increases in TBV and TBh with wind , and a decrease in
TBV - TBh. This large area analysis is nevertheless inconclusive .
because of the natural presence of an increase in cloud cover and rain
with winds, which also increase TB ’ S.

It is concluded that TB ’s versus winds analyses should be pursued
further when correctl y calibra ted Nimbus 6 ESMR data are available.
Concurrent Ni’nbus S ESMR data should also be used to derive and test an
Improved set of three wind estimation equations.

Analyses for derivin g sea-surface emissivity versus wind equations
should concentrate on clear areas in which atmospheric effects can be
best corrected for. ,%dvantaqe should be taken of simu l taneous Nimbus
THIR measurements for determining clear areas.

The wind equations derived by the proposed method involving best-
fit equations of TB versus surface and atmospheric parameters should be
tested against a second method employ i ng i terative solutions of the
microwave radiative transfer equation for surface emissivity . Tests
should be made over clear and cloudy non-precipitating areas in which
surface winds and radiosonde ascents are available.
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APPENDIX

EQUATIO NN FOR PP 1G’T ’.~SS T~ MPHAT tJ R E CAL C (J [ .AT 1O N~AND D~SC P I P~ ~1N OF r’ :” JJE L A~ MOSP H[P[~

A. 1 The Tra sfer~~~ iatio n for Microwave - The Thin Atnos~phere A~nrox i-
mation

The microwave brightness temperature T8 measured by a ra di ome ter on
a satel l ite may be expressed as:

TB T(A) + T(S) + 1(R) (1)

where T(A) represents the upward emission from the atnosphere , T(S)  i s
the attenuated surface emission , T (R) is the attenuated portion of the
reflected downward emission , 1(D). These four ten s may be expressed
as:

1(A) = f T(z)  i (z)exp ( - j
z 
~( z )  dz)  dz

I(S) c 5T5 exp ( - J -x (z )dz )

1(R) = (1 - C S ) exp ( - f ~’ ‘~(z)dz)  T(D)

and 1(0 ) = f ~ (T)z  ~ (z) exp ( - f~ 
1(z)dz) dz

In the above equations £ and T5 are surface em issivitv and temperature ,
1(z) and ~(z) are atmosp~eric temperature and absorpt inri coefficient as
a funct ion of he ig h t, z.

The terms of equation (1) can be evaluated numerically by dividing
the atmosphere into a finite number of layers of thickness .~.z, each withan average temperature and absorption coefficient. For our ca l cu la ti on
we used a ten-layer model .

A.2 Absorption Coefficients

Water in all its forms and molecular oxygen are the main absorbers
of microwave radiation in the atmosphere . The microwave absorption
coefficient of a layer is the sum total of the absorption coefficients
of the constituents:

where 
~ 

is the absorption coefficient of molecular oxygen and ~
~i ~r 

are the absorption coefticients of water in vapor , smal l  1Eiqu-i d
drops , ice , and rain forms ; clm is the absorption coefficient of small
melting ice spheres. By “small” are in tended cloud particles with an
average radius snaller than 50 microns for which the Raylei~.ih absorptioncoefficien t does not apply. The Rayleigh approximation does not apply
to the larger particles constituti nq rainfall. The absorption coeffici-
ent of rain has to be calculated by means of the complex Mie theory .
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A.2.1 Absorption Coefficient of Wa te rj~ por

The water va por absorption is calculated by equations given by
Westwater [1 , 2]. These equations are :

(318/T)2 .5 exp (-644/T + 644/318)o2C1
- ~ )2  + L2)] + L/[(. + + L2)]}

+ (3 l8/T)C ~~
2 L

where cx i,, = water vapor absorption ( kni 1) ,
p = water vapor density (gm 3)
L = (t~v/C:)w = line width (cm ~~)
(~~~,v

0
) wave number and resonant wave number (cm 1)

I = absolute temperatu re (K)

The pressure , P(mb ) and temperature dependences of the line width are
expressed by:

L = (P/1Ol3.25)(318/T).r
~~ a(1 + bp)

Numerical values of the constants are:
C
C1 = .0008312
C2 = .01402
a = .08478
b = .00708

.7417 cm 1

A.2.2 ~ 1on Coefficient of Non-Pr~ç~pitatin y Clouds

The absorption (or extinction) coefficient for drop size distri-
butions typical of non -precipitating clouds can be expressed in terms of
the liquid water content of the cloud particles as shown by Deirmend jian
[3]. For wavelengths much larger than the average drop size in a cloud ,
scattering is negligible and the atten uation can be approximated by
Rayleigh’ s theory . The Rayleigh model of absorption is applicable to
clouds whose droplets range from a few microns to a few hundred microns
and the absorption coefficient is given by:

a = 1.885Q/A I(-K) (2)

where a = absorption coefficient (km 1)
A = wavelength (cm)
Q = liquid water content (g/m3)

and K = (~ - l)/(c -f 2) (3)

where c = complex dielectric constant. The notation It-K ) means the
negative of the imaginary part of the complex variable K.

The dielectric constant of water is given as a function of wave-
‘ength and temperature T(°K), by Grant , et al . [4] as:
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£ = + (~ — c~,,)/[1 + (i~~/A)~] (4)

where ~ = 4.5
= 32l55.45/T - 29.62

logA = 921 .0935/T - 2.9014
= 0.98

Solving for the imaginary part of K by introduc ing (4) into equation
(3) and using the identity :

I = exp (i~/2) = cos ii/2 + i sin ~/2

we obtain for water particles:

= ~~ A~sin (~~/2)/D

and A = ,~~fAD = + ( Cay + 2)2(1 + A2 e)
+ 2(c,,~ + 2)2 A~cos(’-~/2)
+ 2c (c~, + 2) [1 + A~cos(-~ /2)]

The dielectric constant of ice is given by Deirmendjian 13] as:

= 3.1684 - .008544 1

and therefore ,

I{-K} = .0009595

and ,

= .0023 km 1 at 37 6Hz

For small drops made of ice and water , K is given by Van de Huist
[5], as:

(c2 — 1)(c~ + 2~~) + q3(2c2 + l)(ei — £ 2)
K(c 1, t 21q) = _________________________________________

+ 2)(c~ + 2c2) + q3(2c2 - 2 ) (c
~ 

— C2 )

where

Inner dielectric constant
£2 outer dielectric constant
q = ratio of inner to total radius
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A.2.3 Absorption Coefficient of Rain

When the particle size approaches the wavelength of the incident
radia tion scattering is appreciable and must be considered along with
the absorption , and therefore the attenuation cannot be approxima ted by
the Rayleigh theory . The more complicated Mie model of absorption and
scatter ing must be used . Paris [6] used the Mie theory to calculate the
volume absorption coefficient of a polydispersi v ’~’ clou d of hydrometeors
obeying the Marshall- Palmer drop-size distribution [7]. The Marshall-
Palmer drop-size distribution is fairly representative of the drop-size
distri bution found in most sub-tropical clouds and can be readily ex-
pressed in a rate of preci pitation (R , nm/hr) or a liquid water content
(M, g/m ?) by the relationship M O.89R°~ ~~~~ . Paris fitted his results
to a regression equation of the form :

= kMd

where the absorption coefficient of rain c~ (m ’) is for a Ma rshall -
Palmer raindrop distribution , M is the content of liquid water (qm 3) and
k and d are constants which are a function of temperature , 1(C). At
37 6Hz these are [6]:

k 0.74322 x iO~~ - 0.33730 x 1O 5T + 0.60416 x 10 7T2
- 0.35503 x 10 9T? + 0.63349 x lO 11T

~

d 1.0318 - 0.54367 x lO 3T - 0.19236 x
- 0.66322 x lO~~T~ 

-
~ 0.22333 x lO 7T

~

A .2.4 Absorption Coefficient of Molecular Oxygen

The absorption coefficient for molecular oxygen (m ’) is
calculated by equations given by Meeks and Lilley [8]. ~n meteorolog i-
cal units:

= 4.6182 x l O ’~ (p v
2/T3)

• r sN exp[-2.06844 N (N + 1)/I],

odd
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where

2(N2 + N + Lj(2N + 1) f~ 
j~(~N + 3J

= F0 + N+N N(N+l) N + l

~+ F N  (~~+ l ) (2N -lI
N

p is the a tmospheric pressure in nib , T is atmospheric temperature in ‘K ,
and v is frequency of rad ia t ion  in Hz.

F0, F are pressu re broa deni ng effects w hi ch are of th e fo l lo wi ng
forms: N

F0 ‘/( ~ 2 + 
~~

and

+ 
f~~~TT) 2~ +

~N. (N = 1 , 3, 5, ... , 45) are the resonant frequencies (Hz) for
rnolecu lar oxygen listed in Table A -i , is the frequcncy (Hz) of the
radiation under consideration , and is the line-width param eter (Hz)
for molecular oxygen given by Meeks and Lilley as follows:

= 1.4625 x lC~ p (3O0/T)~~~ (0.21 + 0.78 f)

where p is the atmospheric pressure (nib), T is the atmospheric temper-
ature (K). and f is a factor tha t expresses the relative effectiveness
of nitrogen-ox ygen collisions as compared to oxygen-oxy gen collisions in
producing broadenin g . The value of f changes from 0.75 for very low
pressure to 0.25 for high pressures. Meeks and Lilley (1963) gi ve the
followin~ empirically-derived form for f:

(0.25: p 356 mb
f = 

~ 0.25 + 0.435 (2.551 - log 1~p): 25.3 p ~ 356 mb
(P0.75: p ~ 25.3 nib

We now have the complete set of equations required to calculate the
bri ghtness temperature through the atmosphere by the thin-atmosphere
method.

A.3 Atmospheric Models

The atmospheric models used for our brightness temperature cal-
culations are divided into 10 layers from the surface to 15 Km. The
layers are , sta rting from the surface: 1 ,1, 1 ,1,1 ,1 ,2,2,2,3 Km thick ,
each charac terized by an average temperature, pressure, and wa ter va por .
Three types of atmospheres were used as the basis for deriving reg res-
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sian equations for TB. These are (1) the U . S .  s tandard a tmos phere
(1962) , (2) a sub-arctic summer atmosphere, and (3) a nm id latit ude summer
atmosphere . All three model atmosphere were taken from Valley [9].
Clouds were inserted only in the U.S. standard atmosphere from one Km to
near the freez ing level .

To obtain more atmospheric models , the vapor and cloud contents
were varied from approximat ely 50 to 200’ higher than the va lur” shown
in Tables A-2 to A-4. Atmos oheric temperatures remai ned constant.
Calculat ions were performed for sea-surface em issivit ies vary i ng ~rom
0.30 to 0.80 and sea-surface temperatures vary i ng from 273~K to 300 K .
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TABLE A-l

Resonant frequencies for the absorption of microwav es by molecular
oxygen (after Meeks and Li l ley , 196 3)

“N- 
N “N+

N (6Hz) (6Hz) (6Hz) (6Hz)

1 56.2648 118. 7505 25 65 .7626 53.5960
3 58.4466 62 .4863 27 66 .2978 53 .0695
5 59 .5910 60.3061 29 66.8313 52 .5458
7 60.4348 59.1642 31 67.3627 52.0259
9 61 .1506 58.3239 33 67 .8923 51 .5091

11 61 .8002 57 .6 125 35 68.4205 50 .9949
13 62.4112 56.9682 37 68.9478 50.4830
15 62.9980 56.3634 39 69.4741 49.9730
17 63.5685 55.7839 41 70.0000 49.4648
19 64 .1272 55 .2214 43 70.5249 48.9582
21 64.8779 54.6728 45 71.0497 48.4530
23 65.2240 54.1294

A-



TABLE A-2

U.S. STANDARD ATMOS PHERE FOR T B CA LCULAT IONS

Approx . Water Cloud
Height Pressure Temp. Vapor Liquid Water

Layer (km) (mb) (°K) (gm 3) (gnr 3)

1 0.5 956 285 10.56

2 1.5 847 278 6.73 0.2

3 2.5 748 272 4.48 0.2

4 3.5 659 265 2.15

5 4.5 579 259 1.33

6 5.5 506 252 0.95

7 7.0 411 243 0.37

8 9.0 308 230 .80

9 11.0 227 217 .01

10 13.5 154 217 .00

Total Precipitable Water (cm) 2.71 0.04
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TABLE A- 3

MIDLATITUDE SUMMER ATMOSPHERE FOR TB CALCULATIONS

Approx . Water
Height Pressure Temp. Vapor

Layer (Km ) (mb) (°K) (gm -3 )

1 0.5 958 289 13.51

2 1.5 852 285 10.56

3 2.5 756 280 7.68

4 3.5 669 275 5.50

5 4.5 591 269 3.62

6 5.5 521 261 0.80

7 7.0 426 248 0.40

8 9.0 324 232 0.10

9 11.0 243 217 0.02

10 13.5 166 217 0.00

Total Precipita ble Water (cm) 4.27

A- 9



TABLE A-4

SUBARCTIC SUMMER ATMOSPHERE FOR CALCULATIO NS

Approx. Water
Height Pressure Temp. Vapor

Layer (km) (mb) (°K) (gm 3)

1 0.5 958 285 7.50

2 1.5 845 279 5.10

3 2.5 747 274 3.45

4 3.5 658 269 2.20

5 4.5 579 263 1.35

6 5.5 507 257 0.77

7 7.0 413 246 0.28

8 9.0 311 232 0.02

9 11.0 230 225 0.01

10 13.5 158 225 0.00

Tota l Precipitable Water (cm) 2.10
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