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Six years of Nimbus-7 Scanning Multichannel Microwave

Radiometer (SMMR) data from 1979 to 1984 are recalibrated

at the radiometric level. New statistical techniques are

developed to quantify the temporal and orbital data errors

and to generate numerical corrections for brightness tem-

peratures prior to estimation of geophysical parameters.

The foundations of passive microwave satellite

radiometry are reviewed. The Nimbus-7 spacecraft and the

SMMR experiment are described, along with the radiometric

data calibration methods. Sensor design weaknesses and

orbit-related problems are summarized. Physical tempera-

tures of various components of the SMMR sensor and housing

structure, analyzed for six selected days of data, show
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systematic thermal changes throughout the orbit due to

direct and indirect effects of solar heating. Changes in

the operating temperatures, which impact the calibration,

also occur from orbit-to-orbit following instrument start-

up on the SMMR's alternate sampling days. These errors and

others contaminate the radiometric data. Incidence angle

data, computed from measurements of spacecraft attitude,

are analyzed for 1983 and found to contain discontinuities

during every orbit due to the use of two different attitude

sensors, and temporal drifts and jumps.

The post-launch error corrections are developed from

the NASA CELL-ALL brightness temperature data. The data

are first converted to antenna temperatures, re-calibrated

with a bias and slope adjustment, and corrected for tem-

poral drifts. The cross-track bias and mean along-track

error for an average annual orbit are statistically derived

as well as a mean start-up bias for the first four orbits

of each sampling day. The corrections describe only sys-

tematic errors found in global averages and are allowed to

vary from year to year. Comparisons with Seasat

radiometric data show that the errors are unique to the

Nimbus-7 SMMR.

The corrections are applied to the six years of data

and initial retrievals of integrated atmospheric water

vapor are examined in a preliminary analysis. Global

fields of 1°xl° monthly averaged water vapor show that the

SMMR can map large scale features and document seasonal



events, such as the Asian monsoons, and interannual events,

such as the El Nino/ Southern Oscillation.
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CALIBRATION OF THE NIMZUS-7 SCANNING MULTICHANNEL

MICROWAVE RADIOMETER (SMMR), 1979-1984

1. INTRODUCTION

Satellite remote sensing has tremendous potential for

research in oceanography because satellite data provide

synoptic global sampling of the world's oceans. Compared

to surface geophysical fields obtained from binning of

sparse in-situ measurements, satellite data are more

regular in space and time, and obtain complete earth

coverage in a matter of days. Satellite-borne instruments

sample portions of the world ocean that are infrequently

or never sampled by ships.

There is a need for well-sampled gridded fields of

sea surface temperature (SST), surfac winds, and atmos-

pheric water content. Long time series of surface gridded

fields are required to supply consistent initial condi-

tions and boundary conditions for many of the large-scale

theoretical models currently being used in oceanography

and meteorology. These data may also be incorporated into

operational models which require recent observations to

update model predictions. Surface ocean data combined

with measurements of atmospheric water vapor can be used

to monitor latent heat flux (Liu and Niiler, 1984) and the

global energy budget. The data are also appropriate for

statistical analyses of forcing and response betweenthe



oceans and atmosphere as, for example, in the study of the

El Nino/Southern Oscillation phenomenon.

The Seasat satellite, launched by the National

Aeronautics and Space Administration (NASA) in July 1978,

was the first satellite mission devoted entirely to

oceanography. Data collected from the many sensors flown

on the spacecraft demonstrated the feasibility of oceanog-

raphy from space, despite the premature end of the mission

due to a power failure after only 96 days. The data col-

lected by the Seasat instruments have limited practical

use, however, because of the short three-month duration of

the time series.

NASA launched the Nimbus-7 spacecraft in October of

1978, only weeks after Seasat failed. The eight instru-

ments aboard the Nimbus-7 have provided data continuously

for more than eight years. The Nimbus-7 mission has far

outlived the projected three-year mission length and has

only this year (1987) been declared to have ended its use-

ful lifetime.

Both Seasat and Nimbus-7 carried a passive microwave

radiometer, the Scanning Multichannel Microwave Radiometer

(SMMR). The passive microwave instruments were identical

in design but were mounted on the spacecrafts in different

orientations and flown at different altitudes. These sen-

sors measure net radiation from the earth and atmosphere

which is used to infer sea surface temperature, surface
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scalar wind speed, integrated atmospheric water vapor and

liquid water content, and rain rate. Other information

which can be derived from the measured radiances includes

polar ice cover extent and ice age.

The atmosphere is relatively transparent to propagat-

ing radiation in a broad band of microwave frequencies,

making microwave measurements possible in most weather

conditions, day or night (in contrast to infrared and

visible wavelength measurements). The wide range of

geophysical parameters that can be inferred from this

single passive microwave sensor and the clarity of the at-

mosphere at microwave frequencies make the SMMR instrument

very useful.

Unfortunately, the Nimbus-7 SMMR radiometric data and

inferred geophysical data processed by NASA's Goddard

Space Flight Center (GSFC) exhibit numerous problems.

There are several sources that contribute to the observed

errors. For example, the sensor is heated by the sun

during specific segments of the satellite orbit around the

earth and thermal gradients in the sensor induced by this

heating are not adequately accounted for in the data

calibration. Also, solar radiation enters the antenna

horns used for data calibration during a certain portion

of the orbit rendering the calibration data useless for

those samples. Some of the errors are complicated by

spacecraft roll, pitch and yaw motions during each orbit.
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As a result, SST and wind speed estimates from SMMR

are found to be inconsistent with comparison data sets,

showing latitudinal and time-dependent errors. These er-

rors are larger than the error attributable to incom-

patability of the data sets due to differences in sampling

and measurement characteristics. The Nimbus SMMR data has

been underutilized because of the difficulty in identify-

ing and removing systematic errors. Water vapor content

is the least sensitive to errors in the measured radiances

and is the only parameter that has been used by more than

a few investigators.

This report documents the problems with the Nimbus-7

SMMR which have been identified to date. It summarizes

early indications of problems in the data, some of which

has been published in grey literature that is often the

only source of information on certain aspects of the data

calibration and processing. Systematic errors in the an-

tenna temperature data are analyzed and found to be corre-

lated with the location of the satellite in its orbit.

Statistical corrections are developed from the radiometric

data which quantify several of these errors. This

calibration work represents the first of a two-stage ef-

fort to develop a new six-year time series of Nimbus-7

SMMR geophysical data. The second stage will be the

geophysical processing of the calibrated brightness tem-

peratures to obtain estimates of SST, wind speed, and at-
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inospheric water vapor and liquid water.

Zackground information for the analysis is presented

in the first two chapters. The foundations of passive

microwave radiometry are reviewed in Chapter 2. The pur-

pose of the review is to explain how microwave observa-

tions are used to infer geophysical parameters and why

specific frequencies are chosen to estimate these

parameters. A detailed description of the Nimbus-7 mis-

sion and the SMMR sensor follow in Chapter 3. The sensor

description includes a discussion of the calibration pro-

cedure used in the data processing. Sensor design

problems, unanticipated operational problems, and calibra-

tion problems and their implications are summarized at the

end of Chapter 3.

A small sample of low-level engineering and

radiometric data are examined for systematic variations as

a function of spacecraft location in an orbit. The types

of errors and sources of error are illustrated by this

analysis in Chapter 4. The results suggest that errors

are strongly correlated with the location of the satellite

in its orbit and this dependence is used in the statisti-

cal derivation which follows in Chapter 5. Incidence

angle data, a measure of sensor platform stability and a

critical variable for geophysical processing, are also ex-

amined in Chapter 4.

Several steps are involved in the development of cor-



rections to the SMMR radiometric data and the complete

process is detailed in Chapter 5. The statistical correc-

tions supplied by this process can be applied directly to

the radiometric data prior to geophysical retrievals. The

development of the error corrections for the radiometric

data and documentation of the methods used represent the

completion of the first stage of this work. In the second

stage, the geophysical parameters will be computed from

the corrected radiometric data and examined for improve-

ments. Depending on the type of residual errors that

remain, there is some latitude for making changes to the

statistical correction methods and performing another

iteration of the correction process.

With the above caveat in mind, a preliminary check of

the corrected radiometric data is performed by computing

monthly global maps of atmospheric water vapor content.

Atmospheric water vapor is the parameter that is least

sensitive to errors in the radiometric data. The impor-

tance of the distribution of water vapor in the atmosphere

is discussed in Chapter 6. Five years of SMMR water vapor

estimates are averaged by month to obtain a monthly

seasonal cycle climatology which is then used to calculate

monthly water vapor anomaly maps during the 1982-83 El

Nino. The evolution and decay of the 1982-83 episode is

seen clearly in the Nimbus SMMR data.



2. PASSIVE MICROWAVE RADIOMETRY

2.1 Basics of Passive Microwave Radiometry

Electromagnetic radiation (EMR) naturally emitted

from the earth's surface propagates through the atmosphere

and can be measured by a satellite-borne radiometer. The

amount of radiation emitted by the surface is a function

of the dielectric, reflective, and scattering properties

of the surface layer. The amount of radiation which

reaches the satellite depends on the complex interaction

between the propagating radiation and the layer of atmos-

phere it passes through. The quality of the actual

radiometric observation is a complicated function of the

physical and electrical efficiency of the antenna and

radiometer system.

Radiation from thermal emissions and the dielectric

properties of the ocean surface are discussed in section

2.1.1. The fate of microwave radiation as it propagates

through the atmosphere is outlined in terms of the radia-

tive transfer equation in section 2.1.2. The basis for

inferring oceanographic and meteorological parameters from

the radjometric observations is described in sections

2.1.3, 2.1.4, 2.1.5. and 2.1.6.

2.1.1 Radiation from thermal emissions



All objects in thermal equilibrium emit radiation as

a function of their absolute temperature in accordance

with Planck's radiation law,

2hc2 e(c2)
L(A,T)dA dA (2.1)

exp(hc/kXT)-1

where h is Planck's constant (h-6.625 x lO J-s) , c is

the speed of light in a vacuum (c=2.998 x lo8 m s), k is

Boltzman's constant (kl.38 x iO-23 J Ku), T is the ab-

solute temperature of the emitting object in K, and A is

the wavelength of the radiation. The emissivity, e(c2),

may vary over the solid angle, 12 , and describes how effi-

ciently the object radiates EMR relative to an ideal emit-

ter, or blackbody. By definition, values of the non-

dimensional quantity e range between 0 arid 1. The

spectral radiance, L(A,T)dA has units of energy per unit

time per unit area per unit solid angle per unit

wavelength (W m2 sr1 um).

For a body at a given equilibrium temperature,

Planck's radiation law defines a continuous function over

all wavelengths. Warmer bodies emit more radiation at all

wavelengths than cooler bodies. Two curves are plotted in

Figure 2.1 which represent radiation from bodies at tem-

peratures typical of the sun's outer surface (5776 K) and

the earth's tropical ocean surface (300 K). The
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wavelength of maximum emission, max can be found by dif-

ferentiating (2.1) and setting the derivative equal to

zero. Solving for Xmax yields

2898.3
Amax = pm (2.2)

T

known as Wien's Displacement Law which shows that tempera-

ture and Xmax are inversely related. The dashed curve in

Figure 2.1 represents a line drawn through max as a con-

tinuous function of temperature and shows that the

spectral radiance peak shifts to longer wavelengths as the

temperature decreases. Note that the maximum emission

from the sun occurs at a wavelength in the visible portion

of the spectrum whereas the maximum emission from the

tropical ocean surface occurs in the infrared band.

The emissions from the ocean surface in the microwave

band are 0(10-12) {W m2 pm] lower than emissions in the

infrared band (at 300 K using 9.66 pm and 3xl04 pm for IR

and pW wavelengths respectively). The low signal level in

the microwave band poses special problems in terms of in-

strument sensitivity.

At the long wavelengths in the microwave band the ex-

ponent in Planck's law can be approximated by the first

two terms in a Taylor series expansion, as in

exp(hc/ktA) = 1 + hc/kTA. (2.3)
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Substituting (2.3) into (2.1) gives an approximation to

Planck's radiation law for microwave frequencies,

2 c ekT

L(A,T)dA dA (2.4)
A4

known as the Rayleigh-Jeans approximation, which shows

that radiated energy at microwave wavelengths is linearly

related to the temperature of the object. If the ocean

radiated energy like a blackbody (el) then radiometric

observations would provide nearly exact measurements of

ocean thermodynamic temperature.

In microwave terminology, brightness temperature, ab-

breviated TB, is the scene temperature e.T or the equiv-

alent blackbody temperature of an object which emits the

same amount of radiation as the observed body with emis-

sivity e and temperature T. Brightness temperature is

used more commonly then radiance in microwave parlance be-

cause of the direct relation to thermodynamic temperature

as expressed in the Rayleigh-Jeans approximation.

For a smooth sea surface, the emissivity of the ocean

depends on the dielectric properties of the radiating

layer. The complex dielectric constant, , for seawater

at microwave frequencies is calculated from the Debye

equation for seawater (from Swift, 1980),



+
l+LWT

(2.5)
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where is the ionic conductivity in mmhos m, c,=2irf is

the radian frequency of the incident EMR, 0=8.854x1O2

farads m is the permitivity of free space, r is the

molecular relaxation time in seconds, and and are

the high-frequency and low-frequency (static) limiting

values, of the dielectric. The third term in the expres-

sion depresses the imaginary component of the dielectric

in proportion to the ionic strength of seawater (the Debye

equation for pure water has only the first two terms)

The parameters r, and are all functions of tern-

perature and salinity. Lane and Saxton (1952) measured

and tabulated relaxation times and static dielectric

values as functions of molar strength of NaCl solutions

and temperature. Based on these measurements and others,

Klein and Swift (1977) derived analytic expressions for

the parameters in the Debye equation in terms of tempera-

ture and salinity. These can be easily computed to solve

for the complex dielectric constant of a specified solu-

tion.

The radiation incident on a unit area of ocean sur-

face can be accounted for in three parts. A portion of

the incoming radiation is reflected at the interface, some

is absorbed in a layer of finite thickness, and the rest
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is transmitted through the sea surface. The relative con-

tributions can be written

aA + + 1 (2.6)

where aA, and t are spectral coefficients repre-

senting absorbtivity, reflectivity, and transmissivity of

the dielectric layer.

At microwave wavelengths, t, is effectively zero.

The depth of penetration, or e-folding distance, of inci-

dent EMR in 20°C seawater is about 2 mm for electromag-

netic waves oscillating at 10 GHz and is about 0.45 mm at

40 GHz. Assuming also that the layer is in thermal equi-

librium, then by Kirchoff's law, absorption equals emis-

5 ion

a = eA (2.7)

where e is the spectral emissivity.

The result is an expression for the emissivity in

terms of the dielectric properties of the irradiated

layer,

eh,v = 1 h,v (2.8)

where h and v refer to the horizontal and vertical
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polarizations of EMR and e and p are implicitly dependent

on wavelength. The reflection coefficients h,v are

specified by Fresnel's reflection laws which quantify the

reflection of radiation at a dielectric interface, as

cos9-,//0-sin29 2
(2 . 9)

cos9+J/0 - sin29

(c/c0)cos9 -j/c0-sin2O 2

p -----------------------
(/e0)cos9+jc/e0 -sin2 0

where (c/) is the relative complex dielectric and 9 is

the incidence angle of the incoming radiation from the lo-

cal vertical.

Equations (2.8) and (2.9) summarize the link between

the physical and chemical properties of the irradiated

ocean surface layer and its emissivity which directly in-

fluences the radio signal measured by a passive remote

sensor. From the Debye and Fresnel equations, emissivity

is seen to be a function of several parameters

e = f(,A,0,h/v) (2.10)

the complex dielectric , wavelength .X (or equivalently

frequency), incidence angle 9, polarization state h or v,

and, implicitly, salinity and temperature.

The dependence of emissivity on incidence angle, 9,
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Figure 2.2 Horizontally and vertically polarized
emissivity of a plane sea-water surface as a function
of incidence angle (froni Swift, 1980).
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is illustrated in Figure 2.2 for both polarization states

for standard seawater at 20°C and a wavelength of 3 cm (10

GHz). At 0° incidence angle, there is no distinction be-

tween v and h polarization and the emissivity of the ocean

surface is only 0.39 (Stewart, 1985). For incidence

angles away from nadir, ev is much greater than eh because

of the limited ability of a refracting plane surface to

reflect a vertically polarized electromagnetic

(transverse) wave.

Emissivity also increases nearly linearly with

frequency in the microwave band (Wilheit, 1978). Figure

2.3 shows the increase in the emissivity of vertically and

horizontally polarized radiation at 9=45° and the emis-

sivity of radiation at 9=0° as a function of microwave

frequency for a smooth water surface at 20°C. Also shown

in Figure 2.3 is the lowered emissivity of salt water

(35/) relative to fresh water at frequencies from 1 to

5 GHz. The decrease in emissivity is due to the

dielectric depression by the dissociated ions in solution.

2.1.2 Radiative Transfer

Determination of the brightness temperature of the

sea surface from the spectral radiance measured at the

satellite altitude is a complex problem in radiative

transfer. It requires knowledge of the distribution and

type of gases and particulates in the atmosphere, the
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physics of scattering and absorption, and the temperature

profile along the radiation path from the earth's surface

to the satellite receiver. A microwave radiative transfer

equation is outlined in this section which identifies the

various contributions to the satellite-measured signal and

underscores the difficulty of the inversion problem of ob-

taining sea surface brightness temperature from the

radiance measured at the satellite.

Radiation which travels from the surface of the earth

to the satellite includes surface thermal emissions as

well as downwelling radiation which is scattered or

reflected back to the satellite. The downwelling corn-

ponent consists of radiation from sources external to the

earth's atmosphere (cosmic, galactic, and solar radiation)

and downwelling atmospheric emissions. The total

downwelling component, TD, is written as

TD = t(OssO,lUText

+ f'a(z) t( 9 ,0, z)T(z) secO 5dz (2.11)
Jo

where Text is the equivalent TB of the external sources, z

is the height above the sea surface, and z=H is the satel-

lite height, assumed to be the top of the atmosphere. The

incidence angle of the downwelling radiation is

defined as the angle between the incident radiation path,
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vector k5, and the local vertical . The effect of the

earth's curvature on the geometry can be ignored for in-

cidence angles less than 60-70° (Wentz,l983), and the dif-

ferential radiation slant path, ds, along the incident

vector can be approximated in vertical coordinates by

ds sec95dz. (2.12)

Using this approximation in (2.11) also assumes that the

atmosphere is horizontally homogeneous on spatial scales

of order ztanO5.

The integral in the second term of (2.11) sums up the

equivalent TB of the atmospheric emissions from each dif-

ferential layer dz with temperature, T, and absorption

coefficient, a. The dowriwelling radiation is attenuated

by the intervening layer of atmosphere as it propagates

from height z down to the sea surface, zO. The attenua-

tion of the propagating radiation from height z1 to z2

along is modeled by the transmissivity of the atmos-

phere, t(05,z1,z2). The transmissivity is expressed as a

form of Beer's Law for attenuation in a medium as

t(9,z1 ,z2) (2.13)

where the wavelength dependence is implicit in the absorp-
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tion coefficient, a(z).

The downwelling component, TD, is multiplied by a

backscattering coefficient and integrated over all dif-

ferential solid angles in the upper half sphere of 2ir

steradians. The backscattering coefficient, more commonly

referred to as the normalized radar cross section (NRCS),

is discussed in detail by Wentz (l975;l983). For this

discussion, the more accurate sea surface scattering in-

tegral is simply approximated with a reflection coeffi-

cient (l-e) (after Stewart, 1985).

The upwelling atmospheric emissions are written

similarly to the dowriwelled atmospheric emissions, as

fHa(z)t(Gj,z,H)T(z)sec9jdz (2.14)

Jo

where is the angle between the radiation vector to

the satellite and the vertical r.

The surface contributions (eTS+(l-e)TD) are factored

by the transmissivity of the atmosphere, t(9,0,H), in

their transit from the surface z0 to the satellite height

zH. The total TB signal measureable at the satellite

height H is written as

TB(9,p)IH= teT5 + (1-e)t2Text

+ t(le)fFa(z)tT(z)sec9dz

Jo
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+ fHa(z)tT(z)secodz (2.15)

Jo

where the oversimplification of the surface scattering in-

tegral has been imposed, 9 is the satellite incidence

angle, the transmissivity dependence on 9 and z is as-

sunied, and p is the polarization dependence implicit in

the emissivity.

Numerous aircraft and laboratory radiometer experi-

ments have supplied empirical evidence of frequency and

polarization dependent correlations between brightness

temperatures and several geophysical parameters. The

parameters of interest for this work include sea surface

temperature, surface scalar wind speed, and vertically in-

tegrated atmospheric water vapor and liquid water con-

tents. These relationships are summarized in the follow-

ing sections.

2.1.3 Sea surface temperature

Zrightness temperature is related to sea surface tern-

perature not only thermodynamically but through the tern-

perature dependence of sea surface emissivity, both multi-

plicands in the equation

eT. (2.16)

Emissivity is implicitly dependent on temperature because
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of the dielectric effect as discussed earlier.

Competition between the direct thermodynamic effect

and the emissivity effect results in a sensitivity of TB

to changes in sea surface temperature that is frequency

and polarization dependent. Figure 2.4, from Wilheit

(1978), shows a maximum positive sensitivity in a wide

frequency band centered around 6 GHz for vertically

polarized T3 at an incidence angle of 550 The sen-

sitivity at nadir is reduced and the sensitivity of

horizontally polarized T3 (not shown) is even less,

roughly one-third the vertical component, and actually

decreases with increasing temperature at frequencies near

6 GHz.

Figure 2.4 shows that vertically polarized T3 is in-

dependent of temperature near 1.5 and 20 GHz because the

emissivity is inversely proportional to temperature at

those frequencies (Wilheit, 1978). Outside of this

frequency range the effects of changes in temperature on

emissivity are greater than the actual thermodynamic

change. The sensitivity of TB at higher frequencies

depends on the temperature.

2.1.4 Surface wind speed

Empirical evidence suggests that TB is also a func-

tion of wind speed due to the effects of surface roughness

and wind-generated foam (Stogryn, 1967; Williams, 1968;



23

0.6

0.5

INCIDENCE ANCI.EO

0.4 f / VERTiCAL P0LARIZATI01
INCIDENCE ANGLE 55

0.3

I-

0.2

0
I- .1
LU

0
0

(Gl-Iz>

10

I

:i-o.i 1

.4

-0.3

-0.4

Figure 2.4 Sensitivity of TB to changes in sea
surface temperature in the range 0-30°C as a function
of frequency for unpolarized radiation at 0° and v-
poi radiation at 550 incidence angle (from Wilheit,
1978).



24

Nordberg et al., 1971; Hollinger, 1971; Swift, 1974;

Webster et al. , 1976). Wind stress on the ocean surface

generates capillary/gravity waves which act as scattering

surfaces. In addition, white capping and wind-blown

streaks generate foam on the surface for wind speeds ex-

ceeding 7 m s1 (Nordberg et al., 1971) which alters the

emissivity of the foam-covered layer (Nordberg et al.,

1971; Ross and Cardone, 1974). The percentage of sea sur-

face covered by foam is observed to increase quasi-

linearly with increasing wind speed.

The surface roughness effect is strongly polarized

while the foam coverage is only weakly polarized (Webster

et al, 1976). The roughness effect is complicated by two

contributing factors. On a specular ocean surface with no

foam coverage, vertical emissivity is greater than

horizontal emissivity at large incidence angles between

nadir and 900. Wind stress on the surface of the ocean

creates tilted wave facets which increase the mean in-

cidence angle of the emitted radiation. As a result, ver-

tically polarized radiation increases and horizontally

polarized radiation decreases, but the vertical polariza-

tion increases at twice the rate of the horizontal

polarization. Secondly, wave variations out of the plane

of incidence result in the rotation of alignment of the

earth polarizations with respect to the satellite antenna

polarizations. Due to the linear dependence of TA on the
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two polarizations of TB, the effect of rotation will al-

ways decrease the vertically polarized TA signal and in-

crease the horizontally polarized TA signal. The combined

effect of these two factors is that the vertically

polarized radiation shows little net change with increased

surface roughness while horizontally polarizated radiation

shows a net increase.

The net effects of both roughness and foam are ii-

lustrated in Figure 2.5 from Webster et al. (1976). Sen-

sitivity is greatest at frequencies above 10 GHz for the

horizontal polarization at the sample incidence angle of

38° where a 1 ms increase in wind speed causes a 1 K in-

crease in TB.

Summarizing the surface effects, vertically polarized

TB near 6 GHz provides information about sea surface tem-

perature while horizontally polarized TB above 10 GHz

provides information on scalar wind speeds. The accuracy

of the sea surface temperature is improved after correc-

tion for wind speed induced changes in surface emissivity.

2.1.5 Atmospheric water vapor and liquid water content

Water vapor and oxygen (02) are the most important

gas constituents in the atmosphere which alter atmospheric

transmissivity in the microwave band. Figure 2.6 shows

the absorption spectrum for water vapor and oxygen in the

atmosphere. A weak water vapor molecular resonance band
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is centered at 22.235 GHz with about a 1 CHz half-width

(Wilheit, 1980). A much larger water vapor absorption

peak is located at 180 GHz. Oxygen has a broad resonance

complex near 60 GHz and a narrow absorption peak at 120

GHz. The broad absorption band at 60 GHz is the frequency

range sampled by the microwave atmospheric sounders to ob-

tain temperature profiles (Njoku, 1982).

The narrow water vapor absorption band at 22 GHz

provides a unique signature of the net amount of water

vapor in the atmosphere. Several models have been derived

which relate TB observations to integrated water vapor.

Often these methods use two close frequencies on the side

of the absorption peak to measure the differential absorp-

tion due to the water vapor. Comparisons with integrated

radiosonde profiles of water vapor show rms accuracies of

0.2-0.25 g cm2 (Alishouse, 1982; Greaves et al., 1981;

Wilheit and Chang, 1980; Prabakhara et al, 1982; Chang et

al., 1984).

Liquid water in the atmosphere has no molecular

resonance interaction with radiation but has a strong ab-

sorption and emission effect from particle interactions

that vary according to cloud droplet size. For small

cloud drops with diameters much smaller than the radiation

wavelength, Rayleigh scattering is the dominant process.

Rayleigh interaction results in radiation scatter in all

directions and is the scattering model invoked most often
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since typical marine cumulus clouds have particle

diameters about io2 smaller than the centimeter radio

wavelengths (Wallace and Hobbs, 1977). In general, for

particles less than 100 pm, the net extinction is indepen-

dent of particle size distribution.

For raining clouds where droplet sizes are of the

same order or larger than microwave wavelengths, strong

absorption and emission results from Mie-type effects.

Mie scattering is primarily in the forward direction but

the net extinction is a complicated function of cloud

height and freezing level, and drop size distribution.

The absorption and emission effects of liquid water are

observed to increase with the square of the frequency.

Liquid water contents and rain rates have been inferred

from radiometric observations with some success (Gloersen

et al., 1984; Katsaros et al., 1981; Njoku and Swanson,

1983; Katsaros and Lewis, 1986). These parameters are

difficult to verify with in situ comparisons, perhaps

reflecting uncertainty in our understanding of the under-

lying physics (Katsaros and Lewis, 1986).

The relationships between radiometric brightness tem-

peratures and these four geophysical parameters are sum-

marized qualitatively in Figure 2.7. Each labeled curve

represents the sensitivity of TB to changes in each of the

four parameters as a function of frequency. The small

black arrows on the abcissa denote the five SMMR frequen-
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cies at 6.63, 10.69, 18.0, 21.0, and 37.0 GHz. The two

lowest frequencies are used to measure sea surface tem-

perature and scalar wind speed. The 10 GHz channel can

also be used to correct the derived sea surface tempera-

ture for wind-induced elnissivity changes. The 18 and 21

GHz channels can be used to measure atmospheric water

vapor and in conjunction with these, the 37 CFlz channel

can be used to infer atmospheric liquid water content.

The 37 GI-Iz channel also has the potential for obtaining

wind speeds.

Except for the case of raining clouds, the atmosphere

is relatively transparent to microwave radiation at the

low frequencies. As an example, Table 2.1 shows the

opacity in dB and the transmittance of two hypothetical

atmospheres for a few selected frequencies. The two

sample atmospheres represent water contents typical of a

dry midlatitude winter and a moist subtropical summer. At

3 and 10 GHz, even the moist atmosphere transmits greater

than 99% of the radiation passing through it. Attenuation

is greater at the water vapor resonance frequency but

still reduces propagating radiation by 5% in the dry sub-

tropical atmosphere and up to 17% in the moist tropical

atmosphere. This makes all-weather, day or night global

observations possible which is the distinct advantage of

passive microwave radiometry over infra-red or visible

techniques.



Table 2.1

Microwave atmospheric opacity and transmittance
for a vertical path through the entire atmosphere
for two sample atmospheres as a function of selected
frequencies (after Maul, 1985).

Dry midlatitude winter

Frequency Opacity Transmittance
(Gz) (dB)

3 0.030 0.993
10 0.036 0.992

22.2 0.197 0.956
32.5 0.179 0.960
50 2.258 0.595

32

Moist subtropical summer

Opacity Transmittance
(dB)

0.029 0.993
0.045 0.990
0.792 0,833
0.278 0.938
2.334 0.584
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2.1.6 Geophysical retrieval methods

Most algorithms used to infer geophysical parameters

employ multiple linear regression techniques to correlate

the microwave observations with the parameters of inter-

est. These regression techniques correlate pre-chosen

combinations of radiometer channels with climatological

fields of geophysical data (for example Gloersen et

al,l980). An alternative technique was developed by Wentz

(1983) in which a closed-form approximation to the full

integral radiative transfer equation was derived in terms

of the four ocean and meteorological parameters, sea sur-

face temperature, wind speed, atmospheric water vapor and

liquid water.

Regression techniques are powerful methods which can

incorporate much of the physics when used properly (Hofer

and Njoku, 1981). However, the global climatological

fields of sea surface temperature and wind speed used in

the regression models are not well known, particularly

over the oceans in the southern hemisphere where data ob-

servations are sparse or nonexistent. Errors in the

climatological fields degrade the accuracy of the

geophysical retrievals. The Wentz method has the advan-

tage of being independent of climatology, and is directly

traceable to the radiative transfer equation. Neither

retrieval technique will succeed if there are large errors

in the TB data.
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2.2 History of Passive Microwave Radiometry

In 1978, the year of its launch aboard Seasat and

Ninibus-7, the SMMR instrument represented the state of the

art in passive microwave radiometry for remote sensing of

the earth's oceans and atmosphere (Njoku, 1982). It was

only ten years earlier that the Soviet satellite, Cosmos

243, first demonstrated the feasibility of remote

microwave measurements of sea surface temperature and at-

mospheric water content. Since the launch of the Soviet

Cosmos, no fewer than thirteen civilian scientific satel-

lites have been launched which carry passive microwave

sensors for oceanographic and atmospheric purposes. An

excellent historical review of passive microwave remote

sensing has been written by Njoku (1982). Table 2.1 is

adapted from Mjoku and is a chronological list of satel-

lite experiments that have included a passive microwave

sensor as part of their scientific payload. A brief

synopsis of this history is discussed in the following

section.

The first remote sensing experiment to test the tech-

nology was not over the planet earth but over the planet

Venus during the Mariner 2 Venus flyby in 1962. A

microwave radiometer on the Mariner 2, with channels at

15.8 and 22.2 GHz, successfully measured the high surface



Table 2.2 Chronology of Passive Microwave Radiometers on
Spacecraft (Adapted from Njoku, 1982)

SwatI (Jidth Smallest
Your of Insiruiseir t k'requoIc lea Antenhlil of Scan Resolution Principal Parameters
Launch Spacecraft Acronym (GUz) Type (km) (ko) Measured or Inferred

1962 Mariner 2 15.8, 22.2 Mechanically Planetary 1)00 Limb darkening of planetary
Venus flyby scanned parabola

13

emission, temperature

1968 Cosmos 24) - 3.5, 8.8, Nadir viewing - Atmosphere; water vapor and liquid
parabola water content

Surface: sea temperature sea1970 Cosmos 386 22.2, 37

ESMS 19.3 Electrically 1570 25
ice classification

Atmosphere: rain rate1972 NImbus-S
sconnnd arroy Surface: sea ice concentration,

ice classification
NEMS 22.4, 31.4 Five lerss-laodmd - 200 Atmosphere: temperature profile,

53.6, 54.9 horns, water vapor and liquid water content
58.8 nadir-viewing Surface; Ice classification,

16
snow cover

Surface; winds, precipitation197) Skylab 5-193 13.9 Mechanically 180
scanned parabola

Meteor

5-194

-

1.6

37

Nadir-viewing array

Dual polarization,

- 115

- -

Surface; soil moisture

Atmosphere: liquid water content1974
3Y from nadir

1975 Nlmbus'6 ESMR 37 Electrically 1300 20 x 4) Sane as Nimbus-S ESMR
scanned array, dual
polarization

SCAMS 22.2, 31,6 Three rotating 2400 150 Same as Nimbus-S 8EKS
52,8. 53.8 hyperbolic mirrors

1978 DMSP SMM/T SOS, 53.2, Single rotating 1600 175 , Atmoophere: temperature profile
Block 512 54.3, 54.9, mirror

58,4, 58.8,
59.4

1978 Tiroo-N hISS 50.). 53.7 Dual rotating 2)00 110 Atmosphere: temperature profile
55 0, 51 9 mirrors

satellItes)
SMIR 6.6,10.7, Offset' fed 5951978 Seasat 18 x 28 Atmosphere: water oapsr and

18, 21, 37 oscillating
parabola,

liquid water content, rain rate
1976 Nimbus-? dual polarization 780 22 o 35 Surface: sea temperature, wind speed

sea Ice concentration, ice
classification, snow cover, soil
moisture

Same as Nimbus'? 511MB but without1987 I OMSI' SSM/I 19.3, 22.2 Offset-fed 1390 15
llock 512-2 37, 85.5 rotating parabola sea tenperature

and feedhorn,
dual polarization
(except 22 0Hz) Ui
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temperature of Venus and limb darkening of planetary emis-

sions (Njoku, 1982). The Soviet launch of the Cosmos 243

in 1968 was the first deployment of an earth-viewing pas-

sive microwave sensor. The nadir-viewing radiometer

measured unpolarized radiation at four frequencies, 3.5

and 8.8 GHz for determining ocean surface temperature and

ice coverage, and 22.2 and 37 G}iz for measuring atmos-

pheric water vapor and liquid water content.

The NASA Nimbus series began in 1964 carrying

visible and infrared wavelength detectors but did not in-

clude a microwave radiometer for surface measurements un-

til the fifth satellite in the series. The Nimbus-5,

launched in 1972, carried two passive systems, the

Electrically Scanning Microwave Radiometer (ESMR) and the

Nimbus-5 Microwave Spectrometer (HEMS).

The ESMR measured unpolarized radiation at a single

frequency, 19.35 GHz, in a rectilinear swath perpendicular

to the suborbital ground track. Crosstrack measurements

were made by electrically scanning a phased antenna array

in a ±500 scan. Spatial resolution in each of the earth

cells varied across the 1570 km swath from 25 x 25 km in

the nadir cell to 160 x 45 km at the scan extremes. Data

from the ESMR was used to determine global ice boundaries

and the distribution of precipitating clouds.

The other microwave system onboard the Nimbus-5, the

NEMS, had five lens-loaded nadir-viewing horns which fed
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five independent radiometers at frequencies of 22.235,

31.4, 53.65, 54.9, and 58.8 G}Iz. The two lower frequency

channels provided data on columnar atmospheric water vapor

and liquid water over the oceans. The three higher

frequency channels, operating near a molecular resonance

complex of oxygen (02) in the atmosphere centered at 60

GHz, were used to infer atmospheric temperature profiles.

The atmospheric temperature sounding capability

demonstrated by the NEMS served as a model for several

later instruments, the Scanning Microwave Spectrometer

(SCAMS) flown on Nimbus-6, the Microwave Temperature

Sounder (SSM/T) on the Defense Meteorological Satellite

Program (DMSP) Block 5D, and the Microwave Sounding Unit

(MSTJ) on four of the TIROS series satellites.

The 1973 Skylab mission carried two microwave sen-

sors, S-193 and S-194. The S-194 was a nadir-viewing

radiometer operating at 1.4 CHz, devoted primarily to land

resource applications. The S-193 was a combination

radiometer/scatterometer/altimeter operating at 13.9 GHz,

which shared a common antenna, scan mechanism, and power

system among the three components. A forerunner of the

SMMR technology, the S-193 antenna was a mechanically

scanned parabolic reflector with dual polarization. The

primary goal of the S-193 experiment was an intercom-

parison of the radiometric data from the three sensors ap-

plied to the estimation of winds and precipitation over
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the oceans.

The two radiometer systems carried on Ninibus-6,

launched in 1975, were modified versions of the ESMR and

NEMS flown on Nimbus-5, with the same experimental objec-

tives. Improvements on the ESMR design included a conical

scan forward of the satellite with an earth incidence

angle of about 500 . The frequency was changed to 37 GHz

and with dual polarization, increasing the sensitivity to

condensed water in the atmosphere threefold. The SCAMS,

descendant of the NEMS, also gave improved earth coverage

by revolving a reflector 360° around the antenna and

recording over a ±L3.2° scan angle range. A portion of

the scan was used to view an external target which con-

siderably improved the radiometric calibration.

Finally, in 1978, the SMMR was launched on both the

Seasat oceanographic satellite and the NASA Nimbus-7

satellite. The SMMR design incorporated the best of

several features from the earlier radiometer designs in

addition to some new technologies. It demonstrated the

capability to measure a wide range of surface ocean and

atmospheric parameters during the short-lived Seasat mis-

sion. The subsequent launch of SMMR on the Nimbus-7 with

continuous operation until 1987 has provided a global

satellite time series of data of unprecedented duration

and coverage.

A second generation radiometer, the Special Sensor
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Microwave/Imager (SSM/I), was launched on a DMSP satellite

in June 1987, nine years after the SMMR launches. The new

passive microwave radiometer is a follow-on to the SMMR

design. The SSM/I measures radiation at four frequencies

(19.3, 22.235, 37.0, 85.5 GHz) with dual polarization

(except 22 GI-Iz which measures v-pol only) for a total of

seven data channels. The SSM/I design has several im-

provements over its predecessor, particularly the antenna

reflector-feedhorn-drum assembly which rotates as a unit

and samples a swath twice as wide as the Nimbus-7 SMMR.

Unfortunately, the lower frequency channels have been

omitted so the SSM/I is unable to measure sea surface tem-

perature.
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3. NIMBUS-7 MISSION AND THE SMMR INSTRUMENT

3.1 The Nimbus-7 spacecraft

The Nimbus-7 spacecraft was launched on October 28,

1978 from Vandenberg Air Force Base, California. The

satellite was placed into a sun-synchronous orbit at an

altitude of 955 kin, with local noon (ascending) and mid-

night (descending) equatorial crossings. A sun-

synchronous orbit is defined such that the satellite or-

bit plane stays at a constant angle with respect to the

sun by precessing at an angular rate of 2ir/365.25

radians/day with respect to the vernal equinox (Maul,

1985). The Nimbus-7 orbit is retrograde with an inclina-

tion of 990 and reaches a maximum poleward latitude of

80.77°. At this altitude and inclination, the orbital

period is about 104.16 minutes. Each ascending equatorial

node is displaced 26.1° longitude to the west on the

earth's surface. The typical velocity of the satellite

over the surface of the earth is 6.5 km s.

There are 8 instruments mounted on the Ninibus-7

spacecraft along with a solar array, power and electronics

bays, and attitude control subsystems. Their locations on

the spacecraft are shown in Figure 3.1. Physically, the

satellite is 3.04 in tall, 1.52 in in diameter at the base,

and 3.96 m wide with the solar paddles in their extended
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Figure 3.1 A schematic of the Nimbus-7 observatory
showing some of the spacecraft subsystems and the
eight experiments (from Nimbus-7 User's Guide,
1984)
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position. It weighs 965 kg. Power for the 8 instruments

and the spacecraft subsystems is generated by the solar

array and stored in nickel-cadmium batteries. The solar

array generates a maximum of 2000 watts but the orbit

average regulated power output is 300 watts, of which 41%

is used for the spacecraft subsystems. Due to power

limitations, only one of the 8 instruments operates 100%

of the time. The SMMR is constrained to a 50% duty cycle,

turning on and off on alternate days.

The attitude control subsystem maintains the

stability of the spacecraft in the roll, pitch, and yaw

movement about reference axes aligned with the satellite

flight path. Two different mechanisms are used for at-

titude sensing depending on when the satellite orbit is in

night versus daytime and twilight (twilight is defined as

when the spacecraft is illuminated but the footprint is in

the earth's shadow). While the sun is visible, one at-

titude sensor estimates the satellite attitude using the

relative position of the sun. During the night, a dif-

ferent sensor locates the horizon by measuring the ten-

micron isophote (Milman, 1982a) to determine the

spacecraft attitude. The attitude control subsystem is

rated to maintain spacecraft stability to within 0.7° of

the pitch axis and 1.0° of the roll and yaw axes. Instan-

taneous angular change rates are limited to less than 0.01

degrees per second (Nimbus-7 User's Guide, 1978).
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High frequency variations in the spacecraft attitude

(particularly roll) are damped by imposing a slow roll

throughout the orbit. Near the north and south poles the

satellite is given a very small boost in the opposite

direction to the roll motion it had approaching the pole.

In this manner, random, unaccountable spacecraft motion is

replaced with a known, induced motion that is quasi-

periodic in orbit.

The attitude subsystem also controls the orientation

of the solar paddles. The paddles revolve 3600 once per

orbit and are adjusted to stay nearly perpendicular to the

sun throughout the orbit. The inside edge of each paddle

is mounted 1.06 m to the side and 0.38 in aft of the SMMR

multifrequency feedhorn.

gular and measure 0.91 in

paddles lie flat (no

(steradians) of the solid

at the SMMR antenna feed

of the solid angle in the

tion of outer space)

The paddles are roughly rectan-

wide and 2.44 in long. When the

pitch) they occupy 0.5 sr

angle from an origin taken to be

horn. This represents almost 8%

upper half-sphere (in the direc-

3.2 The Nimbus-7 SMMR sensor

The SMMR instrument is mounted on the forward side of

the spacecraft, in the direction of satellite flight. A

schematic of the SMMR and a photograph of the forward side
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of the sensor are shown in Figure 3.2. The sensors on the

instrument consist of an offset parabolic antenna which

reflects earth radiation to the multifrequency feedhorn, a

set of 3 space-viewing calibration horns (sky horn

cluster), and 6 Dicke-type radiometers. The SMMR measures

vertically and horizontally polarized radiation at five

separate frequencies for a total of ten data channels.

The SMNR frequencies are 6.63, 10.69, 18.0, 21.0, and 37.0

GHz corresponding to radiation wavelengths of 4.52, 2.81,

1.67, 1.43, and 0.81 cm respectively.

The parabolic antenna is 0.79 m in diameter and is

canted to view forward of the spacecraft at a constant

nadir angle of 42° (the angle between the antenna

boresight and the local vertical, or nadir). For the

Nimbus-7 orbit height this results in an incidence angle

of 50.3° at the earth's surface. To obtain a swath of

measurements, the antenna rotates ±25° about the sub-

satellite ground track. The axis of rotation of the an-

tenna is coincident with the axis of the feedhorn and the

local vertical (nadir). The 50° conical scan is symmetric

about the SMMR ground track and results in a 780 km wide

swath on the earth's surface. This differs from the

Seasat SMMR which was mounted asymmetrically with respect

to the ground track, viewing aft and to the starboard side

of Seasat. Figure 3.3 illustrates the SMMR scan geometry

for the Nimbus-7. The scan velocity varies sinusoidally
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Figure 3.2 A schematic and front-viewed photograph
of the SMMR sensor showing locations of components.
(from Nimbus-7 User's Guide, 1984)
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Figure 3.3 SMMR scan geometry and measurement swath
over the earth's surface.
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throughout the complete scan period of 4.096 seconds.

The antenna Is rotating the fastest when it passes through

the 0° scan angle and slowest when it approaches the scan

extremities. As a result, the outsides of the scan are

sampled more densely then the center of the scan.

The antenna feedhorn is fixed and does not rotate

with the antenna. It is a ring-loaded corrugated conical

horn with an aperture diameter of 13.3 cm. A schematic of

the multifrequency feedhorn is shown in Figure 3.4 along

with a table of antenna characteristics (Table 3.1) taken

from Njoku et al. (1980). The base of the horn contains a

sequence of waveguide tapers, resonators, and orthomode

transducers with ten waveguide output ports for the ten

channels. The unit is constructed of aluminium. The 3 dB

beamwidth of the feedhorri and parabolic reflector (half-

power point, integrated over the main lobe) varies from

45° at 6 Ghz to 0.93° at 37 0Hz. The antenna beam ef-

ficiency (expressed as the percentage of the ratio of the

integral of gain over the antenna main lobe to the in-

tegral of the gain over the entire solid angle in the an-

tenna field of view) ranges from 82% at 6 GHz to 89% at 37

GHz (averaged over both polarizations and all scan

angles) . The frequency bandwidths are isolated by limit-

ing the physical dimensions of the slotted waveguide out-

put ports to admit maximum radiation wavelengths cor-

responding to the low-end frequency defining the bandwidth
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Figure 3.4 Schematic of the SMMR antenna feedhorn
and waveguide sections (from Njoku at al. , 1980).

Table 3.1 Summary of SeaSat SMMR Antenna
Measurements (from Njoku et al. , 1980a)

SUMMARY OF SEASATSMMR ANTENNA MEASUREMENTS

Frequency,
GHz

/.w.UBeamwidth,
Po1arzatjon

Half-Power

degrees
Beam Efficiency*,

percent
Cross-Polarization

Isolation , dB
Dissipatise Feed

Loss, VS

6.6 V 4.56 79.7 -21.5 0.55

6.6 H 4.51 83.4 -19.9 0.55

0.69 V 2.93 83.8 -16.6 0,35

0.69 H 2.91 86.2 -16.1 0.37

8 V 1.80 85.2 -21.2 0.50

8 H 1.81 88.7 -20.1 0.52

21 V 1.50 84.2 -19.5 1.03

21 H 1.49 85.8 -78.4 1.03

37 V 0.93 88.2 -17.9 0.7

37 H 0,93 90.0 -17.4 0.7

°Beam efficiency def iced as in Table 1. (These beam efficiencies include hot!, co- and cross-
polarized power and are from 2 to 4% lower than efficiencies calculated by cons ideri,np
co-polarized power alone.)

+Integrated over main beam.
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of the respective channel. The signal is then electroni-

cally low-pass filtered, cutting off the higher frequency

inputs to favor the selected bandwidth.

The sky horn cluster consists of 3 corrugated feed-

horns, all similar in design to the antenna feedhorn.

They are mounted to view cold space directly and supply

radiometer calibration counts corresponding to the known

cold space temperature of 2.7 K. Calibration signals from

the largest horn are fed to the 6 and 10.7 GHz

radiometers, the middle size to the 18 and 21 CHz

radiometers, and the smallest to the 37 GHz radiometer.

The boresight of each calibration horn is in the general

direction of satellite flight. As seen in later sections,

this orientation causes the cold horns to view the sun

during a portion of the orbit rendering the cold calibra-

tion data useless during that time.

Six Dicke-type superheterodyne radiometers output

smoothed analog signals to the data multiplexer which in

turn supplies the SMMR data record to the spacecraft data

system for transmission to earth. The 37 v-pol and h-pci

inputs are measured simultaneously by two separate

radiometers. Each of the four lower frequencies share a

radiometer, measuring v-pol and h-pol on alternate halves

of the conical scan. A ferrite switch alternates the an-

tenna waveguide input to these radiometers selecting the

appropriate polarization. Leakage in these switch corn-
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ponents may contribute to mixing of the two polarizations

at the four lower frequencies.

Data noise is reduced by integrating the input signal

over time. The integration periods vary from 30 ms (37

CHz) to 126 ms (6 GHz). An additional 2 ms of the total

dwell time (multiples of 32 ms) is used at the end of each

sample period for dumping the accumulated signal. In ad-

dition, the internal ambient (hot) and cold-space

references are recorded at alternate ends of the scan.

Input to the radiometers is controlled by two more latch-

ing ferrite switches: the cold space/ambient calibration

switch and the calibration/signal switch. All three

switches and the ambient temperature load are contained in

a single integrated unit and are assumed to be at the same

physical temperature (Sinha and Kim, 1984). If thermal

gradients exist along the radiation paths in the instru-

ment then this assumption is invalid and the radiometric

calibration equation is not entirely accurate.

3.3 Processing of SMMR Radiometric Data

Processing of the SMMR radiometric data to obtain

brightness temperatures (TB's) is accomplished in three

stages that consist of 1) applying a counts-to-antenna

temperature conversion (radiometric calibration); 2) un-

mixing cross-polarized signals to recover the actual
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brightness temperature components (polarization

decoupling); and 3) removing unwanted antenna sidelobe

contributions (antenna pattern correction) . Once the

calibrated brightness temperatures are obtained, they may

be input to geophysical retrieval algorithms to estimate

the oceanographic and meteorogical parameters sea surface

temperature, scalar wind speed, atmospheric water vapor

and liquid water. Each of the three steps are discussed

in this section. The details of each are pertinent to the

techniques developed for the in-flight calibration of the

Nimbus SMMR data presented in this work.

3.3.1 Radiometric calibration

While the desired scene radiance is called the

brightness temperature (TB), the actual antenna measure-

ment is termed the antenna temperature (TA) which is con-

verted from counts that are proportional to a measured

voltage. The antenna temperature is not the physical tem-

perature of the antenna but represents the scene bright-

ness temperature in the antenna field of view, factored by

the co- and cross-polarized gain of the mainlobe and

sidelobes of the antenna.

Conversion from raw voltage counts to antenna tern-

perature (TA) is based on a two point reference system for

calculating the antenna gain. The instrument gain is as-

sumed to behave linearly and hence only requires that two
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pairs of counts and antenna temperature be measured to set

up a defining equation. These calibration endpoints are

gathered from a continuous sampling of a calibration horn

viewing cold space (one of the sky horn cluster) and an

ambient RF waveguide termination. The effective antenna

temperature of cold space is a known constant, 2.7K, and

the temperature of the hot reference load is recorded

along with other instrument temperatures and engineering

data. The ambient load temperature stays nearly constant

at about 300 K. These temperatures bracket the typical

signal range of the SMMR whose global mean value antenna

temperatures over the ocean vary from about 85 1< (channel

6 H) to 260 K (channel 37 V). A combination of three

latching ferrite switches selects the appropriate antenna

polarization signal or calibration path for each of the

radiometers during the scan cycle.

The radiometric equation for conversion from voltage

counts to TA must account for transmission losses along

the various radiation paths. Losses in the components

(transducer, waveguide, ferrite switch) can be due to

electrical resistance, reflectance, or in the case of the

switches, leakage in the circuit connection. Resistive

losses result in reradiation by the component in an amount

proportional to its own physical temperature.

Measurement of reflective losses indicate that they

are small, about one percent of the resistive losses.
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Measurement of the ferrite switch isolation between

separate radiation paths, about 30 d, is also small

(Njoku, l98Oa). Taking these two losses to be negligible,

only the resistive losses need to be included in the

calibration equation.

Derivation of a full equation which accounts for

these effects is presented by Swanson and Riley (1980) and

Sinha and Kim (1984). A brief overview of the derivation

by Swanson and Riley is given here.

A simple radiation transfer model for an individual

component in the radiation path is assumed where the out-

put temperature of the component depends on transmission

losses and reradiation, as in

Tout aT + (l-a)Tcomp. (3.1)

In this expression, a is the transmission coefficient,

is the input temperature, (1-a) is the emission coeffi-

cient, and Tcomp is the physical temperature of the com-

ponent. Using this model, the measured antenna tempera-

ture, TA', can be written as a function of the effective

antenna temperature, TA, and the transmission losses in-

curred in transit from the antenna horn to the mixer port,

as in

TA'= TAa6a7aS + T6(l-a6)a7a8 + T7(l-a7)a8
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+ T8(l-a8) (3.2)

where the and T1 (i=6,7,8) are the transmission coeffi-

cients and the physical temperatures of the components

along the antenna radiation path (6antenna horn,

7antenna waveguide, 8internal switch temperature).

Similarly, radiation transfer equations are written for

the reference temperature load, TR' , the ambient (hot)

calibration termination, T' , and the cold calibration

signal, Tc'

The voltage count is related to the measured antenna

temperature by the gain, C, of the system. For any input

to the mixer port, TN' , where N is one of the four paths

(A,R,H, or C), the differenced counts are

(CN-CR) = G(TN'-TR'). (3.3)

The gain, solved for in terms of the hot and cold calibra-

tion inputs, becomes

C = (CH-CC)/(TH'-TC') (3.4)

in counts/degree. Letting the subscript N - A in (3.3),

the antenna input is given by

TA' - (CA..CR)/G + TR' . (3.5)
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Solving (3.2) for TA, substituting (3.5) for TA', noting

that TH' is the measured internal instrument temperature,

and expanding Tc' as done for TA' in (3.2), the predicted

value is given by

TA [(CA-CH)/(CH-Cc)J (3.6)

+ (T3-T6(l-a6)a7a8-T7(l-a7)a3-T8(l-a8))/a6a7a8

where and (jl,2,3), refer to the calibration horn,

waveguide, and internal switch absorption coefficients and

temperatures.

Equation (3.6) is of the linear form

TA = A + BZ (3.7)

where Z, the normalized ratio of measure voltage counts,

and the coefficients, A and , are dependent on cold and

hot calibration data, transmission coefficients of key

components, and the physical instrument temperatures.

It is important to note that if there were rio thermal

gradients in the instrument then (3.6) would reduce to a

very simple equation. For example, if all the instrument

temperatures were taken to be the ambient internal switch

temperature, TsW, then (3.6) reduces to
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TA (CA-CH)(TSWTC)aC + Tsw (3.8)

(CH-CC) ah

where aC/ch a1a2a3/cz6a7c8 the ratio of transmission

coefficients over the cold path to transmission coeffi-

cients over the antenna path.

The final calibration equation used in the standard

processing of the Nimbus-7 SMMR data was developed by

regression using pre-launch test results. The radiometers

were tested in a thermal vacuum chamber with the instru-

ment stabilized at six discrete operating temperatures.

Data from three of these, at 281, 301, and 306K, were used

in the regression analysis. The antenna horn was set to

view a nearly ideal blackbody target whose temperature was

varied from lOOK to 350K in increments of 25K. The

regression model was of the form

TA a1 + a2TH + a3(TC-TH)Z. (3.9)

The residuals of the fit using this three parameter

model were determined to be adequate for the SMMR operat-

ing internal temperature range of 295 to 305 K (Sinha and

Kim, 1984). However, the final algorithm, applied in the

standard processing, used an additional four parameters to

refine the model's ability to predict the effects of ther-



mal gradients in the instrument

(Fu, 1985)

where

TAj - siz

a1 + a2TSW-1

Si = a3(T5-2.7) + 2i
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The final equation is

(3.10)

(3.11)

(3.12)

The E terms account for thermal gradients in the instru-

merit and are defined to be

ki = (3.13)

The ki are the loss terms for each channel i, i=1,10, and

path k where k=1 refers to the antenna path and k=2 refers

to the cold calibration path. Tsw are the switch tem-

peratures for each channel i, THNk are the horn tempera-

tures for each path k, k=l,2, and TwGki are the waveguide

temperatures for each channel i and path k. The coeffi-

cients a, a, and 3 are listed in Table 3.2.

In the actual processing, running averages over 30

scans are kept of the warm and cold calibration counts and

the instrument temperatures. These are applied to the
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Table 3.2 SMMR calibration coefficients from

regression on pre-launch test data (from CELL-

ALL User's Guide, 1984)

Channel a1 a2 a3 a1 a2

6.6h 4.6207 0.98276 -1.1081 0.923 0.9 0.955 0.953

6.6v -0.3147 0.99976 -1.1015 0.923 0.9 0.955 0.953

l0.7h 39.5950 0.87679 -1.0889 0.927 0.9 0.955 0.912

l0.7v 64.0550 0.79425 -1.0669 0.927 0.9 0.955 0.912

18.Oh -7.8767 1.0264 -1.2204 0.891 0.9 0.938 0.881

18.Ov -6.7131 1.0220 -1.2034 0.891 0.9 0.955 0.881

21.Oh -2.1648 1.0067 -1.1138 0.851 0.9 0.944 0.851

2l.Qv -7.4011 1.0244 -1.1042 0.851 0.9 0.938 0.851

37.Oh 3.8442 0.98197 -0.9226 0.933 0.9 0.923 0.891

37.Ov -7.1304 1.0191 -1.1194 0.933 0.9 0.923 0.902
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radiometer counts to produce antenna temperatures along

the scan.

Several problems arise in the antenna temperatures as

a result of this calibration scheme implemented in the

GSFC data processing. First, as mentioned before, the

cold calibration horn views the sun during a portion of

the orbit and generates erroneously high cold counts. To

bypass this problem, the region where the cold horn views

the sun is flagged and the average cold and warm counts

from the last good average are used in the processing un-

til the cold horn no longer views the sun. This solution

is not optimal because the calibration values become out-

dated and a discontinuity is apparent when the current

values are reintroduced.

Secondly, the pre-launch regression coefficients,

ak, k1,3, were generated from a limited data set in the

absence of thermal gradients in the instrument and for un-

polarized targets (Sinha and Kim, 1984). As a result the

calibration equation may be inadequate when applied to the

in-flight data. In this analysis, the intercept and slope

terms, A and B, are adjusted to fit the behaviour of the

in-flight data more closely.

3.3.2 Polarization decoupling

The dual polarizations for each SMMR frequency convey

unique information about the ocean surface. Unfor-
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tunately, the orthogonal components of the radiation are

mixed, or cross-polarized, by the rotation of the reflect-

ing antenna about the antenna feedhorn which is fixed in

place. The rotation changes the alignment of the antenna

pattern polarization vectors with respect to the earth so

that the antenna horn polarization is no longer aligned

with the earth surface polarization. The rotation offset

of the measured polarization vectors from the actual input

is nominally zero at the center scan position, and in-

creases toward the scan extremities. At increasing scan

angles, the vertical polarization is mixed into the

horizontal polarization as shown for example in the curves

for the 10 h-pol and 21 v-pol channels in Figure 3.5.

This error, up to 15 K in the 21 v-pol TA, is easily

modeled because of the sinusoidal scan geometry.

The variation of TA across the scan is not perfectly

symmetric in each curve in Figure 3.5 as would be the case

if the antenna rotation were the only problem. The asym-

metry is a result of non-ideal antenna pattern charac-

teritics for which the exact cause is uncertain (Njoku,

1980b)

Leakage in the polarization selector switch may also

contribute to the polarization mixing. The separate

polarized radiation paths are assumed to be well isolated,

but in fact may contribute some unknown fraction to the

error.
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Figure 3.5 Antenna temperatures as a function of
scan angle for 10 h-pol (a) and 21 v-pol (b) showing
large cross-scan bias due to polarization mixing and
scan asymmetries (from Njoku and Patel, 1984).



Fourthly, the cross-polarized power in the main lobe

of the antenna is only 20 dB below the co-polarized power.

As a result, about one percent of the polarized radiation

received at each waveguide port is contributed from the

opposite polarization (Njoku, 1980b).

The ionosphere also has a rotation effect on radia-

tion as it propagates through the atmosphere known as

Faraday rotation. The ionosphere is a layer of free

electrons in the upper atmosphere, produced by the ioniz-

ing radiation of the sun. The layer, distinguished by

high concentrations of free electrons, is noticeable at

altitudes above 60 km and attains a maximum density near

300 km (Wallace and Hobbs, 1977). The density undergoes

large diurnal variation. Small order variations also oc-

cur seasonally (the concentration being greater in the

winter when the earth's orbit around the sun is at

perihelion) and with periods of the solar cycle. The max-

imum rotation of the plane of polarization is about 1.7°

for the lowest SMMR frequency, 6 GHz (Njoku, 1980).

The error in antenna temperature which results from

Faraday rotation is not negligible at the scan extremes

where it can be as large as 2.5K (Njoku, 1980). The

standard SMMR data processing scheme implemented at GSFC

does not correct for Faraday rotation.

Polarization mixing due to the sinusoidal rotation of

the antenna around the fixed feedhorn is expressed in the
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set of linear equations

TAV dllTBv + dl2TBh

TAh d21TBv + d22TBh (3.14)

where the assumption is made that the coefficients in each

equation sum to 1. This assumption is not entirely ac-

curate because of signal losses due to less than 100% an-

tenna beam efficiencies. The system of equations is writ-

ten compactly in matrix form as

TA - D TB (3.15)

where D is a 2x2 rotation matrix with elements defined

as

cos2(8+&9) sin2(9+&9) (3.16)

sin2(9-i.soh) cos2(O-I-&9h)

where 0 is the scan angle of the observation (191<25°) and

&9. (ph or v) is a small phase angle to correct for the

asymmetry across the scan. The phase angles, SO,,, and

are specified for each channel individually. They

are listed in Table 3.3. Note the large correction for 21

v-pol which displayed the largest asymmetry of all 10

channels.
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Table 3.3 Relative phase angles added to SMMR scan

angles in polarization decoupling equations. There

are two pairs for 37 GHz because of the two separate

radiometers which measure v-pol and h-pol on both

halves of the scan (after Fu, 1984).

Channel soy 60h
(GI-Iz) (degrees)

6.6 -3.000 4.900

10.7 0.809 1.295

18.0 1.137 -2.447

21.0 9.945 -2.758

37.0 (1) -0.191 0.884

37.0 (2) -0.206 1.016

(1) first half scan

(2) second half scan
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The matrix D, whose elements are defined in (3.16),

is obviously diagonally dominant. If the cross-

polarization effect were reduced then the rotation matrix

D would approach the identity matrix.

Brightness temperatures are recovered from the linear

system (3.15) by inverting the rotation matrix, D. Let-

ting A = then the elements of A are

a11 (1-sin &h)/(l-sin Oh- sin29v)

a12 1-a11

a21 1-a22

a22 (l-sin2OV)/(l-sin2Oh-sin29h) (3.17)

where 060h and O
= This is the system of

equations used to decouple the polarizations in the stand-

ard GSFC processing. A consequence of this operation is

that errors in one TA channel are introduced into TB of

the other polarization at that frequency. This is found

to be a significant problem at 21 GHz where the vertical

polarization TB is contaminated by the large errors in the

horizontal polarization TA.

3.3.3 Antenna pattern correction

The expression for antenna temperature at each

frequency in (3.14) is more properly interpreted as the

integral of the brightness temperatures multiplied by the



co- and cross-polarized antenna gain patterns over all

solid angles in the antenna field of view. For example,

TAP J(GPhTBh + GpvTv)dI2 (3.18)

where ph or v polarization. The SMMR has low antenna

beam efficiencies and as a result there are gain contribu-

tions from antenna sidelobes in addition to the signal in

the antenna main lobe. Approximately 3ir steradians (75%)

of the entire solid angle integrated in (3.18) is cold

space-viewing (Njoku et al., 1980a). The brightness tem-

perature of cold space is known (2.7K) so this constant

contribution can be removed. The remainder of the solid

angle subtended by the antenna beam is earth-viewing and

the sidelobe contribution in the earth field-of-view must

be removed, particularly at the lower frequencies which

have larger beamwidths and hence wider primary sidelobes.

A thorough discussion of the antenna pattern problem is

presented by Njoku et al. (l980a).

The antenna pattern correction procedures generally

remove a constant correction associated with the cold

space contribution. The earth-viewing sidelobe correction

is only made in the Nimbus-7 CELL-ALL data for the 6 and

10 GHz channels. The method used to make the correction

is described in an unpublished NASA technical memorandum
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(cited as reference 5 in the SMMR CELL-ALL User's Guide)

that we were never able to obtain.

3.4 Problems with the Nimbus-7 SMMR

While the SMMR experiment has provided a very long

time series of global measurements, interpretation of the

data has proven to be very difficult. The primary goal of

the experiment was to gather microwave data to calculate

SST and wind fields over the globe (Gloersen and Hardis,

1984) but the low frequency channels most critical for

these retrievals are the most sensitive to raw data er-

rors. Several individuals and investigative groups have

achieved mixed success trying to characterize the SMMR

data errors systematically, to identify known or probable

sources, and to generate corrections for them. The

results of these efforts are summarized here in an outline

of most of the problems reported with the SMMR data to

date. They are separated into three categories: design-

related problems, operational (pre-flight and in-flight)

related problems, and raw data problems.

3.4.1 SMMR design problems

With hindsight, it appears that one of the largest

sensor design flaws is the rotation of the reflecting an-

tenna around the fixed feedhorn. It has the adverse ef-



feet of incorporating and concealing other polarization-

dependent and scan angle dependent errors. The polariza-

tion mixing effect is well understood (Njoku, 1980; Njoku

et al., l980b) and corrections have been proposed (SMMR

lIFT, 1984; Njoku, 1980) but data evaluations are often

done omitting values near the outside of the scan because

the errors are still excessive (Milman, 1982a; Njoku and

Patel, 1983; Milinan and. Wilheit, 1985).

The asymmetry of the TA'S as a function of scan angle

further complicates the correction of the rotated

polarization components. The offset of the inflection

points from the expected zero degree scan angle (as seen

in Figure 3.5) may be due to a different physical orienta-

tion of the instrument on the spacecraft than was used in

the prelaunch testing. The mismatch angle and other rela-

tive phase contributions are discussed in mathematical

terms by Njoku (1980b). The simple phase angle correc-

tions listed in Table 3.3 were derived by Gloersen et al

(1980).

Sharing radiometers among the dual polarizations at

the four lower frequencies complicates the design by ad-

ding components, introduces the possibility of signal

leakage across the polarization selector switch, and cuts

in half the number of data samples due to alternating ob-

servations on every half scan. The errors introduced by

sharing radiometers are not easily quantified.



Deriving a realistic calibration equation to monitor

the gain of the instrument is made difficult because of

the separate radiation paths from the antenna, the cold

horn, and the warm reference load (Swanson and Riley,

1980). Unknown losses occur along the separate paths and

the thermal impact of other components adjacent to the

separate paths may be different. The calibration scheme

derived for standard processing of the SMMR data (SMMR

IPT, 1984; Sinha and Kim, 1984) has been found to in-

adequately account for thermal gradients in the instru-

ment. On this basis, the most recent SST retrieval algo-

rithm, version 4.1, adds 9 parameters to the regression

model, 8 of which are physical instrument temperatures

(Milman and Wilheit, 1985).

The calibration is also inaccurate in the region

where sun enters the sidelobes of the cold horn, defined

as when the subsatelljte latitude minus the declination of

the sun is in the range -123 to -43 degrees (Fu, 1984).

Seasat SMMR also experienced the problem with sun shining

in the cold horns which caused errors in TB of about 10 K

at 6.6 GHz (Njoku et al., 1980b) although in a different

region of the orbit since the instrument was viewing aft

of the Sea.sat platform.

Lastly, the SMMR has a low antenna beam efficiency

particularly at the lower frequencies which makes un-

desirable sidelobe contributions a problem. Also, the
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small antenna size results in a very coarse spatial

resolution of samples on the earth's surface. These ef-

fects are a known consequence of size restrictions that

the design was forced to adhere to.

3.4.2 Operational problems

The pre-launch thermal vacuum test data used to

derive the calibration coefficients by regression are

found to be inadequate (Sinha and Kim, 1984; Milman and

Wilheit, 1985). The blackbody target emissions were un-

polarized so polarization dependent behaviour was not in-

corporated into the test data domain. Also, test data

were recorded only after the instrument temperature had

stabilized so the effect of thermal gradients, which are

seen to be a major source of error in the in-flight data,

were not included in the regression statistics.

The alternate-day duty cycle, dictated by spacecraft

power limitations, results in a warming-up bias when the

instrument is turned on at the start of a sampling day.

It takes the first three revs (orbits) for the physical

temperatures of the instrument to stabilize. The thermal

gradients present during these warm-up revs bias the TA'S

appreciably.

Data for the two different attitude monitoring sys-

tems used during separate portions of the rev are not con-

tinuous when they switch from one system to the other.
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Plots of incidence angle for day values minus night values

show a jump when the satellite passes from twilight to

night and again from night to day (Milman, 1982a). The

nominal incidence angle is specified at 50.2° while direct

calculation from the simple geometry using a constant

nadir angle of 42° and satellite altitude of 955 km gives

50.3°. Computing the average incidence angle for all or-

bits in the month of June 1980, Wentz (personal communica-

tion, 1986) obtained yet a different mean value of 50.5°

with an rms variation of 0.3°. SST and wind speed algo-

rithms are particularly sensitive to incidence angle.

Tests of this sensitivity show that a 0.2° change in in-

cidence angle translates into a 1° C change in SST and a 1

ms change in wind speed in the range of incidence angles

49.0 to 51.0 degrees.

The SMMR instrument heats up when illuminated by the

sun during the daytime (ascending) portion of the rev and

cools during the nighttime (descending) portion. The con-

tinual heating and radiative cooling is apparent in the

instrument temperatures (Milman, 1980a). Thermal

gradients created by this process can impair the validity

of the calibration scheme.

3.4.3 Radiometric data problems

The calibrated brightness temperatures from the

Nimbus-7 SMMR are observed to have a smaller dynamic range
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over the open oceans than the Seasat SMMR data (Njoku,

1986). The cause of this is presently unknown but

requires that the retrieval algorithms be adjusted accord-

ingly.

Analysis of globally averaged monthly time series of

brightness temperatures from January 1979 through August

1984 reveal some features of the long term behaviour of

the SMMR instrument (SMMR IPT, 1984; Kim et al., 1984).

The 10 GHz channels did not stabilize until January 1979,

three months into the mission. The 21 h-pol channel dis-

plays a drift of about 7K per year over the six year time

period. The slope of the long term drift increases in

time and is complicated further by behaviour which varies

with the elapsed time since turn-on for each sampling day

(Kim et al., 1984). These errors in the 21 h-pol channel

are mixed into the 21 v-pol TB's because of the polariza-

tion decoupling.

The calibrated SMMR TB's, fully corrected for

polarization mixing, still exhibit large cross-scan

biases. As referenced in the discussion of antenna rota-

tion, this has prompted several investigators to discard

data near the outside of the scan where the errors are

worst.

Several other systematic errors are apparent in the

radiometric data which, if ignored, will also distort the

geophysical retrievals. These include land and ice con-
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tamination in the sidelobes of the antenna, sun glitter

reflection from the ocean surface, and Faraday rotation.

Land and ice contamination are more serious at the lower

frequencies because of the low antena beam efficiencies

(large sidelobe contributions) and large earth footprint

(about 150 km for 6.6 GHz). Consequently, algorithms

which require 6.6 GHz data (namely SST) should not be used

closer than 600 km to large land masses and seasonal ice

boundaries (equivalent to a separation of 4 footprints

from the footprint of interest). Sun glitter reflection

occurs in the early portion of the daytime rev when the

angle between the antenna boresight and reflected sun is

less than about 10°. The error resulting in the antenna

temperatures is scan angle dependent, of course, since the

sun reflection angle changes throughout the scan.
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4. ANALYSIS OF ENGINEERING AND INCIDENCE ANGLE DATA

In this chapter, a new independent variable is intro-

duced which is found to be extremely useful for revealing

systematic errors in the SMMR data. The new variable is

the spacecraft-ecliptic angle, denoted
,
which provides a

convenient coordinate frame for the error analysis and

statistical post-launch calibration presented in this

work. After defining the new spacecraft-ecliptic angle
-y,

it is used as the basis for a descriptive analysis of two

important components of the SMMR data, the SMMR sensor en-

gineering data used in the antenna temperature calibra-

tions, and the incidence angle data used in the geophysi-

cal retrievals. In chapter 5, the step-by-step error

removal methods.are defined entirely in terms of the

spacecraft-ecliptic angle -.

4.1 Definition of the Spacecraft-Ecliptic Angle

The data are analyzed on an orbit-by-orbit basis in

terms of the spacecraft-ecliptic angle,
-y, defined to be

sun + 90 (O07<36O0) (4.1)

where Sifl[sifl(sat)/sin(8O.77°)} is the spacecraft

angle in the orbit plane relative to the earth's equator,
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with 0° (1800) taken to be the ascending (descending)

equatorial node and 90° (270°) taken to be the maximum

northern (southern) latitude of the orbit, sat is the

subsatellite latitude, 80.77° is the maximum poleward

migration of the satellite in earth latitude, and sun is

the declination of the sun in the range -23.45° to

+23.45°. The orbit plane, inclined with respect to the

earth's north pole, and the sun-spacecraft angle dif-

ference, , are illustrated in Figure 4.1. Adding

90° to the difference, as in (4.1), shifts the origin of

the satellite-ecliptic angle to 00 (180°) corresponding to

the south (north) pole of the orbit plane system.

Values of -y from 00 to 180° generally correspond to

ascending portions of the rev and values from 180° to 360°

generally correspond to descending portions of the rev.

The relation between
-y and earth latitude is variable,

depending on the declination of the sun. A value of -y=O°

does not necessarily designate the south pole of the

satellite orbit with respect to the earth, but does repre-

sent the south pole of the satellite orbit with respect to

the sun. Consequently, values of y ranging from 0° to

180° do not always indicate that the satellite is on an

ascending pass. For example, if w265° (descending) and

the sun declination is then

The advantage of this new reference system is that it

reduces the number of independent variables (particularly
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Figure 4.1 Nimbus-7 orbit geotnetry relative to the
sun and the earth illustrating the sun-spacecraft
difference angle in the satellite orbit plane.
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latitude and time of year) to the single variable y. The

basic premise of this approach is that many of the errors

in the engineering data and the TA data are caused by the

sun (thermal heating of the SMMR, solar radiation in the

cold horn, sun glitter reflection from the sea surface,

maximum Faraday rotation), and these errors occur sys-

tematically during portions of the orbit that have the

same -y. We test this hypothesis by looking for patterns

of variation in the engineering data that are periodic in

7.

4.2 Engineering data analysis

The accuracy of the antenna temperatures (TAs)

depends on how completely losses due to thermal gradients

in the instrument are accounted for. The effects of the

thermal gradients are modeled in the TA calibration equa-

tion. The actual physical temperatures of a few key com-

ponents are monitored on the instrument and included as

part of the transmitted data record. These engineering

data display systematic variations in temperature along

the orbital path.

Platinum resistance thermometers are attached to the

sensor in several locations along the separate antenna and

calibration paths. The actual physical temperatures

monitored include the antenna horn and the three sky
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horns, antenna and calibration waveguides, the ambient

(hot) reference load, the signal/calibration switch and

the sensor housing. These locations are illustrated in

the schematic diagram of a SMMR radiometer in Figure 4.2.

Average values of these "housekeeping" temperatures are

multiplexed into the SMMR data record, eight values per

record, at the end of each scan. A total block of 64 en-

gineering values is fully updated by the end of every 8

scans.

The housekeeping data and the warm and cold ca.libra-

tion counts are part of the antenna temperature tape, TAT-

level, data record. The TAT-level reference counts and

six of the instrument temperatures are used as input to

the NASA GSFC processing programs which produce the

calibrated and gridded brightness temperatures (TB5). The

output of this stage in the standardized processing is the

CELL-ALL level data, also available on tape from GSFC and

used for the in-flight calibration presented in this work.

Several of the uncalibrated TAT tapes were obtained

from NASA to analyze the housekeeping data for systematic

variation in-orbit. The days chosen for analysis along

with their respective orbit numbers and julian day of year

are listed in Table 4.1. The days were selected to repre-

sent detailed variation from orbit-to-orbit in one sam-

pling day (March 21, 1979), seasonal changes (tarch 21,

June 21, September 21, December 20, 1979), and long term



SKY/AMBIENT
CAL SWITCH

rCORRTJGATEO,/ SXY-HORN

Tc
VRT

r

AMBIENTTRANSDUCER wG
TEMP
LOAD

13

ANGLE TAR

SWITCH, ISOLATOR.
AND REF TEMP LOAD ASSEMBLY

TEMP

L
CA)JSIG

ISOLA MIXER

OFFSET SCANNING

r

MOOULATOE

VABIABLE-TMP
(RADIOMETER

INVERTED
INPUT TERMINAL)

MOOET7

(79 o,,) I SWITCH

TA

SWITCHj

ULTI FRBQ HORN I SWITCH (NOT USED ON

VEal WG

PIORIZ WG TB

37 GH CHANNELS)

TRANSDUCER

TN PLATINUM RESISTANCE THERMOMETER

79

TO OfT, VIDEO,
C ORRE LA T OR
INTEGRATOR,
AID CONVERTER

Figure 4.2 Schematic of a SMMR radiometer showing
the locations of the resistance thermometers on the
calibration path (T1, T2, T3) and the antenna path
(T6, T7, T8) (from Swanson and Riley, 1980).

TA'



I,]

Table 4.1

Days and orbits used for engineering analysis.

Julian Orbit Number of
Tape Day Day Number Revs

1 21 March 1979 80 2043-2055 13
2 21 June 1979 172 3315-3326 12
3 21 Sept 1979 264 4586,4588-4598 13
4 18 Dec 1979 352 5802-5814 13
5 20 Dec 1979 354 5831-5835,5837-5841 10
6 22 Dec 1979 356 5857-5865,5867-5868 11

7 21 March 1985 80 32340-32352 13
8 22 Dec 1985 356 36157-36167 11
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trends (March 21, December 22, 1985).

The engineering block data and the warm and cold

calibration counts were extracted from the TAT-level data

tapes. The independent variable, -y, was computed for each

scan record from the subsatellite latitude, time of day,

and identification of the ascending/descending portion of

the rev; The data were binned in 2° bins in y from 0-

3600 for each individual orbit. The 2° binned data are

used in the following analysis of the engineering data.

4.2.1 In-orbit variation of instrument temperatures

Several patterns emerge in plots of the instrument

temperatures and calibration counts as functions of the

ecliptic angle, -y. All the physical instrument tempera-

tures display lower values in the first three revs and

require several orbits after instrument turn-on for the

temperatures to stabilize.

The warming trend is seen in the antenna horn and

waveguides, the calibration horns and waveguides, the fer-

rite switches and in the bulkhead temperatures. Samples

of these are presented for all revs on March 21, 1979 for

the 6 and 21 GHz ferrite switches, the two antenna horn

records, the 6 h-pol, 21 v-pol, and 37 v-pol antenna

waveguides, the low frequency calibration horn, and the 6

and 21 GHz calibration waveguides, and one of three

bulkhead temperatures (Figures 4.3a-k). Data spikes and
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gaps in the plots indicate bad or missing data averages.

The SMMR is turned on as it crosses the equator in a de-

scending pass over the Greenwich meridian about 0000 GMT.

This corresponds to an angle around 7=2700 and causes the

apparent offset between the beginning of the rev, from

7=270° to 3600, and the later portion of the rev, from

7=0° to 270°, seen in the plot of the first few revs.

The warm-up effect is isolated from the dependence on

-y by averaging the temperatures for each orbit in Figures

4.3 and then differencing with the average from the first

orbit of the day. The warm-up effect, as a function of

consecutive orbit number since the instrument turn-on, is

shown in Figure 4.4 for five instrument temperatures

relating to the 6 GHz channel. Temperatures increase

about 2-3K from the first rev to the second, 1K from the

second rev to the third, and less than 0.5K from the third

rev to the fourth. The five components continue to show a

small amount of heating even through the last orbit of the

sampling day.

The second notable feature in the plots of instrument

temperatures versus spacecraft-ecliptic angle (Figures

4.3a-k) is the heating during the daytime portion of the

rev and cooling during the nighttime. The actual values

of -y where the maxima and minima occur vary among the dif-

ferent components as do the shapes of the orbital curves,

but the heating and cooling trend is common to all comp-
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orients.

The ferrite switch temperature for the 6 GHz channel

(Figure 4.3a) shows peak-to-peak variation of about 5K for

the stabilized revs while the 21 GHz channel (Figure 4.3b)

shows a. variation of about 2.5K. The maximum in the 6 GHz

temperatures occurs near -y9O° and the minimum near

-y=345°. The maximum and minimum in the 21 GHz tempera-

tures occur later in the orbit near -yl5O° and 7=10°

respectively.

The plots of the two antenna horn thermometer records

show very peculiar behavior during the orbit. A sharp

peak occurs at y.45° in thermometer 1 (Figure 4.3c) and at

-y=55° in thermometer 2 (Figure 4.3d). Both temperatures

decrease through the rest of the day and night portions

of the orbit until they reach -y.335° when they show sudden

heating again. The peak-to-peak range is about 14.5K for

thermometer 1 and 7.5K for thermometer 2. Two different

sun effects may be contributing to the heating pattern

displayed in the range of -y from 335° to 55°. The satel-

lite is first illuminated by the sun near -y°33O° and the

SMMR antenna horn begins to heat up rapidly. It appears

that the horn temperature may be stabilizing near 0°

when suddenly the temperatures begin to rise sharply

again. At this time the actual thermometer location is

probably directly illuminated by the sun until 7=45° when

it abruptly passes into the shadow of some structure on



the SMMR or the spacecraft, most likely the antenna

reflector overhead.

Plots of antenna waveguide temperatures (Figures 4.3e

to 4.3g) generally look similar to the ferrite switch tem-

peratures. The exception is the temperature recorded for

the 21 v-pol channel (Figure 4.3f) which looks suspi-

ciously like the antenna horn thermometer 2 (Figure 4.3d).

The physical temperatures of the three cold calibra-

tion horns undergo the largest peak-to-peak change during

a rev. Temperatures for the largest horn, used to

calibrate the 6 and 10 GHz channels, are shown in Figure

4.3h. The total variation is almost 21K with a maximum

near -y'9O0 and a minimum near y=34O0. The two other sky

horns display patterns very similar to the pattern shown

for the low frequency calibration horn.

The calibration waveguide temperatures shown here for

6 and 21 GHz (Figures 4.3i and 4.3j) display the familiar

heating and cooling patterns. The patterns are similar to

the 37 v-pol antenna waveguide shown in Figure 4.3g, but

the maxima occurs later (near i=130°), in the northern

hemisphere portion of the daytime rev.

Three resistance thermometers were attached to the

SMMR bulkhead and the temperature record of thermometer 1

for March 21, 1979 is shown in Figure 4.3k. The range in

the heating and cooling variation is about 7.5K, 4K, and

3K for thermometers 1, 2, and 3 respectively. Again, the

37 GHz, the warming trend is apparent throughout the first

rev but only during the daytime portion of the orbit for

later revs. In the warm counts (Figures 4.6a-f), the eff-
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heating and cooling pattern as a function of ecliptic

angle -y is similar to that of the other components.

In summary, there are two systematic patterns in the

physical temperatures monitored on the SMMR sensor, the

heating trends due to lack of shielding of the sensor from

the sun and the instrument turn-on problem. The sensor

was not shielded from the sun because it was assumed that

the calibration equation would account for thermal changes

in the instrument. If the calibration equation does not

compensate for these changes perfectly, the antenna tem-

peratures will contain errors. The larger the thermal

gradients the more difficult it is for the calibration

equation to model the heating effects.

4.2.2 In-orbit variation of calibration counts

The calibration voltage counts from the cold horn

and from the warm reference load for each of the six

radiometers are plotted against the ecliptic angle for the

orbits on March 21, 1979. The turn-on problem discussed

in section 4.2.1 also appears in the cold counts (Figures

4.5a-f) with the largest effect at 6 CHz (about 50

counts), diminishing at higher frequencies. At 18,21, and

37 GHz, the warming trend is apparent throughout the first

rev but only during the daytime portion of the orbit for

later revs. In the warm counts (Figures 4.6a-f), the eff-
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fect of the SMMR warming up is shown to be about 5-10

counts, and only present in the first half of the first

rev. The turn-on effect on the 37 GHz warm counts is

barely detectable.

The large peak in the cold counts centered around

-y=20° is evidently caused by the sun shining in the cold

horns. The amplitude and width of the peak are largest at

6 GHz (40 counts and 20° in -y). The width decreases at

the higher frequencies because of the increasingly narrow

antenna beamwidths. The amplitude decreases because the

microwave temperature of the sun decreases at higher

frequencies. For example, the brightness temperature of

the sun at 6.6 G1-lz is approximately 22,000K while the

brightness temperature at 37 GHz is approximately 7,000K,

a factor of 3 lower.

Superimposed on the postive error due to sun shining

in the cold horn but spread over a larger range of y is

the effect of thermal heating. Solar heating is apparent

from y3l5° to -y50° in the cold counts for all six

radiometers. A slight warming is also visible in the low

frequency warm counts but the magnitude of the warming is

very near the noise level. As with the physical tempera-

tures, the instrument turn-on problem and lack of shield-

ing from the sun result in systematic variations in the

warm and cold calibration counts. These in-orbit varia-

tions can cause errors in the calibrated antenna tempera-
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tures. Again, the size of the error in the calibrated an-

tenna temperatures depends on how well the calibration

equation performs when there are large thermal gradients

in the instrument.

4.2.3 Seasonal and long term variations

There are no outstanding seasonal or long term devia-

tions from the patterns in the engineering data described

for March 21, 1979 based on a limited sampling of later

days in 1979 (June 21, September 21, December 20) and 1985

(March 21, December 22). The ferrite switch, antenna and

calibration horn and waveguide temperatures are replotted

in Figure 4.7 using only the first and the last revs of

the day for these six sample days. Figures 4.7a-e show

the results for 6 GHz. Features which are related to

earth latitude, such as the jump caused by satellite turn-

on, shift in with season, while features which are re-

lated to the satellite-ecliptic angle relative to the sun,

such as the error due to solar heating, stay nearly fixed

in -y with season. Spikes and gaps appearing in the plots

represent bad data.

In this comparison, the warm-up difference between

the first and last revs is consistently smaller for the

December days and smallest for December 1985. The Decem-

ber dates correspond to winter solstice shortly before the

time of perihelion (January 4) in the earth's orbit around
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the sun. Whether the seasonal change in the solar const-

ant (which increases by about 3.4% at perihelion) has any

relation to increased engineering temperatures at turn-on

is only conjecture. The converse effect is not seen in

the summer solstice (June 21) temperatures which should

display cooler seasonal temperatures to reflect the earth

nearing aphelion (July 5).

The mean and standard deviation were computed for

every rev and then averaged over all revs in each sampling

day to estimate the in-orbit variation while deemphasizing

the turn-on bias between orbits. The average temperatures

(solid lines) and standard deviations (dashed lines) are

shown for five components in Figure 4.8 for the six

sampled days in 1979 and 1985.

The mean values of the instrument temperatures (scale

on the left axis) are all near 300K, the ambient tempera-

ture maintained internally in the SMMR. The standard

deviations (scale on the right axis) for the instrument

temperatures are small, less than one percent of the mean

value but increase slightly in 1985. Also, both the an-

tenna horns and the calibration horns show larger in-orbit

temperature variability than either the waveguides or fer-

rite switches. This suggests that the external sensor

components (horns) may suffer greater solar heating than

the internal components. The standarddeviations of the

cold horn temperatures are two times greater than the an-
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Figure 4.8 Means (solid) and standard deviations
(dashed) of instrument temperatures for four sample
days in 1979 and 2 days in 1985. Shown are a) 6 GHz
switch, b) antenna horn 1, c) 6 h-pol waveguide, d) 6

CHz calibration horn, and e) 6 CHz calibration
wave guide.
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tenna horn temperatures due to the sun shining directly

into the cold horn.

The mean and standard deviations were similarly com-

puted for the warm and cold calibration counts. The means

and standard deviations are plotted separately in Figures

4.9a-c with counts for two radiometers overlain in each

frame; a) 6 and 10 GHz, b) 18 and 21 GHz, c) 37 h-pol and

v-pol (note there is no data for 21 GHz in 1985 because

the two channels at 21 GHz were not operated for most of

1985)

Typical mean values of the warm and the cold calibra-

tion counts are roughly 3250 and 850 respectively. Four

things are notable in reference to the warm and cold count

statistics. First, the 21 GHz channel has exceptionally

large cold count mean values (greater than 1010 counts),

25% larger than the other channels, although the standard

deviation remains in the same range as the standard devia-

tion for the other channels. The 21 GHz warm counts do

not exhibit atypical mean values.

Second, the cold count mean values for all

radiometers appear to drift in time while the warm counts

are relatively stable. The 6 CHz cold counts increase

throughout 1979 and are substantially higher (by about 65

counts) in 1985. The 10 GHz cold counts are similar

throughout 1979 but are 45K lower on the average in 1985.

The 21 and 37 GHz counts decreased during 1979, and the 37
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GHz counts show further reduction in 1985 (the 21 GHz

channels were not operated for portions of 1985).

Third, standard deviations are two to four times

greater on September 21, 1979 (day 264) in both cold and

warm counts for all of the channels. The large

variability on this particular day was present in almost

all of the individual orbits, and resulted from a large

number of spurious data values. It remains a question as

to how common this type of variability is in the SMMR data

set.

Lastly, variability in the warm calibration counts is

much smaller in 1985, as compared to the days sampled in

1979.

4.2.4 Effects on TA calibrations

The persistent patterns in the temperatures discussed

in sections 4.2.1 and 4.2.3 represent systematic errors

that vary throughout the orbit and seasonally due to the

changing thermal environment of the instrument. The

calibration problem is very complex because many tempera-

tures are changing in different directions at any one time

in the orbit. Unless the calibration equation performs

perfectly in the presence of strong thermal gradients the

resulting TAs will be in error. The net effect on the

calibration of the antenna temperatures is difficult to

predict but the total error will also be systematic
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throughout the orbit.

In this section, we examine two important terms in

the calibration equation (3.10) and estimate the error in

the calibrated TA due to holding the cold counts constant

when the cold calibration horn is exposed to direct solar

radiation.

The most important term in the TA calibration equa-

tion is the slope which multiplies the antenna counts. In

Figures 4.l0a.-f, the inverse of the gain coefficient is

plotted as a function of the ecliptic angle -y for all six

radiometers. The coefficient is computed from the switch

temperature, Tsw and warm and cold counts, (Cw and Cc) as

[(Tsw2.7)/(CwCc)] -1 (4.2)

in counts/degree. Changes in these values represent

potential changes in the gain of the instrument. The

variation throughout the orbit is largely due to variation

in the cold counts because the warm counts are relatively

stable. Sun shining in the cold horn near 7=20° causes

the erroneous change in the computed gain and would ar-

tificially bias the TA5 high.

Two other terms are used in the calibration equation

to counteract errors introduced by the changing thermal

environment,
l

and in (3.13). Sample calculations of

and
2 are plotted as a function of y for the 6 h-pol
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and 21 v-pol channels (Figures 4.11a-d). The behavior of

the antenna path correction term,
,

looks almost en-

tirely like the antenna horn temperature rather than the

waveguide or switch temperatures also used in the calcula-

tion. Similarly, the calibration path correction term,

mimics the behavior of the calibration horn tempera-

tion equation while increases in i2 steepen the slope

(increase the degrees/count gain).

In order to avoid the artificial change in gain

caused by sun shining in the cold horn, the SMMR process-

ing team elected to hold the cold count values from the

last error-free average, prior to contamination by the

sun, through the bad region in the orbit in the data

processing. Transformed to the ecliptic reference frame,

the region avoided during processing corresponds to angles

from -y33O° to -y=4O°. However, during this portion of the

orbit, the sensor is thermally heated by the sun, result-

ing in a rise in the cold counts. Using cold count values

from -y33O° as constants through this portion of the orbit

thus introduces an error in the calibrated TAS.

The TA error attributed to this data processing tech-

nique of holding the cold counts for one sample orbit can

be estimated. First, the cold count values for orbit 2055

(last rev of March 21, 1979) were hand interpolated in the

region of between 00 and 40° to omit the sun error (65

counts at 6 GHz) but gently sloped to allow thermal heat-
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ing implied by the trends of the curve bracketing this

section of the orbit. A smoothed series of cold counts

was obtained from a cubic spline of a subsample of the in-

terpolated cold counts over the region of -y between 330°

and 40°.

Next, the antenna count, CA, was estimated by invert-

ing equation (3.10) and specifying a mean antenna tempera-

ture T0 for each channel. The engineering counts and tem-

peratures from orbit 2055 were used to solve for CA as a

function of y using the actual cold count values for each

-y. Equation (3.10) was then solved for TA in the forward

direction using the estimated CA except that the cold

count from -y=33O° was held constant in the calculations

from 7=330° to 7=40°. The simple estimation of TA is in-

sensitive to the choice of initial value, T0. The dif-

ferences, TA-TO, are plotted in Figures 4.12a and b for

all five frequencies. The differences are zero outside of

regions of -y where the cold counts were not held constant

in the calculation.

Holding the cold counts constant during the calibra-

tion causes the TA5 in the portion of the orbit from

-7=330° to 7=400 to be too warm for the lower frequencies,

6 and 10 GHz (Figure 4.12a), and too cold for the three

higher frequencies, 18, 21, and 37 GHz (Figure 4.12b). It

also results in a discontinuity in the retrieved TA when

the current cold count values are reintroduced at 7=40°.
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This should be most apparent in the three higher

frequencies because the maximum heating error occurs near

-y4O° where the switch back to the use of current values

takes place in the GSFC processing.

4.3 Incidence Angle Data Analysis

The incidence angle of the measured radiation is a

very important parameter in the geophysical retrievals.

Incidence angle, 9, is the angle between the local verti-

cal at the sample location and the radiation path to the

satellite. The angle 0 is larger than the nadir angle for

non-zero nadir angles because of the earth's curvature.

Changes in the incidence angle represent changes in the

path length of the upwelled earth radiation through the

the absorbing atmospheric layer. In a retrieval using 6

v-pol and 6 h-pol as the low frequency channels, an error

of only 1° in incidence angle results in a 5°C error in

SST and a 5 ms error in wind speed. Analysis of the in-

cidence angles stored in the NASA CELL-ALL grid 3 (13x13

cells) data record in terms of the spacecraft-ecliptic

angle -y reveals several errors in 9 that must be addressed

in order to perform accurate geophysical retrievals.

Many of the errors in 9 and the orbital dependence of

the satellite attitude are shown in Figure 4.13, a plot of

mean January 1983 incidence angles binned by 1° in -y.
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Each colored solid line represents a different column or

cell (bluel, green7, red'l3). The dashed curves are the

standard deviation envelopes plotted about the mean for

each 1° bin. The satellite attitude drifts during each

orbit reaching extremes near the poles in the spacecraft-

ecliptic plane. These maxima occur near the poles because

of the induced roll applied by the spacecraft mission con-

trol as mentioned in Chapter 2. Most of the drift occurs

in the satellite roll component, but not all since the

center cell 7 exhibits variation in during the orbit.

Crossover points in 9 occur near the centers of the as-

cending and descending revs. The column bias is from 0.7°

to 0.8° near the south pole of the satellite-ecliptic or-

bit plane.

The discontinuities at i=210° and -y33O° are ar-

tifacts of the attitude monitoring subsystem which

switches from a sun sensor to a horizon sensor when the

spacecraft passes from twilight to night and back again at

daybreak. The sensitivity of the horizon sensor

(nighttime) as well as the absolute level of the measured

9 are evidently different from the sun sensor measurements

(daytime and twilight).

About 75% of the rms variability comes from orbit-to-

orbit changes while the rest is due to variation over

longer time scales, as determined by comparison of statis-

tics computed over single orbits, days, months and a year
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for 1983. Some of this orbital noise is due to the inser-

tion of nominal values of 9 at arbitrary times during the

data processing, creating large jumps in the 0 record from

one value of -y to the next. The default value used is

most often 50.5° but is observed to vary between 50.3° and

50.7°for reasons that we have not been able to determine.

The use of default values is not discussed in the CELL-ALL

documentation and the choice of value to be inserted does

not appear to be systematic. Data gaps are also common in

each record but are difficult to interpolate because of

the random location of bad and default values.

Statistics for each month in 1983 averaged over all

1° bins in -y, are listed in Table 4.2 for columns 1, 7,

and 13. The monthly mean is greater than 50.3°, the

theoretical incidence angle (based on the satellite al-

titude and nadir angle) , and increases from the left to

the right side of the swath (cell 1 to cell 13) . The

standard deviation increases from cell 1 to cell 13 also.

The column bias is summarized in Figure 4.14 which

shows the 1983 average 0 for all columns as a function of

1. Columns 1 to 6 are the solid curves starting with

column 1 in blue, column 7 is red, and columns 8 to 13 are

the dashed curves ending with column 13 in blue. Dif-

ferencing each column from column 7 in this average gives

a total column bias of ±0.3-0.4° with the maxima at the

spacecraft-ecliptic poles (Figure 4.15). The column diff-



Table 4.2

Monthly mean and rms incidence angles computed
from 10 binned orbital incidence angle over all
revs in each month in 1983.

1983
month

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

1

50.36/. 15
50.36/. 16
50.37/. 15
50.41/. 16
50.42/. 16
50.41/. 19
50.42/. 16
50.43/. 15
50.39/. 15
50.39/. 15
50.37/. 16
50.31/. 13

Column
7

50.42/. 21
50.42/. 21
50.43/. 21
50.44/. 20
50.47/. 21
50.46/. 26
50.47/. 20
50.47/. 19
50.45/. 19
50.44/. 20
50.41/. 22
50.34/. 16

13

50.47/. 28
50.45/. 27
50.46/. 28
50.46/. 27
50.48/. 27
50.46/. 32
50.49/. 26
50.49/. 26
50.49/. 27
50.48/. 28
50.43/. 30
50.37/. 19
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erences are symmetric about the reference center cell 7.

The column bias is accentuated when the horizon sensor is

used during the nighttime.

These patterns in incidence angle are very stable for

the first three years of operation, 1979-1981 (Figure

4.16). The incidence angle drift during the orbit in-

creases in 1982 and 1983 although the crossover points

stay fixed. A drastic change occurs in 1984 which

decreases the absolute value of 9 by more than 0.6°. This

change occured abruptly on January 4, 1984 as shown in

Figure 4.17, a time series of globally averaged grid 1

(5x5 cells) 9 separated by the five columns and plotted

over the six years from 1979 to 1984. This large shift in

incidence angle is clearly visible in time series plots

of SMMR antenna temperatures indicating that it was a real

change in the satellite orientation. The reason for the

attitude shift is unknown at present. More problems occur

in the latter half of 1984.

In-orbit variations in the spacecraft attitude will

result in in-orbit variations in the measured antenna tern-

peratures. Changes in the incidence angle indicate that

the antenna is viewing a different location on the ocean

surface and that the path length of the radiation through

the attenuating atmosphere is altered. Real variations in

incidence angle are accounted for in the earth registra-

tion of the sample locations and in the geophysical
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processing. The errors in the incidence angle data due to

the non-matching measurements of the two separate monitor-

ing systems and the arbitrary insertion of values during

the data processing must be corrected or they will result

in errors in the geophysical data.
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5. CALIBRATION OF THE NIMBUS-7 SMMR

The goals of the post-launch calibration are to iden-

tify systematic errors in the SMMR radiometric data and to

develop statistical corrections for these errors. In

general, the correction methods do not rely on in-situ ob-

servations or cliniatological data fields for regression or

ad hoc adjustments. A single coefficient applied to all

six years of antenna temperatures, derived in section 5.2,

does depend on a three-month global mean estimate of sea

surface temperature climatology, and Seasat SMMR derived

wind speed, water vapor and liquid water. Our working

philosophy is to make the data statistically self-

consistent by removing time- and orbit position-dependent

errors that are results of spacecraft and sensor-related

problems.

Five steps comprise the post-launch calibration

procedure; 1) conversion of the GSFC brightness tempera-

tures back to antenna temperatures (de-rotation of bright-

ness temperatures), 2) recalibration of the antenna tem-

perature coefficients (TA calibration), 3) correction for

time drifts in the TAs (time correction), 4) correction

for solar heating, attitude variations and other orbital

and cross-scan effects (orbital TA error correction), and

5) correction for instrument warming during the starting

revs of each sampling day (start-up error). Each of these
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steps are presented in the following subsections 5.1 to

5.5, and summarized in 5.6.

Brightness temperatures from the CSFC CELL-ALL data

tapes covering six years, 1979-1984, are the input data to

this correction process. The CELL-ALL-level data repre-

sent the next step after the TAT-level in the GSFC SMMR

data processing chain. The CELL-ALL data were chosen for

the calibration because the sheer volume of the TAT-level

data was too cumbersome. In the NASA GSFC data processing

step from TAT to CELL-ALL, the TAT-level antenna tempera-

tures are calibrated, corrected for polarization mixing,

and binned by a weighted average into rectangular cells in

a grid across the measurement swath. Four different grid

sizes are used which are commensurate with the spatial

resolution of the SMMR footprints. All frequencies are

mapped into the lowest resolution grid 1 (l56xl58 km)

All frequencies except 6 GHz are mapped into grid 2

(97.5x98.5 kin). The three higher frequencies are mapped

into grid 3 (60x60.6 km) and only the 37 GHz channels are

mapped into the highest resolution grid 4 (30x30.3 km).

For this work, brightness temperature, incidence

angle, latitude and longitude, and various data quality

flags on grid 1 (5 cells across the swath) and grid 3 (13

cells across the swath) are extracted from the tapes. The

volume of data is significantly reduced by eliminating

grid 2 and grid 4, using 2400 foot magnetic tapes at a
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densitiy of 6250 bits per inch, compacting the format by

storing only a subset of latitudes and longitudes, reduc-

ing the precision of the variables to be commensurate with

their accuracy, and bit-packing the data. The original

volume of data is compressed by a factor of 30 (from 366

to 14 magnetic tapes) in this step. The low resolution

grid 1 cells are used to analyze the 6 and 10 GI-lz chan-

nels, and the intermediate resolution grid 3 cells are

used to study the higher frequency channels, 18, 21, and

37 GHz. The CELL-ALL brightness temperatures are gridded

with respect to the measurement swath but are still main-

tained on an orbit-by-orbit basis.

5.1 De-rotation of Brightness Temperatures

The rotation of the antenna reflector about the fixed

antenna feedhorn mixes the orthogonal polarizations of the

incident radiation by an amount dependent on the antenna

scan angle, as discussed earlier. The polarization cou-

pling of the measured TA is expressed as a linear combina-

tion of both polarization states of TB, as in equation

(3.14). During the standard processing of the satellite

data, the TBs are retrieved by applying the inverse of the

rotation matrix D in equation (3.15). The problem with

the decoupling operation is that errors in any one channel

are mixed into the orthogonally polarized channel at the
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same frequency. For example, the 21 h-pol channel was

recognized as being problematic early in the Nimbus-7 mis-

sion (Kim et al. , 1979). The antenna temperature level of

the 21 h-pol channel has risen about 6-7K per year since

1979. In contrast, the 21 v-pol channel +maintained a

stable level from 1979 to 1984. At the scan extremes

where the polarization mixing is the largest, the rotated

21 v-pol channel brightness temperature contains almost 30

percent of the h-pol antenna temperature. As a result,

the 21 vpol TBs in the outer cells display a rising trend

in time that is actually due to a calibration drift in the

21 h-pol data.

The first step of the in-orbit calibration is to de-

rotate the CELL-ALL brightness temperatures to recover an-

tenna temperatures. The original TAS are not exactly

recoverable because the CELL-ALL TBS have been averaged

into a rectilinear grid across the swath. Instead we find

corresponding TAs for the gridded data and use this de-

rotated set for the data analysis and calibration that

follows.

The de-rotation is easily applied to the CELL-ALL

gridded T3s using a predefined transformation table with

entries for each frequency and cross-swath cell position.

The table contains the rotation coefficients a and d

defined in equation (3.16). These are computed using the

scan angle, corresponding to the center of each cross-
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scan cell, plus the phase angle correction listed in Table

3.3. The scan angle 0 for a particular cell can be

determined from the cross-track distance by the formula

sin[sin(x/re)/sin(Lmax/re)J (5.1)

where x is the perpendicular distance in km from the

ground track to the center of the cell, te==637l229 km is

the average earth radius, and Lmax=923252 km is the

nominal distance over the earth from satellite nadir to

the sample footprint. The diagonal components (d11 and

d22 in (3.14)) of the 2x2 matrices for each cell position

are listed in Table 5.1. From the definition of the comp-

onents in equation (3.16), the off-diagonals are simply

computed as d12l-d11 and d21l-d22. This operation is

applied to all of the CELL-ALL TBs to generate de-rotated

TA5 for input to the SMNR in-orbit calibration process.

5.2 TA Calibration

The second step of the in-orbit calibration involves

deriving a new set of antenna temperature calibration

coefficients to be applied to the de-rotated TAs. The

calibration adjustment is necessary to compensate for the

inadequate calibration of the original Nimbus TAs dis-

cussed in Chapter 3, and to calibrate the Nimbus TAS to



Table 5.1

Diagonal elements of back-transformation matrix D in (3.15) for 5 SMMR frequencies.

There are two diagonals for each 2x2 matrix for every cross-swath grid cell.

Frequencies 6 and 10 GHz are gridded to 5 cells across the swath and 18, 21, and

37 GHz to 13 cells. The inflection points (maxima and minima) are underlined

and seen not to coincide with center cell in the case of 18 h-pd, and 21 h-pol

and v-pci.

6.6 GHZ

V 0.844 0.951 0.997 0.986 0.912

H 0.930 0.993 0.993 0.936 0.819

10.7 GHz

V 0.887 0.976 1.000 0.966 0.869

H 0.893 0.978 0.999 0.963 0.863

18GHz

V 0.863 0.906 0.942 0.969 0.988 0.998 1.000 0.993 0.974 0.954 0.922 0.881 0.834

H 0.817 0.866 0.909 0.944 0.970 0.988 0.998 0.999 0.992 0.976 0.952 0.919 0.878

21 GHz

V 0.948 0.975 0.992 0.999 0.998 0.988 0.970 0.944 0.910 0.869 0.821 0.765 0.703

H 0.810 0.862 0.906 0.941 0.968 0.987 0.998 1.000 0.993 0.978 0.954 0.922 0.879

37 GI-{z

V 0.846 0.892 0.930 0.960 0.982 0.995 1.000 0.996 0.984 0.963 0.934 0.896 0.851
U,

H 0.861 0.904 0.940 0.968 0.987 0.998 1.000 0.993 0.978 0.955 0.923 0.883 0.837 U,
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the absolute levels of the Seasat TAs. The calibration to

the Seasat data allows the Nimbus data to be used with the

same geophysical algorithms as used by Wentz (1983; 1986)

for the Seasat SMMR. The adjustment is a bias and slope

correction which is necessary in the post calibration of

any satellite instrument.

The linear correction is obtained as follows. First

we equate the two expressions for antenna temperature;

equation (3.7) from the calibration of the antenna counts

and equation (3.18) from the antenna pattern correction,

as in

A + BZ QhTBh + QVTBV + 2.7C (5.2)

where A and B are the bias and slope adjustments to be

determined, and Z is the ratio of antenna counts, as

defined in Chapter 3. The right hand side of the equation

is an expression for antenna temperature from the antenna

gain equation introduced in section 3.3.3. The gain in-

tegrals in (3.18) have been separated into earth-viewing

contributions, Qh and Q,, and a space-viewing contribu-

tion, C, defined as

= JGphd(1 + JGPhdU

earth earth
main side
lobe lobe
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J'Gpvdfl + SGPVdO

earth earth
main side
lobe lobe

c f(GPh G)d (5.3)

space

where p h or v depending on the polarization of the

channel being adjusted. The antenna pattern coefficients

are normalized by definition such that

Qh + + C - 1. (5.4)

The antenna pattern coefficients,
h' and C, for the

case of no scan-polarization coupling, are found from pre-

launch antenna pattern measurements (Njoku et al. , 1980b;

Milman, 1986; Jackson, 1962; Stacey, 1978).

The TA correction is found by first solving for the

slope B in (5.2) where

B - (Qi + QvTv + 2.7C - A)/Z. (5.5)

Observations for the cell having the least scan-

polarization coupling (which is generally the middle cell)

are used to find B. The coefficient A is set to the

average value of the internal switch temperature, Tsw,

which is about 301K, but varies slightly for each channel.



158

The counts ratio, Z, is computed from individual TA obser-

vations by solving equation (3.10) for Z, as in

Z (TA - 1)/S (5.6)

where I and S are average values of the original calibra-

tion slope and bias terms, defined in (3.11) and (3.12).

Values of I, S, and Tsw are obtained from averages of all

orbits of the March 1979 TAT-level engineering data

analyzed in Chapter 4. The h-pol and v-pol brightness

temperatures, TBh and TBV, are computed using a radiative

transfer model (Wentz, 1983;1986) which calculates bright-

ness temperature at the SMMR frequencies. based on

specified geophysical conditions. The computed TBs were

based on fields of Reynolds' SST monthly climatology

(Reynolds, 1982), Seasat scatterometer wind speeds, and

Seasat SMMR columnar water vapor and liquid water contents

(Wentz, 1986). An estimate of TBh and TBv was computed

for every radiometer measurement by sampling the geophysi-

cal fields at the same footprint location and time of

year, using a four-point linear interpolation in space and

a two-point linear interpolation in time.

Estimates of the B coefficient are computed for all

TA observations and averaged over the three months from

July to September 1979, corresponding to the same three

month period of the Seasat mission in 1978. Normalizing
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the same period of the Nimbus SMMR data in 1979 to the

Seasat period in 1978 assumes that the global three month

averages of the ocean and nieteorogical parameters are the

same for 1978 and 1979. Although potentially large

regional differences in TB existed between 1978 and 1979,

globally averaged values of TB are likely to be nearly the

same for the same period of both years. In this analysis,

the year 1979 is treated as the base year for the Nimbus

SMMR calibration since the instrument probably operated

closer to pre-launch specifications than in later years.

The Seasat and Nimbus comparison years, 1978 and 1979,

were non-El Nino years in the Pacific Ocean and it is

reasonable to expect that the three-month differences in

global averages of sea surface temperature are small from

one year to the next.

The old estimated and newly computed A and B coeffi-

cients are listed in Table 5.2 for each of the ten chan-

nels. The old A and B are actually the averaged I and S

values of equation (5.6) estimated from the March 1979

data in Chapter 4. The largest change occurs for the 21

h-pol channel which reflects the abnormal behavior the

channel has displayed since launch as discussed above.

Also, the higher frequencies show an interesting diver-

gence between the corrections for the h-pol and v-pol

channels. This dichotomy may reflect the fact that pre-

launch calibrations were conducted using un-polarized tar-
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Table 5.2 Old and new values for A and B
calibration coeffic ients

A B

OLD NEW OLD NEW NEW-OLD

6.6 H 299 300 329 335 +6

6.6 V 299 300 327 333 +6

10.7 H 303 301 326 332 +6

10.7 V 303 301 319 320 +1

18.0 H 303 302 366 365 -1

18.0 V 303 302 361 343 -18

21.0 H 302 301 334 370 +36

21.0 V 302 301 331 324 -7

37.0 H 300 301 277 279 +2

37.0 V 300 301 335 321 -14
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gets and this may have affected the pre-launch calibration

coefficients

The error corrections discussed in the following sec-

tions are based on TA observations spanning the full six

year Nimbus data set, which are individually de-rotated

and re-calibrated using the methods described in sections

5.1 and 5.2. The re-calibrated antenna temperatures, TA",

are simply

TA" BZ + Tsw (5.7)

where Z is computed as in equation (5.6) using the

derotated TA observations, and B and Tsw are the newly

derived slope and bias corrections.

Only the cell with the least scan-polarization cou-

pling is used in deriving the B coefficients to minimize

the polarization rotation error in the TA observations and

thus avoid introducing this error into the TA adjustment.

Also, the gain coefficients,
h and v' are computed for

the other cells for later use in the calibration process.

This is accomplished by solving (5.5) for Qh using the

definition in (5.4), treating A and B as constants, and

specifying TA and TB averages for the desired off-center

cell.

5.3 Time Corrections
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The re-calibrated antenna temperatures are next

analyzed for temporal drifts in all ten channels. A time

correction is used to remove very low frequency variations

from the TA observations that result from changes in the

operational behavior of the sensor and its electrical com-

ponents. Global monthly averages are computed for the en-

tire six year period and examined for drifts. A constant

bias is added to the 1984 monthly averages to compensate

for the 0.6° decrease in incidence angle that occured on

January 4, 1984 (see section 4.3), which caused an abrupt

change in the antenna temperature measurements. The

change in TA resulting from the incidence angle jump is

accounted for later in the geophysical processing, and is

not included as part of the time correction.

The trends in the six year time series are fit by

least squares to a fourth-order polynomial in time, indep-

endent of cell position (scan angle). The anomalous El

Nino months from June 1982 to May 1983 are omitted from

the least squares analysis to avoid contaminating the es-

timate of instrumental drift by this large low frequency

geophysical signal. The trend in the monthly averages and

the least squares fit are shown in Figures 5.la (h-pol

channels) and 5.lb (v-pol channels).

The averaged TAs for the lower frequencies show

similar drifts in v-pol and h-pol at each frequency. Both
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of the 6 0Hz channels decrease in the first two years of

the mission, while the 10 GHz channels increase slightly

throughout the six year period. The change for the 6 and

10 0Hz TAS is small, roughly 2K. The 18 GHz channels un-

dergo small variations during the six year time period of

at most 1K. The 37 0Hz v-pol TA shows a small consistent

decrease of about 1K over the six years while the 21 v-pci

TA drifts upward about 1K. The 37 h-pol channel is the

most stable of all ten average time series. The 21 h-pci

TA trends upward at an alarming rate of 6K per year. The

21 h-pol TA is also greater than the 37 h-pol TA which is

unrealistic in a monthly global average since emissivity,

and hence antenna temperature, increases as a function of

frequency (see Figure 2.3). By comparison, the 21 v-pci

TA is lower than that of the 37 v-pol in the same time

average, which is further evidence that the 21 h-pol chan-

nel has serious problems with overall calibration and

calibration drifts. Although the 21 h-pol channel is in-

cluded in the calibration process, we will not use it for

geophysical retrievals because of these problems.

The time correction used for the TA calibration is

computed as the difference of each fitted monthly TA from

the average of the twelve 1979 fitted values. The cor-

rected TA5 are thus referenced to 1979.

5.4 Orbital TA Error Correction
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The most difficult errors to quantify in the Nimbus

SMMR antenna temperatures are the systematic errors which

occur throughout the spacecraft orbit. Sources of these

systematic errors have been discussed in Chapter 4. They

include 1) thermal heating of the sensor components by the

sun, 2) sun shining in the cold horns, 3) satellite at-

titude errors, 4) sea surface sun glitter reflection, and

5) atmospheric Faraday rotation. The orbital TA error is

defined in terms of the satellite-ecliptic angle, y,

defined in section 4.1, and is the sum of two components.

The first component of the orbital TA error is depen-

dent on cell position across the swath, or CELL-ALL

column. The Nimbus-7 SMMR is known to have large cross-

scan biases (Njoku, 1982). The effect of Faraday rotation

will be cross-scan dependent because of polarization

mixing. In the case of sun glitter reflection, the sun-

satellite reflection angle changes throughout the scan.

As the reflector scans away from the center of the swath,

the reflection angle increases thus reducing the con-

tamination of the outer cells relative to the center cell.

Variations in the spacecraft attitude will also influence

the relative cell-to-cell bias.

The second component of the orbital TA error depends

on the orbit position (i.e. 'y). This error is due to sun-

related effects, particularly thermal heating and direct
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illumination of the calibration antenna horns, and sun

glitter reflection. These errors are maximum in the

regions of the ecliptic where the satellite is illuminated

by the sun and least when the satellite is in the earth's

shadow (see Chapter 4)

5.4.1 Column correction

The calibrated, time-corrected TA5 are stratified by

20 bins in -y and by column, for each of the six years. A

small column- and -dependent variation is first removed

from the averages to adjust for known north-south

gradients in the geophysical fields. For example, the 21

GHz channels have a large degree of cross-polarization at

the outsides of the scan. High water vapor contents in

the tropics tend to depolarize the upwelling radiation, in

contrast to the more dry poleward latitudes. Rising

values of 21 h-pol antenna temperature, in response to

high water vapor contents in the tropics, bias the outer

cells of the 21 v-pol antenna temperature more then the

center cell of the 21 v-pol because of the large degree of

polarization mixing at the scan extremes. This effect is

estimated and removed from the averages before generating

the column correction.

The column bias is computed relative to the average

antenna temperature of all columns at each location in the

orbit. An addititional error term is removed to account
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for the mean column difference during the nighttime por-

tion of the orbit. This second term assumes that there is

zero mean column difference in the TAs when the sensor is

in the earth's shadow, that is, when the sensor is not

being heated.

Denote the column error as C(-y,j) where the 2°

binned satellite-ecliptic angle, and j is the column

(cell) position in the CELL-ALL grid system. Then the

column error for each year is

where

C(-y,j) T(-yj,j) - C1(i) - C2(j) + C3 (5.8)

yearly average of TA for column j and
satellite-ecliptic angle

i

J
C1(-y) = (1/J)E TA(yj,j)

J=1
= yearly average of TA over all J

columns j for each satellite-ecliptic
angle (the number of columns J is a
function of frequency)

C2(j) = T(-y,j)

yearly average of TA for each column j
over all nighttime satellite-ecliptic
angles 1N (23O°-y<3lO°)

J

C3 = (l/J) E T(-y,j)
j=l

= yearly average of TA over all nighttime
ecliptic angles 7N and all columns of j

The column error functions C(-y,j) are calculated for each



of the 10 channels for the six separate years of Nimbus

observations. The functions are smoothed in terms of

for each column j using a weighted least squares technique

which minimizes the difference between neighboring values

of C in the satellite-ecliptic system. The weights are

assigned to be smallest in the region of -y from 0-60°

where the sun effects are most prominent.

The column error function is shown for the 6 and 10

GHz channels and the 21 v-pol channel for 1979 in Figures

5.2a-e. The large column separation in the region of -y

from 340° to 60° is due to sun glitter reflection. As

discussed in the introduction to the orbital TA error, the

center cell will have a larger TA error than the cells on

either side of the scan (barring variations in the satel-

lite attitude), as seen in these figures. The column

separation collapses to zero near 7-60° and then

stratifies differently for the next half of the orbit.

This second, smaller separation is indicative of Faraday

rotation which is exaggerated at the scan extremes (outer

cells) due to the compound problem of polarization mixing

discussed above.

The column correction decreases in magnitude for

channels at higher frequencies (Figure 5.2e). Sun glitter

reflection does not contaminate the TAs at the higher

frequencies because of the narrower antenna beamwidths.

The column corrections C(-y,j) are computed for each
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of the six years, and account for the variation in the

relative column-to-column differences which occurs sys-

tematically during each orbit. For any one channel, the

error functions are similarly shaped from year-to-year.

An additional correction is computed which adjusts for the

change in the magnitude of the correction from one year to

the next. The time change in the column error is es-

timated relative to the base year, 1979.

5.4.2 Day minus night error correction

While the column error function accounts for relative

column errors in an average orbit, the antenna tempera-

tures must also be corrected for a mean orbital error in-

dependent of column position. The mean orbital TA error

is a result of attitude errors, heating of the sensor com-

ponents by the sun, sun shining in the cold calibration

horns, and an average bias due to sun glitter reflection,

and Faraday rotation. In this subsection, we derive the

'Day Minus Night Sum of Squares Model' which yields a

statistical prediction of the mean TA error as a function

of satellite-ecliptic angle, -y.

All observations, Tm(yj), for a particular month are

partitioned by time into four 'weekly' bins to yield one

average orbit per processing 'week', and a total of 48

'weeks' per year. The weekly averaged antenna tempera-

tures can be expressed as the sum of two components,
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Tm(li) T5(7j) + (5.9)

satellite-ecliptic angle for a
particular 2° bin in y,

Tm(yi) weekly-averaged antenna temperature
measurement at angle -y,

T5(-y) contribution to Tm from the real
geophysical signal plus measurement noise.

TA error due to thermal heating, sun
shining in the cold horn, etc.,

The e(-i) are the error functions we wish to es-

timate. By comparing specific day and night observations

that correspond to the same latitude band we can minimize

the difference between the day and night T5(-y1). Averag-

ing all such differences over an entire year we can obtain

an estimate for the

The day minus night difference from a single weekly

average in the same latitude band is

T(-y) TA(yjN) T5('y1) T5(-y) (5.10)

+ E(7jN)

where we have now separated the daytime values of from

the nighttime values of as
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iD daytime satellite-ecliptic angle
corresponding to the earth latitude

, (-90°<qS<90°),

7iN nighttime satellite-ecliptic angle
corresponding to the same earth latitude

Simplify the expression (5.10) by defining

ATA = Tm(1jD) Tm(')fiN)

Er T(-y) Ts(yiN) (5.11)

EN

Then the day minus night difference is written as

ED N + r (5.12)

Using one weekly average from the 2° binned data there are

approximately 90 day-night pairs. There are actually

somewhat fewer than 90 pairs because some of the

satellite-ecliptic angles are over land not ocean. Also

the number of which occur over land changes seasonally

because of the dependence of on the changing sun

declination.
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This gives approximately 90 equations of the above form

for the 180 unknowns, still an underdetermined system.

There are a total of 48 'weekly' averages in a year.

Using data from the full year then gives approximately

48x90''4320 equations of the form (5.12) for the 180

unknowns. This is now an overdetermined system in which

the 180 unknowns can be solved by minimizing the sum of

the square residuals, Er2.

This system can be cast in terms of a single matrix

equation. Define

&= E]
(180x1)

180

L TAl

[

TA2

]

[

::: g:::

]

J

[ I

(4320xl)

(4320x180)

The matrix equation which corresponds to (5.12) is

(5.13)
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The solution to X which minimizes the sum of the square

residuals R is

X (AA)1 ATT (5.14)

In practice, the solution is found under two addi-

tional constraints which enter the solution in the form of

weighted least squares. The first constraint is a

requirement that the least squares solution to e(i) have

zero mean value in the corresponding region of -y where the

satellite is in the earth's shadow. This region is

specified as -y between 2300 and 310°, or ±40° about the

nighttime equator in the satellite-ecliptic system. The

second constraint correlates the neighboring values of

each (-i) i=1,180, which effectively smooths the error

functions, with the smallest weights assigned to portions

of the orbit where the satellite experiences the maximum

effect of sun-related errors (this is the same smoothing

function as applied to the column error functions).

The Day Minus Night model depends on matching day and

night TAs which correspond to the same earth latitude. To

find and which have matching latitudes, the sum over

the day-night pairs is begun from a starting value of -y

which corresponds to the south pole of the satellite or-

bit, the southernmost latitude of the satellite ground

track. This initial value,
,

is
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360° & sun (5.15)

where & 8.303°, the angle between the satellite nadir

and the center footprint forward of the satellite, whose

vertex is at the center of the earth, and the sun

declination that varies slowly in time..

The south pole of the satellite orbit is taken to be

0° in the orbit plane system (or w+90°) and angles in-

crease from ascending to descending. The corresponding 2°

bin for is used as the first of the 90 possible daytime

latitude bands, 7D The satellite-ecliptic angle -y which

corresponds to the matching latitude on the nighttime side

of the earth,
N' is obtained by symmetry with respect to

the south pole. For example, if the sun declination is

-10° then the solar ecliptic is oriented to the satellite-

ecliptic as illustrated in Figure 5.3. The respective

day and night latitude bands we are trying to match are

denoted and 2 Symmetric values of and are

found by the relation,

or

cos(1) = cos(2) (5.16)

CO5(-yD+&+sun) = cos(36O°--yN-&-SUfl) (5.17)

and therefore
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Dsun 360N6sun (5.18)

Solving for the unknown,
N'

(5.19)

The daytime values, -y1, are conveniently chosen to

match the center of a 2° bin in the TA orbit averages.

The corresponding
1N that match the latitudes of are

not necessarily centered on a 2° bin. In this case, the

nighttime TA observation is linearly interpolated between

the two nearest bins.

The day minus night error function is calculated from

the Sum of Squares Model for each of the six years. The

resulting functions are shown for all six years for each

channel in Figures 5.4a-j. The shapes of the error func-

tions are remarkably consistent from year to year. The

shape of the low frequency (6 and 10 GHz) error functions

are quite different from the shape of the high frequency

(18, 21, and 37 GHz) error functions, particularly in the

daytime portion of the orbit. The error due to holding

the cold counts when the sun is shining in the cold horns

is apparent in the region from 7-340° to 7=600. The error

function in this region looks very similar to the simplis-

tic estimate of the TA error that we derived using the

TAT-level antenna temperature and engineering data in sec-
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tion 4.2.4 (Figures 4.12a-e). The large discontinuity in

the error function near 7=40° is exactly where the cold

counts are no longer held constant and the current values

are reintroduced in the data processing.

Trends during the rest of the daytime orbit and into

nighttime reflect the response of the TA5 to thermal heat-

ing and radiative cooling. The 37 GHz channels which

measure antenna temperatures on separate radiometers have

the least day-night error in this region of the orbit.

At the equators in the satellite-ecliptic system,

near -y=9O° and 1=2700, there are matching features which

indicate that the TA5 have a positive bias in these sec-

tions of the orbit. The nighttime bump is more suspicious

because it is not in a region of the orbit that is in-

fluenced by heating as is the daytime bump. The features

are more pronounced at 6 and 10 GHz than at higher

frequencies which implies that the error is not atmos-

pheric in origin. We postulate that the error is due to

back radiation from the revolving solar paddles. When the

paddles lie flat (no pitch) they subtend the largest solid

angle in the space-viewing upper half-sphere. At 7=90°,

the paddles lie flat with the solar collecting surfaces

facing the sun. At -y=270°, the warmed collecting surface

has revolved around 180° and is again lying flat, facing

the earth and the SMMR sensor. Either the paddles are

warmed sufficiently to bias the actual space-viewing
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radiation contribution (6% at 6 GHz) or they physically

warm the SMMR sensor and induce thermal gradients which

are not compensated for in the TA calibration.

The day minus night correction is effective in reduc-

ing the day-night biases that were seen to plague the SMMR

data (Milman, 1982). These errors were first described to

be latitudinally and seasonally dependent but the results

above indicate that they are actually related to the

satellite-ecliptic angle y. To examine the effectiveness

of the correction in terms of latitude and time, we com-

pare corrected with uncorrected monthly-averaged TA time

series for several latitude bands. The variability in the

uncorrected monthly averages for 6 h-pol and 6 v-pol TAS

is diminished by a factor of three in the corrected

averaged TA5 (Figures 5.5a-d).

5.4.3 Total orbital TA error

The total orbital TA error is the sum of the column

error, C(-y,j), and the day minus night error, (yj),

producing a total error function for all columns of each

channel for the six separate years. In order to validate

the statistically derived error functions, a different

method is devised to estimate the orbital TA error for

comparison. The method is based on differencing average

values of Nimbus SMMR TAs with average values of Seasat

TAs throughout a complete orbit to find the Nimbus orbital
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TA error, assuming that the Nimbus SMMR experienced unique

systematic errors.

The procedure involves calculating global brightness

temperature maps from the monthly gridded Seasat data

using Reynolds' SST climatology, Seasat scatterometer wind

speeds and Seasat SMMR water vapor and liquid water con-

tents using a radiative transfer model, as described for

the TA calibration in section 5.2. The fields are sampled

to match the Nimbus-7 SMMR CELL-ALL data for all columns

over the same three-month period of 1978. Synthetic TAs

are calculated from the Seasat TBs using the Nimbus-7 SMMR

antenna pattern coefficients obtained in section 5.2 The

Seasat TAs are then binned in terms of the satellite-

ecliptic angle -y, and averaged over the three-month period

to generate an average orbit for each of the columns of

TA. The Nimbus TA5 are averaged over the same three-month

period in 1979.

The difference of the three-month averages, Nimbus

minus Seasat, is an alternative formulation of the Nimbus

SMMR orbital TA error. The calibrated Nimbus TAS are not

strictly independent of the computed Seasat TAS because of

the use of Seasat TBs in developing the single B coeffi-

cient in the TA calibration (section 5.2). For the prac-

tical purpose of analyzing the Day Minus Night Sum of

Squares Model, however, the two derivations represent very

separate approaches to estimating the mean TA error as a
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function of -y and column.

The model derived error functions and the difference

functions for 6 h-pol and 6 v-pol are shown in Figures

5.6a-d. The difference functions (Figures 5.6b and d) are

not continuous because the time average is not over the

entire year, thus only a subset of latitude bands, and

hence -y, contain a sufficient number of ocean samples.

The correspondence between the separate derivations

of the total orbital TA error is remarkable, and cor-

roborates the statistically derived error functions. Both

of the error estimates capture the large T error due to

sun shining in the cold horn and sun glitter reflection.

In fact, the two estimates indicate a similar magnitude

correction and the same relative column-to-column dif-

ferences. The hump in the nighttime values of the Nimbus

minus Seasat error estimate confirms our suspicion that

this feature is an artifact of the Nimbus SItMR data.

5.5 Start-up Correction

The final correction applied to the antenna tempera-

tures accounts for the instrument start-up error at the

start of each sampling day. The heating of the satellite

during the first few orbits after start-up was discussed

in Chapter 4 and the temperatures of several components

were shown in Figures 4.3a-k. The antenna temperatures,
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calibrated using several of these physical temperature

records, also display a trend in the first few orbits. An

elapsed time correction is developed to adjust the ab-

solute TA level during these initial orbits to the mean TA

level of later orbits when the operating temperatures have

stabilized.

The mean antenna temperature is computed for each of

the first four revs separately and as function of channel

and year, along with the mean antenna temperature of the

stabilized revs (all orbits after the fourth). A dif-

ference table is constructed which contains a difference

of the average TA for each of the first four revs less the

mean TA of the stabilized revs. The antenna temperature

values stabilize after the first three or four orbits.

The largest offset is for the 21 GHz channel. These cor-

rections do not change from year to year except for the 21

h-pol correction which has a large dependence on year.

The four elements are assigned an elapsed time in

minutes since instrument turn-on (t=0) that corresponds to

the middle of that particular rev. The table of data is

least squares fit with a second order polynomial in time

of the form,

TA a(t-416.64)2 (5.21)

where t is in minutes, t4l6.64 minutes is the elapsed



time after four complete orbits, and TA is the start-up

error from the table at time t. The single coefficient,

a, is found by solving (5.21) in the least squares sense

using the four table values, and for each channel and each

year. In order to constrain the fitted function in the

extrapolated region as t-+O (the parabola tends to higher

values than are realistic) the least squares polynomial is

splined together with a first order fit for t less than

half of an orbit. The spline fit is first-order differen-

tiable. The analytic expression is used to correct the

TAs for the start-up effect for all times through the end

of the fourth orbit in each sampling day. A six-year

average of the TA start-up errors for the middle of the

first four revs are listed in Table 5.3.

An alternative to this correction would be to discard

the data from the first few revs. This is an undesirable

solution because of the sampling bias this alternative

would introduce. The instrument is turned on every other

day during a descending pass near the Greenwich meridian

at about 0000 GMT. Although the Nimbus-7 is not in a

fixed orbit, the vicinity of the turn-on is relatively

constant. It takes swaths from all orbits in one sampling

day to obtain complete global coverage, and specific

geographIc regions are sampled by the same orbit number in

each sampling day. A consequence of discarding the first

few revs of every day would be to eliminate all observa-
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Table 5.3 Average start-up error (1979-1984)
for the first four revs for all ten channels

Freguency Rev 1 Rev 2 Rev 3 Rev 4
6.6 h -1.4 -0.7 -0.3 0.0
6.6 v -1.0 -0.5 -0.2 0.0

10.7 h 0.5 0.3 0.1 0.0
10.7 v 1.9 1.0 0.4 0.0
18.0 h -1.0 -0.5 -0.2 0.0
18.0 v -0.2 -0.1 0.0 0.0
21.0 h -17.7 -9.0 -3.3 -0.4
21.0 v -0.2 -0.1 0.0 0.0
37.0 h 0.8 0.4 0.1 0.0
37.0 v 0.6 0.3 0.1 0.0
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tions over approximately 25% of the globe.

5.6 Summary of TA Calibration

The in-orbit calibration presented in this chapter

consists of five steps which can be summarized as follows.

The CELL-ALL brightness temperature data were de-rotated

to reconstruct antenna temperature records. The de-

rotation was particularly important for recovering the 21

v-pol antenna temperatures which were contaminated by the

poor quality 21 h-pol data in the polarization correction

applied to the CELL-ALL data. The antenna temperatures

were next re-calibrated with a bias and slope correction,

and normalized to the level of the Seasat SMMR data set.

This calibration to Seasat data allows later use of the

Seasat geophysical algorithms (Wentz, 1983) on the Nimbus

data. These re-calibrated Nimbus TAs were used to develop

a time correction for the TA drifts over the six year

period, 1979-1984. An orbital TA error correction was

derived that accounted for the cross-scan bias (relative

column error) and the mean TA errors (day minus night

error) due to thermal heating, sun shining in the cold

horn, and other problems. Lastly, a start-up correction

was calculated to account for the TA error during the

first few revs after the instrument was turned on at the

beginning of each sampling day.



This five step correction was applied to all of the

original CELL-ALL brightness temperatures to obtain cor-

rected TAs. Individual CELL-ALL TB observations are first

de-rotated and re-calibrated with the new coefficients,

resulting in re-calibrated TA observations. The time, to-

tal orbit, and start-up corrections are subtracted from

the re-calibrated TA observations. These corrected TA ob-

servations at each frequency are then decoupled (rotated

back to brightness temperatures) to account for polariza-

tion mixing. The final corrected TB5 are then available

for input to retrieval algorithms.

The post-launch calibration method developed in this

work is the first comprehensive effort to remove all of

the systematic errors from the Nimbus-7 SMMR radiometric

data. There are several aspects of this method which make

the approach unique and meritable. First, the corrections

were chosen to solve for systematic errors, errors that

were consistently displayed in long time and large spatial

averages. The antenna temperature data were stratified

several different ways to look for these systematic er-

rors. In many cases, the actual sources of the errors

were identified or postulated. Secondly, the corrections

were based on averages containing many thousands of obser-

vations explicitly to avoid introducing a sampling bias

into the correction data. Thirdly, the corrections were

statistically derived in a manner that forced the data to
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be self-consistent. Several variations of the statistical

techniques were applied and all produced the same es-

timates of TA error. Also, the final correction algo-

rithms were applied iteratively to the data and found to

have converged after the first iteration; the corrections

were at the noise level after the second iteration.

Finally, the calibration was applied to the full six years

of data, 1979-1984. The advantages of working with a long

time series are that the statistics are more robust and

trends in the sensor behavior and other operational

characteristics are more visible.

The types of systematic errors known to exist in the

Nimbus-7 SMMR data are best corrected at the level of the

radiometric data, not during the geophysical retrievals.

The best way to measure the effectiveness of these correc-

tiorts, however, is to analyze the geophysical data calcu-

lated from the corrected radiometric data. Water vapor is

the easiest geophysical parameter to estimate because the

large water vapor absorption resonance at 22 GHz provides

a strong radiometric signal. Water vapor estimates from

the newly calibrated CELL-ALL data are examined in Chapter

6.

The lower frequency retrievals, SST and wind speed,

are the more sensitive to errors in the radiometric data.

They are also very sensitive to changes in incidence

angle. As discussed in section 4.3, the incidence angle
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data from the Nimbus SMMR are questionable at present. An

illustration of both the sensitivity of TB to incidence

angle and the problems with the Nimbus incidence angle

data is shown in Figure 5.7. Recalling the relationship

between vertical and horizontal emissivity as a function

of incidence angle (Figure 2.2), we difference the 6 v-pol

and the 6 h-pol TBs. As incidence angle increases this

difference increases. In Figure 5.7 we compare the day

minus night values of the 6 GHz TBvTBh difference

(divided by three) with the day minus night value of in-

cidence angle. Each plotted value represents a monthly

average. The correlation is very strong and re-emphasizes

the importance of correcting the incidence angle record

before analyzing the low frequency geophysical retrievals.
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6. ATMOSPHERIC WATER VAPOR FROM THE NIMBTJS-7 SMMR

Atmospheric water vapor is an important component of

the large scale energy balance in the atmosphere. First,

it acts as a storage of latent heat which is released upon

condensation, and second, it is an efficient absorber of

terrestrial infrared radiation. The primary source of

water vapor in the atmopahere is evaporation from the

oceans. This evaporation is unevenly distributed

geographically and variable in time. Large-scale direct

circulations, such as Hadley cells, are driven primarily

by latent heat released by condensation in areas of as-

cending air (Palmen and Newton, 1969) . The meridional

component of this circulation transports. water vapor and

sensible heat poleward at high altitudes, where this large

reservoir of potential energy becomes a significant energy

source for extratropical synoptic disturbances. Of the

total solar energy input to the ocean surface nearly one-

third is lost to the atmosphere as latent heat (Peixoto

and Oort, 1984).

The ratio of the mass of water vapor to the mass of

dry air (the mixing ratio) , averaged over a column of at-

mosphere, varies from 0 to 2 percent from the poles to the

equator, respectively (Wallace and Hobbs, 1977). The mean

global mixing ratio is 0.25% (Trenberth, 1981), a small

mass fraction compared to its significance to atmospheric
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dynamics. Approximately 50 percent of the total water

vapor in the atmosphere is below the 850 mb level (about 1

km) while greater than 90 percent is below the 500 mb

level (about 5.5 km) (Peixoto and Oort, 1983). Vertically

integrated water vapor as inferred from SMMR microwave

radiometer measurements is expressed as precipitable water

in a Unit column of atmosphere in g cm'2. Precipitable

water is the amount of water that would be present in a

Unit area if all water vapor in a column over this area

was condensed to liquid form.

Water vapor flux, or evaporation, is a function of

sea surface and air temperatures and surface wind speed.

Warmer sea surface temperatures increase the saturation

humidity of the air near the surface while higher wind

speeds increase moisture transfer away from the surface.

These relationships are expressed in the classical bulk

aerodynamic formula for water vapor flux, E in g cm2 s,

as

E (6.1)

where [ and are the wind speed and specific humidity

at a reference level in the marine boundary layer, q5 is

the saturation humidity of air at the same temperature as

the sea surface,
a is the average air density from the

surface to the reference height, and CE is the transfer
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coefficient for evaporation (Esbensen and Reynolds, 1981).

The rate of latent heat transfer to the atmosphere is

E times the latent heat of vaporization, L = 2.46x106 J

kg1.

Although the SMMR estimate of precipitable water in

the atmosphere represents a net accumulation front local as

well as advected sources, Liu and Niiler (1984) found a

correlation between monthly averaged water vapor and

monthly averaged specific humidity, Using this cor-

relation, they estimated monthly mean latent heat flux to

an approximate accuracy of 10-20 W ni2. The implication

of their technique is the continuous monitoring of latent

heat flux over the global oceans to first order using

remotely sensed data. For example, during a typical El

Nino the average increase in latent heat flux in the

tropical Pacific is 40 W nt2 (Wears, 1983), and probably

was much higher during the El Nino of 1982-83.

While the distribution of water vapor in the atmos-

phere is highly variable in space and time the net amount

in the entire atmosphere is generally in equilibrium

(Sellers, 1965). The mean global meridional profile of

integrated water vapor is also relatively constant. In

order to illustrate the global north-south distribution

of water vapor and make a cursory check on the Nimbus-7

SMMR water vapor retrieved from the brightness tempera-

tures calibrated as described in the previous chapters,
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zonal averages are compared with several other data

sources. As mentioned in section 5.6, only water vapor is

treated here because it is least sensitive to incidence

angle; the problems with the incidence angle data have yet

to be solved.

Zonally averaged water vapor from global yearly means

are shown for latitudes from 50°S to 50°N in Figure 6.1.

The annual profile by Sellers is averaged over several

years while that by Starr is for a single year, 1958. The

profile by Chang et al. is derived, from an earlier SMMR

data set for the year 1979. These three profiles are

reproduced from Chang et al. (1984). The Chang et al. es-

timate of water vapor from SMMR was based on regression

using radiosonde observations and standard CSFC brightness

temperatures. A SMMR climatological water vapor profile

generated from the 1979-1984 recalibrated TBs (omitting 12

El 1'Tino months June .1982-May 1983) is also shown (dotted

line). A SMMR water vapor estimate, calculated from the

recalibrated TBs for 1979 only, is very nearly the same as

the SMMR climatology and so is not shown.

Both SMNR estimates of water vapor are higher in the

tropics than the conventional estimates of water vapor.

The net amount of atmospheric water vapor over the oceans

is generally greater than that over the continents

(Peixoto and Oort, 1983). As Chang et al. (1984) suggest,

this may explain why the satellite-derived estimates,
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which are over ocean only, yield higher water vapor con-

tents in the tropics than those of Sellers and Starr

derived from conventional measurements over land and ocean

(and sampled much more densely over land).

Comparing the water vapor estimates from the two dif-

ferent SMMR products, both show a maximum near 8°N which

corresponds to the mean latitude of the Inter-tropical

Convergence Zone (ITCZ), the convergence of the tropical

southeast and northeast trade wind systems. The estimate

from the recalibrated TBs, however, is lower than the

Chang et al. estimate by roughly 0.4 g cm2. (A com-

prehensive analysis of the new S4MR product and verifica-

tion by comparison with global radiosonde measurements

will be undertaken in the near future).

The new SMMR estimate, plotted at a resolution of 10

latitude, resolves more detailed structure in the

equatorial band than either of the other three profiles,

plotted at a resolution of 5°. A local minimum in the

zonally averaged water vapor occurs at the equator which

corresponds to low climatological values (Sellers, 1965).

Lower evaporation occurs at the equator due to upwelling

of cold water at the equatorial divergence and accounts

for these low values.

The local maximum north of the equator associated

with the ITCZ is larger than the local maximum near 8°S.

Profiles of the annual zonal mean evaporation indicate
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larger evaporation rates in the northern hemisphere than

in the southern hemisphere (Peixoto and Oort, 1983).

Also, in the Pacific, relatively cold water advected by

the northwest-flowing Peru Current off the coast of South

America merges into a cold tongue of sea surface tempera-

ture (SST) along the equator and is maintained by upwell-

ing at the equatorial divergence. The cold SSTs depress

evaporation in the eastern Pacific south of the equator.

This contributes to the meridional asymmetry of the water

vapor profile by lowering the zonal average of water vapor

between 00 and l0°S. Zonal profiles of evaporation rates

and atmospheric water vapor content are riot exactly corre-

lated because of horizontally advected water vapor, but

their relationship may explain some of the mean meridional

distribution in the new SMNR estimate shown in Figure 6.1.

Deviations from the normal equilibrium water vapor

content occur during the interannual El Nino/ Southern Os-

cillation episodes corresponding to large-scale persistent

departures in the Pacific ocean and atmosphere mean

states. These interannual events reccur every 3-10 years

and persist for periods of 12-18 months. The Ninibus-7

SMMR collected global synoptic measurements during the

largest event of this century, the El Nino of 1982-1983.

While the causal mechanisms of the El Nino are not yet

completely understood, the sequence of events is well

described and several aspects of the ocean-atmosphere in-
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teraction are well understood.

Briefly, major shifts in the atmospheric pressure

system over the Pacific, monitored as the sea level pres-

sure difference between Tahiti and Darwin, Australia, are

accompanied by a cessation of the normally strong and per-

sistent easterly trade winds along the equator. The weak

trade winds, and several occasions of westerly wind

events, result in a buildup of very warm water (30°C) and

a deepening of the thermocline in the western and central

Pacific. The dynamic response of the equatorial ocean to

the reduction in the westward wind stress is the release

of warm water flowing to the east. The cessation of the

trades triggers a series of downwelling internal Kelvin

waves which travel eastward, restricted to the narrow

equatorial waveguide. Their arrival at the west coast of

South America results in the depression of the normally

shallow thermocline in the eastern Pacific. Large posi-

tive SST anomalies in excess of 5°C develop in the wake of

the Kelvin waves and continue to expand until the entire

equatorial Pacific is covered with a lens of very warm

water.

The 1982-83 El Nino was unusual in the timing and

magnitude of the event. Anomalous weakening of the trade

wind regime in the western Pacific was first observed in

May and June of 1982 (Sadler and Kilonsky, 1983). By July

of 1982 actual westerly wind bursts were observed in the
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western tropical Pacific (Keen, 1984). The eastern bound-

ary of the westerly winds continued to migrate east, pass-

ing the dateline in November and December of 1982. The

low-level wind convergence at this boundary is associated

with the ascending branch of the equatorial Walker cir-

culation. The convection associated with this convergence

is usually situated over the Australian-Indonesian

maritime region and is the site of very high annual rain-

fall. During El Nino the ascending branch moves out over

the equatorial Pacific east of the dateline. This results

in intense tropical storms and extremely high rainfall

over many of the desert-like tropical islands in the

central Pacific while causing severe droughts in Asia and

Indonesia (Sadler and Kilonsky, 1983).

The integrated water vapor estimates from the newly

calibrated SMMR data provide unique measurements of the

1982-83 event. The timing and the magnitude of the

changes are discussed here in terms of the deviations from

monthly means. Monthly climatology maps of water vapor

are calculated by averaging all like months of 1°xl°

binned fields between 1979 and 1984 (except the El Nino

period from June 1982 through May 1983). SMMR water vapor

anomaly maps are obtained by subtracting the SMMR-derived

monthly climatologies from each monthly map of water

vapor. Color-contoured monthly anomalies are presented in

Figures 6.2a-h for January 1982 through December 1983.
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Figure 62a Water vapor anomaly from 65°s to 75°N for the
months January: February: and March 1982.
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Contour intervals are 0.4 g cm2 of precipitable water,

and the center value of each color contour is annotated

below the color legend on each image.

Examining the SMMR monthly water vapor anomaly

images, the precipitable water begins to display large-

scale anomalous trends in the tropics in June 1982. By

July a persistent region of low water vapor is present

over Indonesia, while the South Pacific Convergence Zone

(SPCZ) and the ITCZ near the dateline indicate anomalously

high water vapor. In September of 1982, the dry region

which normally overlies the equatorial tongue of cold sea

surface temperatures is diminished, indicating the

eastward progression of anomalously warm SST in response

to the relaxation of the trade wind system. The core of

anomalously high water vapor has moved eastward, closer

to the dateline.

The first peak in anomalous SST occurred in December

1982 (Gill and Rasmusson, 1983). At this time, the

anomalously high water vapor region extends from the

dateline all the way to the South American coast. The

wedge of high water vapor is surrounded to the north,

south, and west by anomalously low values. From January

through March 1983, both zones of high and low water vapor

intensify. The band of extremely low water vapor values

between 10° and 25°N spans the entire Pacific basin, one

quarter of the circumference of the globe. The high water
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vapor anomaly in the Indian Ocean shifts from the western

basin off the Somali coast to the eastern Indian from Oc-

tober 1982 to February 1983. In the eastern Indian, the

high water vapors extend from 00 to 20°S.

The intense north-south water vapor gradient in the

Pacific persists in the monthly averages from January

through April 1983. During this time the northern bound-

ary of the high water vapor anomaly migrates southward,

typical of the seasonal movement of the ITCZ during the

northern hemisphere winter. By May 1983, water vapor over

the Indian Ocean has returned to its seasonal norm, and

the dry anomaly north of the equator is diminished. The

high water vapor anomaly on the equator is still intense

from the dateline all the way to the South American coast

but starts to narrow from north to south. By June 1983

the global water vapor distribution has largely returned

to normal. In the Pacific normal values occur first in

the west and shift eastward. By July, the last vestiges

of the high equatorial water vapor anomalies are located

off the west coast of South America. The last positive

anomaly in the eastern Pacific finally disappears by Oc-

tober 1983.

The distribution of integrated water vapor content in

the atmosphere is governed by the rate of evaporation from

the sea surface, itself a function of SST and wind speed,

and by horizontal advection in the atmosphere. An example
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of the correlation between SST, a proxy for evaporation,

and water vapor is seen by comparing the structure of the

water vapor anomaly with the structure of the SST anomaly.

The SST anomaly for February 1983 is shown in Figure 6.3a.

The vector wind field for the same month is shown in

Figure 6.3b. These data were supplied by P. Arkin and S.

Reynolds front the National Meteorological Center (NMC) of

the National Oceanic and Atmospheric Administration

(NOAA).

Comparing the SST anomaly with the February image of

water vapor anomaly (Figure 6.2e), the correlation between

high water vapor and warm SST includes equatorial as well

as extratropical features. For example, there is a south-

ward extension of high water vapor from the equator to

south of 50°S, between 15O°W and 140°W . This north-south

band of high water vapor overlies anomalously warm SSTs.

It is also bounded to the east and west by dry anomalies

which correspond to locations of cool SSTs in Figure 6.3a.

The same relationship can be seen for the dry band

north of the equator. From the western Pacific to about

170°E, the negative water vapor anomaly overlies a large

negative SST anomaly. The unusually cold SSTs are as-

sociated with intensification of the oceanic divergence

between the westward North Equatorial Current (NEC) and

the eastward North Equatorial Counter Current (NECC).

In the eastern Pacific, however, warm SSTs underly a
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dry water vapor anomaly, implying that some process other

than evaporation controls the distribution of water vapor

there. There is a persistent temperature inversion in the

atmosphere off the west coast of North America associated

with the cold SSTs of the California Current. The inver-

sion tends to trap moisture in a thin layer between the

sea surface and approximately 300 m. While the February

1983 SSTs were anomalously warm in this region by 1°C, the

actual SST field is seasonally cool, and hence could main-

tain a stable inversion layer.

The north-south gradient of the water vapor anomaly,

from the equator to 25°N, is very intense. The spatial

coherence and temporal persistence of this gradient

through the early months of 1983 are striking. Examina-

tion of the actual north-south distribution of water

vapor, however, shows that the gradients in the actual

field are not much larger than they are during

climatological months.

Monthly profiles of water vapor from 50°S to 50°N are

computed from zonal averages of the 1° binned water vapor

fields over the longitudes 130°E to 80°W. Meridional

profiles are presented for alternate months from July 1982

to May 1983 in Figure 6.4 (dashed lines). Profiles corn-

puted in the same manner from the monthly climatology are

also shown for the respective months (solid lines). Near

the end of the southern hemisphere winter, when the
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southeast trade wind system has been seasonally strong,

the average amount of water vapor at 5°S normally

decreases about 0.5 g cni2 and the peak of highest water

vapor values reaches its most northern latitude, of about

9°N. In November 1982, however, a large positive water

vapor anomaly is present from 15° south to 5° north, indi-

cated by the vertical separation between the dashed

andsolid lines. In the November panel, the water vapor

for the El Nino month indicates that water vapor south of

the peak did not diminish as it does seasonally. Not only

did evaporation increase due to warming SST trends but

water vapor accumulated because of reduced meridional ad-

vection away from the equator due to the weakening of the

southeast Pacific high and the trade wind system.

By January 1983 the peak in the zonally averaged

water vapor is located south of the equator near 2°S and

represents the largest positive average anomaly of ap-

proximately 1.8 g cxn2. The peak shifts south to 5°S near

the end of the northern hemisphere winter in March 1983.

It is the change in the latitude of the water vapor peak

that makes the gradient in the anomaly appear so intense.

The rate of decrease north from the equator in the 1983

average is not much greater than in the climatological

average.

In summary, the normal north-south gradient of

precipitable water vapor in the tropical Pacific is large
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and is probably maintained by strong poleward transport on

upper levels of the Hadley circulations. During the 1982-

83 El Nino, meridional advection of water vapor

diminished. The weakening of the trade wind system and

the development of anomalously warm SSTs in the central

and eastern Pacific contributed to increased evaporation

and a net accumulation of water vapor along the equator.

In the first few months of 1983, a large negative SST

anomaly developed on the northern flank of the North

Equatorial Counter Current (NECC) which reduced the flux

of water vapor from the ocean surface. Lower evaporation

decreased the supply of water vapor to the equatorward

(lower) branch of the meridional circulations, leading to

the anomalously low water vapor contents in the band just

north of the equator.

As discussed in the introduction, water vapor has an

important influence on atmospheric dynamics. Large scale

perturbations to the mean state of the ocean and atmos-

phere systems, such as the El Nino events in the Pacific,

occur on interannual time scales. These events can be

analyzed using the global synoptic estimates provided by

the Nimbus-7 SMMR. The use of anomaly fields, calculated

from climatologies using data from the same satellite sen-

sor, increase the accuracy of the satellite-derived es-

timates because residual systematic errors cancel out when

the difference is taken between the observation and the
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climatological mean. The great potential of the SMMR data

for this type of analysis will be realized when all four

geophysical parameters, sea surface temperature, surface

wind speed, water vapor and liquid water, are produced,

free of systematic errors. This realization has been the

goal of the post-launch calibration methods developed

here.
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7. SUMMARY

The Scanning Multichannel Microwave Radiometer (SMMR)

was a passive microwave sensor flown on the Seasat and

Nimbus-7 satellites. The Nimbus-7 SMMR provided complete

earth coverage every six days and data from the ten chan-

nels, at frequencies of 6.63, 10.69, 18, 21, and 37 GHz

and dual polarizations, are used to infer sea surface tem-

perature, sea surface wind speed, and vertically in-

tegrated atmospheric water vapor and liquid water. The

Ninibus-7 SMMR operated continuously until 1985 when the 21

GHz channels were turned off because of the malfunctioning

21 h-pol channel. The eight other channels continued to

provide data into 1987 when the mission was finally ended.

Unfortunately, the Nimbus-7 SMMR data are plagued

with complicated errors that relate to weaknesses in the

sensor design, inadequate calibrations, and unanticipated

operating problems. The errors in the satellite-measured

radiances resulted from thermal heating of the sensor

during portions of the orbit when the spacecraft was il-

luminated by the sun, solar radiation entering the cold

calibration antenna horns, variations in the spacecraft

attitude, sun glitter reflection from the sea surface, and

atmospheric Faraday rotation.

The errors in the radiometric data are highly corre-

lated with the location of the spacecraft in its orbit
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relative to the solar ecliptic plane because the satellite

was in a sun-synchronous orbit. A new variable was

defined, the spacecraft-ecliptic angle -, to quantify the

angular separation between the spacecraft orbit position

at any time and the solar ecliptic. Many of the data er-

rors were seen to vary systematically in relation to
-y.

In fact, as the investigation in Chapter 4 has shown,

physical temperatures of several sensor components ex-

hibited systematic variations during each orbit when

viewed as a function of -y. Spacecraft attitude, in terms

of incidence angle, also varied systematically with y.

A post-launch calibration method was developed to es-

timate statistically the error in the Nimbus-7 SMMR

radiometric data. Brightness temperatures (TB5) from the

NASA CELL-ALL data were used in the analysis. The TBS

were transformed back one processing level to antenna tem-

peratures (TAs) by de-rotating the dual polarizations at

each frequency. The TA5 were recalibrated with a slope

and bias adjustment by comparing three month averaged

Seasat TAS from 1978 with three month averaged Nimbus-7

SMMR TAs for 1979.

Statistical error corrections were developed using

the derotated and recalibrated Nimbus-7 SMMR TA5. These

TA corrections accounted for time drifts over the six year

period considered (1979-1984), relative cross-swath dif-

ferences, mean orbital TA variations, and effects due to
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thermal changes in the instrument during the first four

revs after start-up at the beginning of each sampling day.

The orbital TA error correction was the most sophis-

ticated technique because it was the most difficult error

to quantify objectively. The correction was calculated as

a function of the spacecraft-ecliptic angle -y. Comparison

of the statistically derived error functions with a simple

difference of Ninibus-7 and Seasat TAs as a function of

showed that the statistical technique performed well.

This report punctuates the first stage of our efforts

to produce a new six year time series of Nimbus-7 SMMR

geophysical data. In order to evaluate the effectiveness

of the radiometric data corrections it is necessary to

compute the geophysical data and compare the results with

other global data fields. As a preliminary step toward

this end, atmospheric water vapor fields were computed and

analyzed. The SMNR data clearly showed the large-scale

variations in the distribution of water vapor on monthly

and interannual time scales, particularly the record-

breaking 1982-83 El Nino.

The second stage of this work will involve a careful

statistical error analysis of all four geophysical

parameters, sea surface temperature, surface wind speed,

and atmospheric water vapor and liquid water, on global

and orbit-by-orbit scales of comparison. Prior to making

all the geophysical retrievals, however, the incidence
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angle data must be corrected. After the retrievals and

error analysis, a second iteration of the correction

process is possible depending on the magnitudes and types

of the residual errors.

Whether or not the problems with Nimbus-7 SMMR data

can be sufficiently corrected in order to estimate the

geophysical parameters to a useful degree of accuracy

remains to be seen. Nonetheless, the techniques developed

here can be applied to the error analysis of any future

sun-synchronous passive microwave radiometer. The SSM/I

radiometer launched on a DNSP satellite in June 1987 has

several design improvements compared to the SMMR. The

calibration method outlined here can be used to check how

well these improvements succeed in ameliorating the

problems that contaminated the Nimbus SMMR data.
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