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Atmospheric attenuation corrections for satellite altimeter and scalterometer

measurements of the normalized radar backscauer cross-section (a0) of. the ocean

surface often rely on coincident microwave radiometer-based estimates of columnar

water vapor (Vi) and columnar cloud liquid (Li). Since water vapor and cloud liquid

attenuation varies with frequency, the TOPEXfPoseidon satellite's dual-frequency

altimeter, which measures both Ku-band and C-band a (CNQk and ao), permits

validation of these correction schemes. By assuming that C-band wet atmospheric

attenuation is minimal and that dry-atmosphere CYOk and are uniquely related, the

TOPEX Geophysical Data Record (GDR) Ku-band wet atmospheric attenuation

correction is tested.

Model calculations are presented which demonstrate the relative weakness of

C-band wet atmospheric attenuation. Further calculations yield approximate mean

global Ku-band and C-band water vapor and cloud attenuation curves. Global Ku-band

attenuation models adopted by previous investigators are described.

Systematic errors in TOPEX GDR L necessitated the use of coincident high-

quality estimates of V and L from a simultaneously orbiting Special Sensor

Microwaveflmager (SSMJI). TOPEX and SSMII data sets, data restrictions, and
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collocation are described. An SSMII L(total cloud) is defined to circumvent the SSM1I

L algorithm's assumption of rain for L> 180 microns.

Regressions are performed for a year's worth of data to obtain a TOPEX TOk

mode] containing water vapor and cloud attenuation terms identical in form to the

TOPEX GDR attenuation terms. Validation of the TOPEX GDR attenuation model is

accomplished by (1) comparing the calculated attenuation coefficients with the TOPEX

GDR values and (2) analyzing residuals. Systematic errors involving sea surface

temperature (SST) and V are corrected. In general, results substantiate the TOPEX

GDR attenuation model. However, Ok model residuals at low V and very high SST

may indicate data regions where the attenuation model performs poorly.

TOPEX GDR and SSM/J V and L are compared. V compansons indicate

generally small mean and rms differences. TOPEX L and SSMII L(total cloud) show

poor agreement for (LZ) less than about 60 microns. A large fraction of the TOPEX L

are negative and assume an unusually broad distribution.

New TOPEX L algorithms are developed. Algorithms based solely on the

TOPEX Microwave Radiometer brightness temperatures exhibit wind speed and SST

biases. With corrections, four L algorithms are obtained which produce reasonable L

histograms and residuals.
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VALIDATION OF THE TOPEX KU-BAND WET ATMOSPHERIC
ATTENUATION CORRECTION

CHAPTER 1 INTRODUCTION

As large-scale ocean-circulation, weather, and climate models increase in

sophistication, so too does their need for accurate, global ocean wind measurements as

input. Although ocean buoys and ships provide valuable wind data, their coverage is

extremely limited. At present, satellite remote sensing offers the only possibility of

supplying the required global wind database (Robinson, 1985; Stewart, 1985).

In this regard, satellite scatterometers, altimeters, and microwave radiometers are

especially attractive since they can obtain wind measurements in both clear and cloudy

weather. This is possible because their microwave frequencies are only wealdy

attenuated by a nonraining atmosphere. The passive measurements provided by satellite

microwave radiometers can be used to estimate wind speed based on wind-induced

changes in sea surface emissivity. The active measurements provided by satellite

scatterometers and altimeters rely on the fact that winds modify the small-scale

roughness of the sea surface. Scatterometers and altimeters transmit a radar pulse down

to the sea and subsequently measure the fraction of this pulse scattered from the surface

back to the satellite. The power in this return pulse depends on the sea surface

roughness and, consequently, on the surface winds. The quantity calculated from the

scatterometer or altimeter measurement of return power is called the normalized radar

backscatter cross-section or a0 (sigmaO).

Investigators have established empirical relationships between wind and cr

called "model functions" (e.g., Brown, 1979; Weniz et al., 1984; Chelton and Wentz,

1986; Dobson et aL, 1987; Witter and Chelton, 1991; Freilich and Dunbar, 1993a,b;

Freilich and Challenor, 1994, Lefevre et al., 1994). Such model functions are used to



estimate wind speed from altimeter c and wind velocity (both speed and direction) from

scatterometer A typical example of an altimeter wind speed model function, the

Modified Chelton and Wentz model function for the Geosat altimeter, is shown in

Figure l.la. The accuracy of wind estimates from such model functions will depend on

both the accuracy of the model function and the accuracy of the measurement of

In establishing and using altimeter and scatterorneter wind model functions, it is

commonly assumed that the top-of-the-atmosphere satellite measurement of c is solely

determined by the ocean surface. Except in the presence of rain, changes in ri due to

atmospheric attenuation of the radar signal are generally considered minor compared to

other sources of error in the radar measurement (Brown, 1979). Figure 1. lb shows the

derivative of the Modified Chelton and Wentz wind speed model function with respect to

o From this plot, we can gauge the effect an error in crj might have on the wind speed

estimate. For example, for a wind speed of 10 mIs, an error in aj of 0.1 dB due to

attenuation from a moderately thick cloud would result in an error in the wind speed

estimate of about 0.4 mIs. Although small, such errors can degrade altimeter and

scatterometer wind retrievals (Chelton, 1993). Thus, if practical, c should be corrected

for atmospheric attenuation.

The principal sources of atmospheric attenuation at typical altimeter and

scatterometer frequencies are oxygen, water vapor, and liquid water, i.e., clouds and

rain (Wilheit and Chang, 1980; Moore et al., 1982; Wentz, 1983). Oxygen is relatively

well-mixed in the atmosphere, but the water components show significant spatial and

temporal variability on many scales. The water vapor content of the atmosphere exhibits

large scale variations which follow sea surface temperature (Jackson and Stephens,

1995) and also varies on smaller scales due to phenomena such as clouds and

atmospheric fronts (e.g., Liebe, 1980; Gaffen and Elliott, 1993; Perry and Hobbs,

1996; McMurdie and Katsaros, 1985). At any one time, clouds cover about half the
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earth's surface, with horizontal extents ranging from hundredths to hundreds of

thousands of square kilometers. The spatial distribution of clouds in the atmosphere is

constantly changing. Further, the spatial distribution of liquid within a given cloud can

be nonuniform and change with time (e.g., Pruppacher and Klett, 1978; Hayasaka et

al., 1995). Thus, if o corrections for atmospheric attenuation due to water vapor and

liquid water are desired, a climatological data base will not suffice. Instead, atmospheric

water vapor and liquid water estimates must be determined coincident with the

measurement to be corrected.

At present, the physical processes by which atmospheric water vapor and liquid

water attenuate radar signals are fairly well understood (Tilaby et al., 1981; Liebe,

1989). Given profiles of temperature, pressure, vapor density, and droplet temperature

and size distribution along the radar path, total wet atmospheric attenuation can be

estimated with some confidence using current atmospheric attenuation models. The

problem with this simple solution is that such atmospheric profiles are rarely available.

Early model calculations suggested an alternate method of estimating

atmospheric attenuation using path-integrated quantities such as columnar water vapor

and columnar cloud liquid water (Moore et al., 1982). This was fortunate since it also

had been demonstrated that such path-integrated quantities are retrievable using

multichannel microwave radiometers (Wilheit and Chang, 1980). Microwave

radiometers measure the intensity of radiation reaching the satellite from the Earth and

intervening atmosphere. Different geophysical quantities, such as ocean salinity, sea

surface temperature, wind speed, path-integrated water vapor, and path-integrated cloud

liquid water, exhibit characteristic microwave signatures and can be distinguished if an

appropriate set of microwave frequencies are measured (see, for example, Stewart,

1985; Abbott and Chelton, 1991; Pulliainen et al., 1993; Wentz, 1997). Thus, passive

measurements of radiation coming from the same atmospheric path traversed by the



altimeter or scatterometer radar pulse could supply a means of coffecting for atmosphenc

attenuation.

The short-lived Seasat mission provided an opportunity to implement this

correction scheme. Launched in June of 1978, the Seasat satellite package included the

Seasat altimeter (ALT), the Seasat A Satellite Scatterometer (SASS), and the Scanning

Multichannel Microwave Radiometer (SMMR). Moore et al. (1982) attempted to correct

SASS measurements of for attenuation due to atmospheric water using the SMIvIR.

Two independent algorithms were developed to provide the correction. In the first

algorithm, a model was developed which directly related cloud and rain attenuation to

the SMJvIR. radiation measurements. In the second algorithm, the SMMR measurements

were used to obtain estimates of columnar water vapor and columnar liquid water (cloud

and rain) which were then used to estimate the attenuation. Although results were

encouraging, validation and refinement of these algorithms were severely limited by

SASS-SMIvIR footprint mismatch, poor resolution in the SMMR low frequency

channels, and the lack of comparison data.

In July of 1991, the European Space Agency launched the European Remote-

Sensing Satellite (ERS-1) with a payload which included an altimeter, a scatterometer,

and a two-channel microwave radiometer called the ATSR/M (Along Track Scanning

Radiometer/Microwave) (Francis et al., 1991; Eymard et al., 1994). The primary

purpose of the ATSRJM is to provide water vapor path length corrections for the Ku-

band (-14 GHz) altimeter. In addition, it provides estimates of columnar or vertically-

integrated water vapor (Vi) and cloud liquid water (Li). The L estimate is subsequently

used to supply an attenuation correction for the altimeter-derived a (Guymer et al.,

1995). In the OPRO2 data product provided by the French Processing and Archiving

Facility, this correction consists of the product of the L estimate and an attenuation

coefficient (Guymer et aL, 1995). Validation of the ERS-1 L algorithm and



correction are still needed, and Guymer et al. (1995) suggest that there may be problems

with both.

The TOPEXfPoseidon satellite was launched on August 10, 1992 (Fu et al.,

1994). Its primary payload is the dual-frequency NASA Radar Altimeter (NRA) which

operates at both Ku-band (13.6 0Hz) and C-band (5.3 GHz).1 Besides supplying

range estimates, the NASA altimeter yields measurements of both Ku-band and C-band

significant wave height and i0. The satellite also carnes the three-channel TOPEX

Microwave Radiometer (TMR). Brightness temperature measurements provided by the

TMR allow estimation of wet atmospheric path delay, wind speed, columnar water

vapor, and columnar cloud liquid. The V1 and L1 estimates from the TMR are used to

correct the TOPEX c values for atmospheric attenuation. Although the TOPIEX wet

atmospheric path delay correction has undergone considerable scrutiny (Rufet aL, 1994;

Stum, 1994; Keihm and Ruf, 1995), the TOPEX correction for atmospheric

attenuation has received much less attention. In addition, there is a lack of corroboration

of the TIvIIR-derived estimates of vind speed and columnar cloud liquid. Tests

performed during the present investigation suggest that problems with the TMR L1

estimates are serious enough to justify the use of estimates from an alternate source.

What is needed at present is validation of the radiometer-based technique for wet

atmospheric attenuation correction of a0. Future satellite altimeters and scatterometers

will likely rely on such corrections provided by onboard multicharinel radiometers. The

strengths and weaknesses of the technique should be clearly understood before future

systems are launched.

The purpose of this study is to test a simple wet atmospheric aflenuation

correction for altimeter c which utilizes radiometer-derived estimates of path-integrated

The frequency ranges commonly associated with Ku-band and C-band are 110.9 to
-22 0Hz and 4.20 to 5.75 GHz, respectively (Ulaby et al., 1981).



water vapor and nonraining cloud liquid. Specifically, this investigation will examine

the Ku-band correction used in the TOPEX Geophysical Data Record (GDR). This

correction consists of a linear combination of columnar water vapor (Vi) and columnar

cloud liquid (Li) with respective coefficients avz and alz. Because reference

measurements of water vapor and cloud liquid attenuation along the TOPEX altimeter

radar path are not available, the validation of the TOPEX GDR correction is necessarily

indirect. The lack of reference data is overcome by taking advantage of the unique dual-

frequency TOPEX altimeter measurements of Ku-band o (ok) and C-band o (Oc).

By noting that water vapor and cloud liquid water absorb much more strongly at Ku-

band than at C-band and assuming that there exists a unique relationship between Ok

and c under dry atmospheric conditions, the TOPEX measurements of Ok and c

can be used to estimate the total Ku-band wet atmospheric attenuation. This capability is

exploited in the development of a model for TOPEX-measured Ok containing an

atmospheric water attenuation correction identical in form to the TOPEX (3DR

correction. Through regression analysis, the attenuation coefficients, avz and alz, are

independently determined and can be compared with those used in the TOPEX GDR

correction. Further, the cNok model errors can be examined to identify situations where

the wet attenuation correction may fail. Although the present analysis focuses on

altimeter , the results also apply to scatterometer o since both measurements are

subject to the same atmospheric attenuation.

Chapter 2 provides background material for the present work. The chapter

begins by discussing the effect of atmospheric attenuation on satellite measurements of

surface c. This is followed by a comparison of model predictions of Ku-band and C-

band atmospheric attenuation due to oxygen, water vapor, and cloud liquid. These

predictions indicate that water vapor and cloud liquid attenuation are much greater at Ku-

band than at C-band. Additional model calculations yield plots of global mean Ku-band
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and Cband atmospheric attenuation as functions of V and L. Finally, simple global

atmospheric attenuation models used by previous investigators are compared, including

the TOPEX GDR correction tested in this study.

The validation attempted here required coincident measurements of Ok' Oc' V,

and L. Because of systematic errors observed in the TOPEX GDR ThIR-derived

estimates of L, it was decided that the analysis could not rely solely on data from the

TOPEX/Poseidon satellite. Thus, a more accurate set of V and L estimates was

obtained from Remote Sensing Systems of Santa Rosa, California. The Remote

Sensing Systems V and L estimates are based on brightness temperature measurements

from the SSMII (Special Sensor Microwave Imager) insirument on board the DMSP

(Defense Meteorological Satellite Program) FlO satellite which was in operation during

the one year period covered by this study. Before any analysis could be attempted,

acceptable data from the TOPEX altimeter and the DMSP FlO SSM.1I had to be identified

and collocated. Chapter 3 describes this preparatory work. It begins by characterizing

the satellites, sensors, and data products involved and then summarizes the collocation

criteria. The chapter concludes with discussions of various edits imposed to improve

data quality.

Validation of the TOPEX Ku-band wet atmospheric attenuation correction is

carried out in Chapter 4. The development of the TOPEX-measured YOk model is

described, and the resulting attenuation coefficients, avz and alz, are compared with the

TOPEX GDR values. The dependence of the Ok model errors on various geophysical

quantities are then examined. Systematic errors are generally small, but problems

associated with low sea surface temperatures, very high sea surface temperatures, low

V, and high o are indicated. In an effort to improve the estimates of avz and alz,

various ad hoc corrections are added to the Ok model to remove the systematic errors

associated with sea surface temperature and V. Chapter 4 goes on to discuss possible



sources of the observed systematic errors. The most serious errors occur at low values

of sea surface temperature. These errors are almost certainly due to differences in the

temperature dependence of Ku-band and C-band sea surface reflectivities and thus do

not involve the wet atmospheric attenuation correction. The errors at very high sea

surface temperature are found to be partly due to the use of climatological rather than

coincident sea surface temperatures. The sources of the remaining systematic errors at

very high sea surface temperature and at low values of V cannot be identified with

certainty. For this reason, the possibility remains that the TOPEX wet atmospheric

attenuation correction under test might have contributed to these errors.

The validation performed in Chapter 4 utilized the Remote Sensing Systems

quality estimates of V and L derived from DMSP FlO SSMJI brightness temperature

measurements. However, if attenuation corrections are to be applied to all TOPEX

altimeter measurements of (instead of just the data which happen to collocate with

the F 10 S SM/I measurements), estimates of V and L based on the TMR measurements

must be used. Chapter 5 uses the collocated data to examine the quality of the TOPEX

GDR V and L retrievals through comparison with the SSMII-based estimates. This

analysis indicates that the collocated TOPEX GDR V and SSMJI V are in good

agreement. However, comparisons of the collocated TOPEX GDR L and SSMII L2

reveal large rms errors in general and large systematic errors for low amounts of cloud

liquid.

The problems exhibited by the TOPEX GDR estimates of L motivated the

development and testing of new TOPEX L algorithms. Chapter 6 describes how these

new algorithms were determined through regression analysis using estimates of FlO

SSMJI cloud liquid collocated with TOPEX (TMR) brightness temperatures. L

algorithms based solely on the 'TMR brightness temperatures are obtained for a number

of simple functional forms. Evaluations of these algorithms reveal the presence of
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systematic errors with respect to both aoc (i.e., wind speed) and sea surface temperature

in all cases. Alternate cloud liquid algorithms which incorporate corrections for these

errors are then presented. Four such L algorithms are shown to provide better

performance than the TOPEX GDR L algorithm.
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CHAPTER 2 BACKGROUND

This chapter draws heavily from Stewart (1985) and Ulaby et al. (1981).

Section 2.1 discusses the calculation of r for the sea surface and the modification of the

calculation to account for the presence of the atmosphere. Section 2.2 then presents

simple atmospheric model calculations which demonstrate the relative insensitivity of

C-band radar to atmospheric attenuation by water vapor and cloud liquid water. This

result will be used in Chapter 4 to develop a model for TOPEX Ku-band cYç3.

addition, Section 2.2 demonstrates how global mean relationships between attenuation

and vertically-integrated quantities (i.e., colunmar water vapor and columnar cloud

liquid) might differ from relationships obtained under a limited set of environmental

conditions. Finally, Section 2.3 describes how other investigators have addressed the

problem of estimating Ku-band atmospheric attenuation.

2.1 a, and Atmospheric Attenuation

For nadir-looking satellite altimeters, one can idealize the ocean surface as a

collection of specularly reflecting facets (Stewart, 1985). Most of these facets will lie

flat under cain-i (low wind) conditions so that a vertically incident radar pulse will be

reflected back towards the transmitting satellite. As wind speed increases, the sea

surface roughens, i.e., more and more of the facets become tilted. This causes less and

less of the radar signal to be reflected back towards the satellite. Consequently, the

power returned to the satellite altimeter decreases with increasing wind speed.

The normalized radar backscatter cross-section, , depends on the fraction of

the transmitted radar pulse returned to the satellite. From the radar equation (Stewart,

1985), the relationship between and the return power is



where

12

(4ir)3h4 pr

G2X2A
(2.1)

h = height of altimeter above nadir point Em]

G = antenna gain

= radar wavelength [ml

A = area of sea surface contributing to received power [m2]

= received radar power [W]

= transmitted radar power [WI.

As it stands, the a defined by Equation 2.1 is a "top-of-the-atmosphere" quantity which

includes both surface and atmospheric effects. This top-of-the-atmosphere c is often

interpreted strictly as "surface" a0. This can lead to inaccurate estimates of surface a0.

To obtain the true aj of the sea surface, we must modify Equation 2.1 to compensate for

the presence of the atmosphere.

Before proceeding, it must be noted that, unlike most atmospheric constituents,

rain can sometimes produce a net enhancement of the altimeter return signal (Guymer et

al., 1995). This could occur, for example, if the raindrops produced significant
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backscatter of the radar signal within the altimeter range window or if the raindrops

caused damping of the sea surface roughness. The following discussion assumes a

nonraining atmosphere. This allows us to approach the atmospheric modification of the

altimeter signal strictly in terms of attenuation.

Consider a radar signal propagating along an atmospheric path as shown in

Figure 2.1. Let P1 be the return power which would be measured at the satellite if there

was no atmospheric attenuation and P be the measured return power in the presence of

atmospheric attenuation. These two quantities obey a Beer's Law relation of the form

where

R

25 K(s) ds

= Pr rC (2.2)

K = atmospheric volume attenuation coefficient [knr1 or nepers/kin]

s = distance along the radar path measured from the sea surface [1cm]

R = radar range [1cm],

and the factor of 2 provides for the two-way path of the radar signal (Stephens, 1994).

Often the volume attenuation coefficient is expressed in units of decibels per km

(dB/km). This version of the attenuation coefficient will be refeffed to as a and is
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Figure 2.1 Geometry for atmospheric attenuation calculations.
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related to the attenuation coefficient in km-1 by (Ulaby et al., 1981)

ri
a - = 4 34 K

Lknj
fk&' ornepersikmj. (2.3)

Assuming that the horizontal variation of the attenuation coefficient is negligible,

Equation 2.2 can be written in terms of the vertical height z and the radar incidence angle

0:

-2 sec ejic(z) dz
Pc=Pe 0 (2.4)

where H is the effective height of the atmosphere. Since 8 is essentially 0 for the

altimeter, the secO term will be omitted in the remaining discussion. The quantity

JK(z)dz

is called the zenith opacity or optical thickness, t, of the atmosphere (Ulaby et al.,

1981). The zenith opacity is dimensionless and can be expressed in dimensionless

"units" of nepers or dB. Here, 'r will be used to represent the zenith opacity in nepers,

and ¶1dB] will be used to represent the zenith opacity in dB:

H
= 'r[nepers] =

5 K(z) dz =
5a(z) dz = 0.230 z[dB]. (2.5)

0 4.34
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The two-way transmittance, t2, of the atmosphere is defined as (Stewart, 1985)

r. 2v
(2.6)

t2 can take on values ranging from 0 (total attenuation) to 1 (no attenuation) and can be

expressed in units of decibels such that

t2 [dB]=10 log t2 = 8.68 t. (2.7)

Taking into account atmospheric attenuation, the actual a of the sea surface is

obtained by rewriting Equation 2.1 as (Ulaby et al., 1981)

(4it)3h4 pç
c0 surface

G2?2A t2 Pt
(2.8)

Due to its large dynarmc range, a is often expressed in decibels. Converting to these

units, we obtain

O suriace[] = 101og0 surface

i
(4it)3h P'

lOb rg[
G2X2A t, Pt]

r(4)3h4 p' 1
=101ogI ., _Lj101ogt2. (2.9)

[GX2A Pt]
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Thus, to obtain the surface c in dB, the atmospheric correction term (-10 log t2), which

is the focus of this report, is simply added to the measured (top-of-the-atmosphere) cj

indB. Letting

[(4m)h
o meas['] = 10 log1

[G2X2A Pt],
(2.10)

Equation 2.9 can be rewritten as

o suriace[1BI = o meas[I t2[dB]

= a0 meas[1BH 8.68t

H
=aomeas[]+2fa(z)th, (2.11)

0

showing how the atmospheric correction depends on the vertical profile of the

atmospheric attenuation coefficient. In what follows, unless otherwise noted, aj will be

used to denote the backseatter coefficient in decibel units, and the units specifier will be

omitted.

The constituents of the atmosphere that attenuate altimeter signals are oxygen,

water vapor, and liquid water in the form of clouds and rain (Ulaby et al., 1981;

Stewart, 1985; Moore et al., 1982). Altimeter measurements obtained under raining

conditions are complicated by the possibility of enhanced backscatter and the fact that

moderate or heavy rain can distort the altimeter return waveform (e.g.. Guymer et al.,

1995; Quartly, 1997). At present, correction of surface a0 for the various rain effects is

not feasible, and, consequently, the small percentage of altimeter a0 data obtained under



raining conditions are usually excluded.2 Assuming rainy data have been excluded, the

attenuation coefficient due to the atmosphere is given by the sum of the attenuation

coefficients for oxygen, water vapor, and cloud liquid water (Stewart, 1985),

a(z)=a0(z)+a(z)+a(z) . (2.12)

Cloud droplet radii are generally less than about 0.01 cm. Consequently, at the TOPEX

altimeter wavelengths of 5.7 cm (f = 5.3 0Hz) and 2.2 cm (f = 13.6 GHz), the

attenuation by cloud droplets is due overwhelmingly to absorption instead of scattering

(Ulaby et al., 1981). Thus, the volume attenuation coefficient for clouds is

approximately equal to the volume absorption coefficient. For this reason, all three

attenuation coefficients in Equation 2.12 can also be referred to as absorption

coefficients.

2.2 Atmospheric Attenuation at TOPEX Altimeter Frequencies

To demonstrate how absorption by the atmosphere might affect TOPEX altimeter

we will look at model predictions of two-way atmospheric attenuation at Ku-band

(13.6 0Hz) and C-band (5.3 0Hz). The total two-way attenuation (i.e., the

atmospheric c correction in Eqn. 2.11) is given by

2 Using rain gauge data, Jones and Sims (1978) determined rainfall statistics which
suggest that typical maritime climates exceed a threshold rainfall rate of 0.25 nmi/hr
about 5% of the time.
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H
ATOT =25a(z)dz

0

H H H
= 2Sa0(z)dz+2Ja(z)dz+2fa(z)dz

o 0
(2.13)

A0+A+A dB,

where ATOT is equal to twice the zenith opacity. A0, A, and A will be refeffed to as

the total two-way attenuation components for atmospheric oxygen, water vapor, and

cloud liquid water, respectively.

2.2.1 Oxygen absorption model

Oxygen absorption at microwave frequencies arises from a complex of rotational

lines centered near 60 GHz plus a single line at 118 GHz (Waters, 1976). In the lower

atmosphere, pressure broadening of the lines causes the 60 GHz complex, which

stretches from about 50 to 70 GHz, to be smeared into an absorption band. The simple

oxygen absorption model used here is taken from Ulaby et aL (1981).

For frequencies below 45 GHz, the contribution of the 118 GHz line to the

absorption can be ignored, and the absorption coefficient can be approximated by

(Ulabyetal., 1981)

c0(f)=1.1x102 f2 (_P 300" 1 i 1 1

ioi3)(TJ
L

-f)2 +y2 + f2 ±y2j dB/km, (2.14)

where



f = frequency [GHz]

P = atmospheric pressure [mbar]

T = atmospheric temperature [K]

fo = 60GHz.

The Iinewidth parameter, y, is obtained using (Meeks and Lilley, 1963)

where

20

P \(3QQ\O85
1 10 (1O13XTJ

GHz, (2.15)

0.59 P333mbar
0.59 {i +3.lx 10 (333_P)] 25 P 333 mbar (2.16)

1.18 P25mbar.

The caiculations performed in this section used vertical profile models of atmospheric

temperature and pressure presented in Ulaby et al. (1981). Temperature at a height z (in

kilometers) above sea level was assumed to have the form

TFz 0zllkm
T(z)= T(11) llkmz2Okm (2,17)

T(11)+(z-20) 2Okmz32km,
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where T is the surface temperature in kelvins, F is the temperature lapse rate, and T(1 1)

(= T F 11) is the atmosphenc temperature at z = 11 km. The present calculations

assumed F' = 6.5 K knr1 as suggested by the 1962 U. S. Standard Atmosphere (Ulaby

et aL, 1981). The pressure profile of the dry atmosphere was modeled as a decreasing

exponential:

z

P(z) = P0 e (2.18)

where P0 is the sea-level pressure and H3 is the pressure scale height. H3 was set to a

value of 7.7 km, again suggested by the 1962 U. S. Standard Atmosphere (Ulaby et al.,

1981). To obtain the total two-way attenuation due to oxygen, absorption coefficients

were calculated at intervals of 0.3 km for the altitude range of 0 to 30 km. The

tabulated values of cç were then numerically integrated, and the result was multiplied by

2 to get the total two-way oxygen attenuation component, A0. Plots of model A,3 versus

surface temperature and versus surface pressure are shown in Figures 2.2a and 2.2b,

respectively. Figure 2.2c shows the percent difference between A, at 5.3 GHz and A0

at 13.6 GHz versus surface temperature and pressure. All plots suggest that the

relationship between the oxygen attenuation components at the two frequencies is

roughly constant, A0(13.6 GHz) being just under 8% larger than A0(5.3 GHz) over a

wide range of surface conditions.

2.2.2 Water vapor absorption model

In this section, atmospheric water vapor absorption at 5.3 and 13.6 GHz will be

examined using the Millimeter-wave Propagation Model (MPM) of Liebe (1989). The

Liebe model incorporates data for 30 water vapor lines below 1000 GBIz (the lowest line
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versus surface pressure and surface temperature.
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occurring at 22.235 GHz) as well as an empirically-derived "continuum" term to cover

any residual absorption. Liebe's water vapor absorption coefficient has the form

[30 3

a(f) = 0.1820 fl (Sk F"(f)k)+ 1x10) ef(be + bfp)j dB / 1cm, (2.19)
Lk=1

where

f = frequency [GHz]

k = line index, ranging from 1 to 30 corresponding to frequencies
between 22.235 and 987.927 GHz

Sk = line strength for kth line [kHz]

F"(f)k = imaginary part of complex shape function for kth line [Gill1]

T = temperature [K]

e = partial pressure of water vapor [kPa} (1 kPa = 10 mbar)

p = partial pressure of dry air [kPa}

3QQ\7.5

b8 = 3.57
(-i-J

bf = 0.113



The line strength, Sk, is calculated using the relation

300\ [b2(k(l-i'1sk=bl(k)eV(f-) exp
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(2.20)

with the spectroscopic parameters b1(k) and b2(k) provided in Liebe (1989). The

imaginary part of the complex shape function is given by

F"(f)k '(k) [(vo(k)_f +y(k)2 (v0(k)+f)2
, (2.21)

where v0(k) is the line center frequency of the kth line. The pressure-broadened

linewidth, Yv' is specified by

(
30b4(k)

300 b6(k)'\
= lx io b3(k) p (_-) + b5(k) e () J,

(2.22)

where, again, the spectroscopic parameters b3(k), b4(k), b5(k), and b6(k) are provided

in Liebe (1989).

In these calculations, the same dry air model was used as in Section 2.2. 1 with

the dry air surface pressure fixed at P0 = 1013 mbar. It was assumed that the water

vapor density, p., in gfm3, decreases exponentially with height such that

Reducing the vertical interval in the water vapor model calculations from 0.3 km to
0.1 km gave essentially the same results. In the interest of computer time, the larger
interval was generally used.



z

Pv(z)P0e g/m3
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(2.23)

where Po is the surface water vapor density and H4 is the water vapor scale height

(Ulaby et al., 1981). Typical values for H4 run between 2.0 and 2.5 km. In the present

analysis, H4 was set equal to 2.0 km. The partial pressure of water vapor, e, was

calculated using e = (p,, T)I(2166.9), following Liebe (1989).

The columnar water vapor, V, is defined as the mass of water vapor per unit

area in a vertical column of atmosphere (Tilaby et al., 1986; Wentz, 1997). V is

calculated using the equation

Vz fpv(z)dz
I)g/ m, (2.24)

where p,, is in gJm3 and z is in meters Substituting Equation 2.23 into Equation 2.24,

yields

V=p0H4 g/m2, (2.25)

where Po is in g/m3, H4 is in meters, and H >> H4. Equivalentiy, V can be expressed

as the depth of water obtained if all of the water in the column was condensed into liquid

form,
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H

fpv(z)dZ

V - meters, (2.26)
pw

where p is the density of water in g/m3. In this report, V will be given as a liquid

depth in cm (1 cm of integrated water vapor is equivalent to 1 g/cm2).

Using the same procedure as for oxygen attenuation, absorption coefficients

were calculated and then integrated with respect to height to obtain the zenith opacity.

This was then multiplied by two to obtain the total two-way water vapor attenuation, A,

as a function of frequency, columnar water vapor, and surface temperature. The results

of these calculations for surface temperatures ranging from 273 to 303 K are shown in

Figure 2.3. Figure 2.3a presents plots of A versus V for both 5.3 and 13.6 GHz.

Total two-way water vapor attenuation is clearly larger at 13.6 GHz. For a given

surface temperature, the relationship between the model A and V is pied cted

reasonably well by a second degree polynomial. Figure 2.3b presents a plot of the ratio

of the attenuation at 5.3 GHz to the attenuation at 13.6 GHz. For the surface

temperatures shown, the ratios range from about 0.100 to 0.125, so that the water vapor

attenuation at 13.6 GHz is roughly 8 to 10 times larger than at 5.3 (3Hz. Although

actual water vapor distributions can deviate significantly from the simple exponential

behavior assumed here, the conclusion that water vapor attenuation at 13.6 (3Hz is much

larger than at 5.3 GHz remains valid.

Use of a simple, global model for A as a function of V will inevitably sacrifice

accuracy for convenience. Looking at Figure 2.3a, it appears that adopting a single

curve to represent the A versus V relationship would be inappropriate. However, the

approach can be justified on the grounds that V is strongly correlated with sea surface
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temperature (e.g., Jackson and Stephens, 1995). Because of this, it seems likely that

only certain portions of each of the curves in Figure 2.3a will predominate in nature.

With this in mind, rough calculations were performed to demonstrate what the global

mean A versus V curve might look like. These calculations employed a globally

representative data set consisting of 309,542 coincident pairs of SSMII-measured V and

cimatological sea surface temperature (T5). For each V,T5 pair, A was calculated at

both 5.3 and 13.6 GHz assuming the same atmospheric model used to produce Figure

2.3. The resulting A(5.3 GHz) and A(13.6 GHz) values were collected in 0.24 cm

wide bins with respect to V, and the means and standard deviations of A(5.3 GHz)

and A(13.6 GHz) within each bin were calculated. The resulting global means and

standard deviations of A(5.3 GHz) and A(13.6 GHz) as a function of V are shown

in Figure 2.4a. Note that, although the model relationship depicted in Figure 2.3a

shows a strong quadratic dependence, the global mean relationship between two-way

atmospheric water vapor attenuation and V is nearly linear. Note also the relatively

small standard deviations. This can be attributed to the strong correlation between V

and sea surface temperature. Linear and quadratic fits to the curves shown in Figure

2.4a give the following:

5.3 GHz linear: A =0.0O36V

quadratic: A =0.0028V +0.00O14.V
13.6 GHz linear: A =Q.O32V1

quadratic:A = O.027V1 +0.00093V

(2.27)

Plots of the fitted curves are shown in Figures 2.4b,c. Clearly, the quadratic models

provide better fits than the linear models at both frequencies. However, the differences



0
0
>

0.20

ri

0.15

0

(U

. 0.10
0
E
>.
(U

dj 0.05

(U-
0

0.00
0 1 2 3 4 5 6 7

Vz (cm)

31

Figure 2.4a Mean and standard deviation of model total two-way water vapor
attenuation versus V at 5.3 and 13.6 GHz based on global set of V and cimatological
sea surface temperature data.
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between the quadratic and linear models are relatively small. For the 13.6 GHz models,

the difference is everywhere less than or equal to -0.01 dB.

2.2.3 Cloud liquid absorption model

Since cloud droplets are typically less than 100 microns in radius, much smaller

than the TOPEX altimeter wavelengths, absorption can be calculated using the Rayleigh

approximation instead of the full Mie approach (TJlaby et al., 1981). Following Ulaby

et al. (1981), the cloud liquid water absorption coefficient can be written as the product

of two terms

a=aip dB/kin, (2.28)

where P is the cloud water content in gJm3. a1 is the attenuation coefficient for a water

content of 1 g/m3 and is given by

cti=0.434 Im{Kj dBknf1g'm3, (2.29)

where X is the wavelength and KC is defined in terms of the complex index of

refraction, n, as = (n2-1)I(n24-2). Instead of evaluating the imaginary part of K,

the calculations presented here use an empirical approximation for CL1 due to Benoit

(1968), which for water clouds and fog is

a1 fa1 exp[a2(1 + a3T)} dB lcmt g in3, (2.30)



34

where f is the frequency in 0HZ, T is the cloud temperature in °C, and the "a" constants

are

a1 =1.95

a2 = 6.866

a3 = 0.0045 'C1

(2.31)

Assuming an idealized homogeneous cloud slab with droplet temperature T and

thickness z (in kin), Equations 2.28 and 2.30 allow calculation of the two-way cloud

attenuation at a given frequency,

A(f) = 2 a1(f) z dB, (2.32)

where p is the density of cloud liquid in g/m3.

The columnar cloud liquid water or vertically-integrated cloud liquid water path,

L, is defined as the mass of cloud liquid water per unit area in a vertical column of

atmosphere (Ulaby et al., 1986; Wentz, 1997). L is calculated using

L = Jp(z) dz (2.33)

For our idealized cloud slab of thickness z<, where is a constant within the cloud and

zero elsewhere,

L[g/m2] = 1000[m/km} p[g/m3} zdkm]. (2.34)



We saw in Section 2.2.2 that V could be expressed either as a mass of water per unit

area or as a water depth. The same holds true for L. In this report, L will be written

as a liquid depth in units of microns (1 micron of liquid water is equivalent to I gIm2).

Assuming a water density (p) of 1x106 g/m3, Equation 2.34 can be rewritten as

lx 106[microns/m] 1000[m/km} p[g/m3] z[km]
L2lrnicronsl =

ixio6[g/m3

= J_microns

]
pc[g/m3] z[km]

(2.35)

[km g/m3

In terms of the columnar cloud liquid water, L,Equation 2.32 becomes

(LA(f)=2 a1(f) p z =2 ct1(f) dB, (2.36)

where L is in microns.

From Equation 2.30, it is clear that the ratio of attenuation at 5.3 GHz to the

attenuation at 13.6 GHz is simply (5.3/13.6)'95 = 0.1592. Thus, at 13.6 GHz there

is roughly 6.3 times more attenuation than at 5.3 GHz. Figure 2.5 shows total two-

way attenuation due to cloud liquid water at the two TOPEX altimeter frequencies as a

function of Lfor cloud droplet temperatures ranging from -20 to +20 C. For a fixed

frequency and cloud droplet temperature, Equation 2.36 dictates that A is simply a

linear function of L. For either 5.3 or 13.6 GHz, Figure 2.5 reveals a large

temperature dependence in the slopes, which vary by about a factor of 3 for the

temperature range shown.
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As in the case of water vapor attenuation, one can seek a simple, global

parameteriation of A in terms of L. Again, accuracy is sacrificed for convenience.

For demonstration purposes, calculations were performed to generate a crude plot of A

versus L based on the Benoit formula. Lacking actual measurements of cloud

temperature, calculations were performed using a globally representative data set

consisting of 326,467 coincident pairs of SSMII-measured L2 and climatological sea

surface temperature (T5) with the assumption, as in Greenwald et al. (1992), that the

mean cloud temperature, T, could be estimated from the sea surface temperature using

T = T3.-8 'C. The inaccuracy of this assumption is discussed in Lin and Rossow

(1994), where a comparison is made with cloud top temperatures taken from ISCCP

(International Satellite Cloud Climatology Project) data. Un and Rossow (1994) find

that for regions with warm, non-precipitating clouds the two temperatures are similar,

while in storm regions, especially the Intertropical Convergence Zone (ITCZ),

differences can reach 25 'C. What is more important is the difference between the

T=T-8 'C value and the best effective temperature for relating cloud radiance (and/or

attenuation) and L. Lin and Rossow (1994) suggest that use of T-8 'C as the effective

cloud temperature in the microwave-based L model of Greenwald et al. (1992) leads to

a high bias in estimated L2 for tropical clouds and to a smaller low bias in estimated L
for "higher-latitude' clouds.

Given estimates of L and T (= T-8 'C) for each record in the global data set,

Equations 2.30 and 2.36 were used to calculate total two-way attenuations,

A(5.3 GHz) and A(13.6 GHz). For each frequency, the A. values were then binned

with respect to L (bin width = 12 microns), and means and standard deviations were

calculated within each bin. The resulting global means and standard deviations of A as

a function of L are shown in Figure 2.6a. Comparing Figures 2.4a and 2.6a, it is

obvious that the standard deviations are relatively large for cloud liquid water
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attenuation. The small standard deviations observed in the global relationship

(Figure 2.4a) can be attributed to the strong correlation between V and sea surface

temperature. There is no similarly strong correlation between L2 and mean cloud

temperature (see, for example, Curry et al., 1990). Linear and quadratic fits to the

curves shown in Figure 2.6a give the following (see Figures 2.6b,c):

5.3 GHz linear: A =0.000043L

quadratic: A =0.000O42L +4.1x109 L
(237)

13.6 GHz linear: A = O.00027L

quadratic: A = 0.00026 L + 2.5 x 1O . L

For both frequencies, the linear fit appears to be adequate, and the inclusion of a

quadratic term offers no improvement.

2.3 Previous Global Ku-band Attenuation Models

Lacking vertical profiles of the quantities required by atmospheric absorption

models such as employed in the previous sections, investigators have sought alternate

means of removing atmospheric attenuation effects from satellite measurements. This

section examines the alternate models which have been put forward by Wentz (1994a),

Wentz(1983), Wentz et al. (1986), and Keihm (1993). The Ku-band cloud attenuation

correction for ERS-1 , as presented in Guymer et al. (1995), is also discussed.

2.3.1 Background information on the models

Wentz (1994a) used a global collection of 42,195 radiosonde profiles in

combination with oxygen and water vapor absorption coefficients from Liebe (1985) to

deduce simple global models for oxygen and water vapor attenuation at 13.4 GHz. In
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the case of cloud liquid water attenuation, Wentz (1983) created an ensemble of 609

atmospheric profiles derived from radiosonde measurements and surface observations of

cloud type and coverage. Using the Rayleigh approximation in his cloud droplet

calculations, he obtained simple cloud attenuation models at the SMIvIR frequencies

(6.6, 10.7, 18, 21, and 37 GHz). These cloud attenuation models were subsequently

adapted for use in Wentz et al. (1986).

Keihm (1993) presented expressions for atmospheric attenuation based on a

different global set of radiosonde profiles in combination with a database of monthly

averaged sea surface temperature and wind speed. The model is briefly described in

Keihm (1993) and incorrectly specified in the TOPEX GDR Users Handbook

(Callahan, 1993), but the actual model coefficients presented here are taken directly from

the computer code used to generate the TOPEX GDR quantity "Atmos_Sigmao_Corr"

(Callahan, 1994). From what can be ascertained from the literature, the final TOPEX

Atmos_Sigmao_Corr algorithm was derived from a statistical data base which was

generated using: (1) A modified version of the Liebe, Rosenkranz and Hufford (LRH)

(1992) oxygen absorption model, where the modification involves simply increasing the

LRH absorption by 7% (Keihm et al., 1995). (2) A modified version of the Liebe arid

Layton (1987) water vapor absorption model. The modification involves a 3% increase

in the Liebe and Layton model line strength (Ruf et al., 1994). (3) The Liebe and

Layton (1987) liquid droplet absorption model which is based on the Rayleigh

approximation (Keihm et al., 1995).

2.3.2 Global oxygen attenuation models

At 13.4 GHz, Wentz (1994a) found that on a global scale the total or path-

integrated atmospheric oxygen attenuation is roughly constant except for a small air



temperature dependence. In terms of two-way attenuation in dB, Wentz's oxygen

attenuation model can be written as

221. 667
A0 (13.4 GHz)= dB, (2.38)Wc,tj

1a

where Ta is obtained from the sea surface temperature T in kelvins using

273+T K. (2.39)Ta
2

Thus, for sea surface temperatures in the range 273-300 K, A0 takes on values

ranging from 0.080 to 0.086 dB.

Keihm (1993, as per Callahan (1994)) uses a constant atmospheric oxygen

attenuation at f = 13.6 GHz of 0.12 dB for the correction of a used in the TOPEX

GDR,

A0 (13.6 GHz)= 0.12 dB.
Kth,,,

(2.40)

Thus, the TOPEX GDR value of A0 is roughly 30% higher than that used by Wentz

(1994a). Sources of the disagreement could include differences between the Liebe

(1985) and LRH (1992) models, the 7% increase in absorption strength applied to the

LRH model, differences in analysis, and/or differences in the model-generating data

sets.
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2.3.3 Global water vapor attenuation models

Wentz (1994a) found that on a global scale the total atmospheric water vapor

attenuation at 13.4 GHz is approximately proportional to V with a small additional

quadratic dependence. In terms of two-way attenuation in dB, Wentz's relationship can

be written as

A(13.4 GHz) = O.03214 V + 0.0004343. V dB, (2.41)

where V is in cm.

Keihm (1993, as per Callahan (1994)) modeled the water vapor two-way

attenuation as strictly linear in V for the TOPEX GDR processing4:

A (13.6 GHz) = 0.0296. V dB, (2.42)

where again V is in cm.

The two water vapor attenuation models are compared in Figure 2.7 for the

typical global range of V values. Considering that the two attenuation models are

derived from different water vapor absorption models and different data bases, the

estimated water vapor attenuations are quite similar, although the Wentz (1994a)

estimates are systematically larger than the Keihm (1993) estimates and at the extreme V

value of 7 cm the difference reaches nearly 16%.

Coefficient obtained assuming conversion factor from water vapor path delay to V of
6.2. Use of a larger conversion factor would result in a slightly larger value of AVXh.

This is discussed further in chapter 5..
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2.3.4 Global cloud liquid water attenuation models

For cloud liquid water attenuation at the SMvIR frequencies, Wentz (1983) and

Wentz Ct al. (1986) found that globally the total cloud attenuation was proportional to

L,

A (f)=alz(f).L
Wc,,tZ

(2.43)

In the 1983 paper, Wentz included a cloud temperature dependence in the A versus

relation. However, in Went.z et al. (1986), the cloud temperature dependence was

omitted due to the large uncertainties associated with cloud temperature profiles. The

values of alz(f) adopted in Wentz et al. (1986), expressed here as two-way absorptions

in dB/micron, are shown in Table 2 1. Note that, unlike the other entries in Table 2.1,

frequency
(GHz)

alz
(dBfmicron)

6.6 0.00006775
10.7 0.0001737

18 0.0004882
21 0.0006436
37 0.001416

Table 2.1 Two-way cloud liquid absorption coefficients derived from Wentz et al.
(1986).

the 37 GHz value of alz is not the Rayleigh value (= 0.001932 dB/micron).

Comparison of L estimates obtained using SMMR 18 GHz data and L estimates

obtained using SMMR 37 GHz data indicated that the Rayleigh value of alz at 37 GHz



was too large. Consequently, a reduced value was determined using an iterative

procedure (Wentz et al., 1986). Wentz et al. are uncertain why a reduced value of aiz is

needed at 37 GHz but offer various possible explanations, including the neglect of Mie

scattering in their 37 GRz brightness temperature model and the presence of rain cells

small in comparison to the resolution of the SMIvIR data (150 kin). Linearly

interpolating between the values of alz at 10.7 and 18 GHz in Table 2.1 yields the

following approximation for the attenuation at 13.6 GHz:

Ac (13.6 GHz) = 0.000299. L2 dB, (2.44)

where L is in microns.

Keihm (1993) also chose a simple linear model for cloud liquid water attenuation

at 13.6 GHz. That model can be written as (Callahan, 1994)

A(13.6 GHz)=0.000286L dB, (2.45)

where again L is in microns. The Wentz et al. (1986) and Keihm (1993) models are

quite similar. Estimates of A made using these two models differ by only about 4%.

A different global cloud liquid attenuation model has been used to conect the

Ku-band (13.8 GHz) a measured by the ERS-1 altimeter. This correction, as

described in Guymer et al. (1995), was used in the OPRO2 data product provided by the

French Processing and Archiving Facility. The attenuation correction is given by

A (13.8 GHz) =0.00012. L dB, (2.46)
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where L is in microns. The coefficient in the ERS-1 cloud liquid attenuation model is

less than half the size of the coefficients in the Wentz et aL (1986) and Keihm (1993)

models (Eqs. 2.44 and 2.45). The cause of this disagreement is unknown;

2.3.5 TOPEX GDR total atmospheric attenuation correction

In what follows, we will refer to the Keihm (1993) coefficients used to calculate

the 13.6 GHz total two-way water vapor and cloud liquid attenuations in the TOPEX

GDR as the "GDR" values, i.e.,

avzGDR = 0.0296 dB/cm (water vapor),
(2.47)

alzGDR = 0.000286 dB/micron (cloud liquid water).

Collecting the three attenuation terms from Equations 2.40, 2.42, and 2.45, we see that

the TOPEX GDR (Keihm (1993)) atmospheric attenuation coffection is given by

ATOT = A0 + A + AVK,Kbo,

(2.48)

= 0.12 + avzGDR V + aIZGDR L dB.
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CHAPTER 3 DATA

The main goal of the present study is the validation of the TOPEX GDR

atmospheric water attenuation correction for Ku-band 0 (ok). As seen in Chapter 2,

this correction assumes that (to within a constant) the difference between the "top of the

atmosphere" 0k and the surface cr is equal to a linear combination of the columnar

water vapor (Vi) and the columnar cloud liquid water (Li) (Eqn. 2.48). Validation of

this TOPEX GDR attenuation correction required coincident estimates of top-of-the-

atmosphere Ok' surface Ok (to within a constant), V, and L. The top-of-the-

atmosphere 0k was immediately available as the measured value of TOPEX cNOk.

Surface ok (to within a constant) could be estimated from the measured value of

TOPEX C-band ø () in a manner to be described in Chapter 4. Although estimates

of V and L could be calculated from TOPEX GDR quantities, analysis of the resulting

TOPEX GDR L2 retrievals revealed unacceptably large systematic errors (discussed in

Chapters 5 and 6). For this reason, the validation was carried out using coincident high-

quality estimates of V and L based on brightness temperature measurements from the

SSMII sensor on board the DMSP FlO satellite. The sections which follow describe the

TOPEX and SSMJI data sets and the modifications and editing required for their use.

3.1 TOPEX Data

3.1.1 Satellite and sensor descriptions

The TOPEXIPoseidon satellite (Figure 3.1) was launched on August 10, 1992

and began operational data-taking on September 23, 1992 (Fu et al., 1994). The

mission is a cooperative effort of NASA and the French space agency, Centre National

d'Etudes Spatiales (CNES). The mission's primary goal is to provide global sea surface
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topography measurements for use in ocean circulation studies. The satellite orbits at an

altitude of 1336 km with an inclination of 66 and has an orbital repeat cycle of roughly

10 days. The satellite's payload includes the dual-frequency NASA radar altimeter

(NRA), the single-frequency (13.65 G1{z) CNES solid-state altimeter (SSALT), and the

TOPEX Microwave Radiometer (TMR).

The NASA altimeter, which makes both Ku-band (13.6 GHz) and C-band

(5.3 0Hz) measurements, is the first dual-frequency altimeter to fly in space (Fu et al.,

1994). The inclusion of the C-band measurement allows correction of the propagation

delay due to ionospheric free electrons. Both Ku-band and C-band units operate

simultaneously using the same 1.5 meter diameter parabolic antenna with a pulse-limited

surface footprint of a few kilometers. In addition to providing sea surface height

estimates, the altimeter measurements also yield significant wave height and CT0.

The TOPEX radiometer (TMR) was built from a backup SMIvIR flight

instrument left unused after the Seasat and Nimbus programs (Ruf et al., 1995).

Extensive modifications to the SMMR instrument were prompted by the TOPEX

mission requirements and the experience gained from previous SMtVIR flights. The

antenna scanning mechanism was removed since TMR would only be used for nadir

viewing, coincident with the altimeter footprint. The SMv1R employed six Dicke-type

radiometers: one each for the 37 0Hz horizontal-polarization (h-pol) and vertical-

polarization (v-pol) and one radiometer capable of switching between polarizations for

each of the four lower frequencies (6.6, 10.7, 18, and 21 0Hz). In the TMR, the 6.6

and 10.7 GHz radiometers were removed. Further, since there is no distinction

between h-pol and v-pol at nadir, the 18 GHz radiometer was set permanently in the

h-pol mode, and the 37 0Hz v-pol radiometer was removed. Unlike the SMMR in

which the 21 0Hz h-pol and v-pol channels shared a single radiometer, the TM.R uses a

separate radiometer for each. The 21 GHz v-pol radiometer functions as a backup.
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The main purpose of the TMR is to supply the water vapor path correction for

the altimeter signal. The 21 GHz channel provides the primary water vapor brightness

temperature measurement while the 18 GHz and 37 0Hz channels are used to correct

the 21 GHz measurement for wind and cloud effects, respectively. All three channels

share a single 0.79 m diameter antenna yielding surface footprints ranging from 23 km

(37 0Hz) to 43 km (18 GHz) (Ruf et al., 1994). For atmospheric corrections of

TOPEX data, the measured brightness temperatures are smoothed along track to yield a

consistent along-track footprint of 43 km at all three frequencies (Callahan, 1993).

The CNES solid-state altimeter is an experimental unit intended to demonstrate

the feasibility of flying a low-power, low-weight instrument in space (Pu et al., 1994).

It is important in the present context solely because it shares the 1.5 m antenna used by

the NASA dual-frequency altimeter. Because of this, when the SSALT is active, the

NASA altimeter is off-line.

3.1.2 TOPEX GDR and Intermediate Data Files

The TOPEX data used in the present study came directly from the original

TOPEX Geophysical Data Record (GDR) as provided by the Physical Oceanography

Distributed Active Archive Center at JPL. Details of this data package can be found in

the TOPEXJPOSEIDON NASA GDR Users Handbook (Callahan, 1993). The GDR

contents are organized according to repeat cycle (= 9.916 days) and pass (= 1/2

revolution), where there can be up to 254 passes per repeat cycle. At the finest level,

data are organized into one-per-second (-1.065 sec), time-ordered data records or

frames. Each data record includes the sea surface height measurement, height

corrections, measurement location, auxiliary data, and data quality flags. Since the

TOPEX ground track velocity is approximately 5.94 km/see, adjacent data records have

an along track spacing of about 6 kim The TOPEX data considered in this study cover
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roughly 1 year of measurements representing repeat cycles 26 (start date May 29, 1993)

through 61 (start date May 11, 1994). As noted previously, when the CNES SSALT is

active, the NASA dual-frequency altimeter is not operating. The schedule was arranged

such that SSALT is turned on for an entire cycle about every 10 cycles. For this reason,

there was no TOPEX altimeter data for cycles 31 (start date July 17,1993), 41 (start date

October 24, 1993), or 55 (start date March 12, 1994).

Since not all of the information contained in a GDR record was needed in this

study, it was decided in the interest of computing efficiency to form a subset of the data

consisting only of necessaiy information from those GDR records which passed certain

qualifying tests. The refined data were saved in files called Intermediate Data Files.

One Intermediate Data File was produced for each TOPEX repeat cycle, meaning that,

for the time period considered, 33 Intermediate Data Files were produced. For each

qualifying GDR record, a corresponding Intermediate Data File record was created. The

following quantities as defined in the GDR Users Handbook (Callahan, 1993) were

included in each Intermediate Data File record:

Time_Past_Epoch Time elapsed between January 1, 1958 and the measurement.

Latitude Geodetic latitude of the measurement point.

Longitude East longitude of the measurement point.

Sigmao_K Normalized radar scattering cross section CrOk. Resolution is
0.01 dB.

SigmaO_C Normalized radar scattering cross section a. Resolution is
0.01 dB.

Atmos_Sigmao_Corr Atmospheric attenuation correction for Ok Correction is
implemented by adding Atmos_SigmaO_Corr to the measured

o value. Both SigmaO_K and SigniaO_C have had
Atmos_Sigmao_Corr added to them, i.e., both have been
corrected for atmospheric attenuation using the Ku-band
correction. Resolution is 0.01 dB.
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Wet_Tropo_Rad Range correction for wet troposphenc delay for Ku-band.
Resolution is 1 mm.

Iono_Corr Range correction for ionospheric delay for Ku-band.
Resolution is 1 mm.

Tb_18 Brightness temperature, 18 GHz. Resolution is 0.01 K.

Th_21 Brightness temperature, 21 GHz. Resolution is 0.01 K.

Th_37 Brightness temperature, 37 GHz. Resolution is 0.01 K.

Geo Bad 8-bit summary flag where the value (0 or 1) of each bit
represents the status of a particular flag.5 In general, the
convention for TOPEX flags is that

0= test was done and data passed.
1 = data failed or test was not done.

However, bits 5 and 6 of Geo_Bad are an exception to this
convention. The assignment for each bit of Geo_Bad is
shown in Table 3.1.

Alt_Badi 8-bit surruTlary flag where the value (0 or 1) of each bit
represents the status of a particular flag. The assignment for
each bit of Alt_Badl is shown in Table 3.2.

Alt_Bad2 8-bit summaiy flag where the value (0 or 1) of each bit
represents the status of a particular flag. Alt_Bad2 is called
the PAJSS Flag, where PA/SS stands for Pointing
Angle / Sea State. In addition to containing bit flags
pertaining to pointing angle and sea state, Alt_Bad2 bits 5
and 6 indicate whether or not cT or Ok were out of range, a
condition which occurs only rarely. The assignment for each
bit of Alt_B ad2 is shown in Table 3.3.

The TOPEX specifications for Ok and c are 0.25 dB precision and 1.0 dB

accuracy. The precision specification was interpreted by the altimeter builders as

resolution, and, for this reason, the c measurements transmitted by TOPEX are

quantized at the 0.25 dB level (Callahan et al., 1994). Subsequent processing yields

A flag bit will be referred to as being "set" if it has a value of 1. A summary flag will
be referred to as being "set" if it has a value greater than zero.



most signif bit least si2nif bit
7 6 5 4 3 2 1 0

Ice Flag TB TB Ocean Tide Rain/Excess TMR Altimeter Deep Water
g1280 Interpolation Interpolation Flag Liquid Flag Surface Surface Flag
Ono ice Flag Flag g1061 g1257 Flag Flag t7110
1=ice g1256 g1256 O=validtide 0norain/ t7110 t7110 (notdefinedif

1=invahd tide excess liquid O=water O=water bit 1 = 1)
1=rain/ 1=Iand l=land 0=deep
excess liquid 1=shallow

Table 3.1 Geo_Bad bit definitions.



most signif bit least signif bit
7 6 5 4 3 2 1 0

Total Range lono Bad GDR g1071 TFLAG from # of Hi Rate g1071 g1071
Con Flag Sum Flag Compress slope of fit t1068 Waveform point devs. compression
s 1022 g1047 RMS Flag O=good fine track Flags limit from fit 0=fit used
O=Ku and C 0=good g1071 1=slope too EML check O=good 1=median
range corr. ok 1=IonoBad 0=good steep AGC Gate t5135/g1080 1=too many used
1=Ku and/or flags indicate 1=SS_RMS O=good points flagged
C range con. too many threshold 1=too many
error errors exceeded waveforms

flagged

Table 3.2 Alt Badi bit definitions.

UI
Ut



most signif bit least signif bit
7 6 5 4 3 2 1 0

Spare (zero) Ku AGC Con C AGC Con Ku SWH C SWH Con C Range Con Ku Range Spare (zero)
slO4Sor slO4Sor Con s1051 s1037 Con
SigmaO limit Sigma0 limit s1051 O=correction 0=correction s1037
g1050 g1050 0=correction was done was done 0=correction
0=good O=good was done 1=correction 1=correction was done
1=correction 1=correction 1=correction not done not done 1=correction
not done or not done or not done not done
value out of value out of
limit limit

Table 3,3 Alt_Bad2 bit definitions.
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GDR cyr values with a resolution of 0.01 dB. The coarseness of the TOPEX Yi

measurements is unfortunate in the context of studying the relatively small atmospheric

attenuation effect. However, the large volume of data available allowed statistically

meaningful results to be obtained.

As this investigation proceeded, the summary flags, Geo_Bad, Alt_Badi, and

AIt_Bad2, and other criteria were used to limit the data under study. To obtain the

"cleanest" or "fully-edited" data, the GDR Users Handbook (Callahan, 1993) suggests

accepting only GDR data for which the summary flags Geo_Bad, Alt_Badi, and

Alt_Bad2 are all zero (see Tables 3.1-3.3). However, at the level of the Intermediate

Data File, it was felt that the restrictions which defined "fully-edited" data were too

severe. For this reason, the only restrictions placed on data accepted into the

Intermediate Data Files were that (1) the data were not contaminated by land and (2) the

data were acquired while the NASA dual-frequency altimeter was operating in its normal

mode. The first restriction was satisfied by demanding that the Altimeter and

Radiometer Land Flags (Geo_Bad bits 1 and 2) not be set for any data record accepted

into an Intermediate Data File. The second restriction was met by only creating an

Intermediate Data File record if the GDR record quantities Current_.Mode(1) and

Current_Mode(2) were both equal to 15 (Callahan, 1993). For cycles 26 through 61

(excluding cycles 31, 41, and 55), this resulted in roughly 16 million data records being

included in the Intermediate Data Files.

3.1.3 Data Editing Stage 1 - ICE and PA/SS Flags

Once the Intermediate Data Files had been created, procedures were developed to

exclude data of questionable reliability from the study. Such data included records

which were obtained under adverse conditions (for example, in the presence of sateffite

pointing errors or while viewing regions containing sea ice), records containing



unphysical retrievals (such as brightness temperatures outside reasonable limits), and

records which yielded anomalous results in the course of processing. These exclusion

procedures evolved during the investigation and thus follow a historical rather than

singular logic, but they can be conveniently described in terms of the six levels of data

editing which are shown in Figure 3.2: ice/attitude editing, GDR Rain Flag editing,

land/ice masking, SSMIJ-2 rain editing, c0 editing, and L editing. The present section

describes stage one of the editing process. Editing stages two through four will be

presented in Section 3.4, following a description of the SSMJI data in Section 3.2 and a

brief look at the collocation criteria in Section 3.3. Editing stages 5 and 6 varied with

the analysis being performed and will be discussed in the chapters which follow.

In deciding which Intermediate Data File records would be used in the study,

there was concern that useful data might be lost if only the "fully-edited" data (i.e., with

Geo_Bad = Alt_Badi = Alt_Bad2 = 0) were retained. For example, bit 3 of the

summary flag Geo_Bad is the GDR Rain Flag (Callahan, 1993) and is set if the TMR-

derived value of L exceeds 1000 microns.6 Irrespective of the reliability of the TMR

L estimates, it was possible that data with large L would be useful. Excluding all data

with Geo_Bad > 0 would eliminate all of this rain-flagged data. To avoid such

indiscriminate data exclusion, care was taken in the first editing stage to reject only data

which clearly could not be used. All fully-edited data were retained. Shallow water data

which were otherwise unflagged (i.e., Geo_Bad = 1, AltBadl = Alt_B ad2 =0)

6Thioughout this document, "TOPEX GDR L" refers to L as it appeared in the
original GDR as specified in Callahan (1993) and does not take into account later
changes in either the TOPEX L or TOPEX rain flag algorithms.
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were also retained. Thus, all data records with summary flags taking on the values

Geo_Bad 1

Alt_Badl=O (3.1)
Alt_Bad2 = 0

were retained. This data subset will be referred to as "fully-edited/shallow."

The problem was reduced to deciding which of the remaining data, which will be

referred to as "potentially-acceptable" data, would be retained, at least through this first

editing stage. The retention of a given potentially-acceptable data record was decided on

the basis of two tests. The first test led to the exclusion of potentially-acceptable data

contaminated by sea ice. Such ice-contaminated data records were eliminated by

requiring that the Ice Flag (Geo_Bad bit 7) not be set (however, see Section 3.4.2.). In

the second test, all potentially-acceptable data with the summary flag Alt_Bad2 set were

also excluded.

The necessity of the Alt_Bad2 test can be understood by comparing the

histograms of the potentially-acceptable data set with those obtained for the fully-

edited/shallow data set. Typical examples of these histograms are shown in Figure 3.3

for cycle 537 Figure 3.3 reveals an anomalous excess of large (right hand tail)

values in both the C-band and Ku-band distributions for the potentially-acceptable data.

This anomalous excess of data at large ci could not have been caused by the attenuation

effects considered in the present study since atmospheric attenuation causes a shift of

to smaller, rather than larger, values. For this reason, it seemed reasonable to restrict

the potentially-acceptable data such that the right hand tails in the resulting tT

Note that, unless otherwise stated, all TOPEX c0 data presented in this report have
been stripped of the TOPEX GDR AtmosSigmaO_C0IT, which means that the quantity
Atmos_Sigma0_Corr was subtracted from Sigma0_K and SigmaQC.
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distribution plots more closely resembled those obtained for the fully-editedlshallow data

set.

Removal of the anomalous potentially-acceptable data was achieved by screening

the data with an additional GDR flag. This additional flag was chosen by examining the

relationship between the setting of a given GDR flag and the "fractional area" in the right

hand (large G0) tails of the distributions. The fractional area, Ar, of the right hand tail in

the histograms for either Ok or can be written as

N

A _JJ

j=1

(3.2)

where N is the total number of data bins (bin width = 0.05 dB), j is the (or "Ok) bin

index, h1 is the frequency of data in the jth bin, and j' is the index for the bin

corresponding to the start of the right hand tail. The value of j' was chosen to

correspond roughly to values of a and Ok for which 90% of the fully-edited/shallow

data had smaller values. Thus, screening the potentially-acceptable data with the

appropriate additional GDR flag should reduce both values of Ar (one for the

histogram and one for the Ok histogram) to -0.1. Both the calculated values of Ar

(shown in Table 3.4) and the observed behavior of the distribution plots gave the same

results. It was found that only certain flag tests provided the desired screening effect,

and, invariably, if a reduction in the right hand tail occurred, it occurred for both the

and Ok distributions. Of the flags tested, Table 3.4 indicates that the best choice for an

additional screening flag is either Alt_Bad! bit 7 (Range Correction Flag) or Alt_Bad2

(PAISS Flag).
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Flag condition used to screen
potentially-acceptable data in
addition to Ice Flag = 0

Fractional area under
distribution for

> 15.75 dB

Fractional area under
distribution for

cjo> 12.40 dB
none 0.449 0.455

Geo_Bad(3)=0 0.57 1 0.587
Geo_Bad(4)=0 0.524 0.538
Geo_Bad(5)=0 0.450 0.456
Geo_Bad(6)=0 0.449 0.456

Alt_Badl(0)=0 0.449 0.457
Alt_Badl(1)=0 0.449 0.457
Alt_Badl(2)=O 0.361 0.388
Alt Badl(4)=0 0.449 0.457
AIt_Badl(5)=0 0.449 0.457
Alt Badl(6)=0 0.449 0.457
Alt_Badl(7)=O 0.145 0.141
Alt_Badl=0 0.144 0.140

Alt_Bad2(5)=O 0.293 0.281
Alt_Bad2(6)=0 0.36 1 0.389
Alt_Bad2=0 0.145 0.141

Table 3.4 Fractional area under right hand tail of distribution curves for various editing
schemes applied to potentially-acceptable data from cycle 53.



Use of the summary flag Alt_Bad! (as opposed to just Alt_Badi bit 7) also

yielded a large reduction in the right hand tail, but this was mainly due to the effect of

Alt_Badi bit 7. Alt_Badi bits 0, 1, 4, and 5 indicate problems encountered while

"compressing' sea surface height estimates from 10 per frame down to 1 per frame (see

Table 3.2). Alt_Badi bit 2 indicates the presence of misshapen or misaligned altimeter

waveforms, and data for which this bit is set are a subset of those flagged by Alt_Badi

bit 7. Alt_BadI bit 3 is not set if the altimeter is operating in its normal mode, a

condition satisfied by all Intermediate Data File records. Finally, Alt_Badi bit 6

indicates problems with the ionospheric range correction. Because the conditions

indicated by Alt_Badi bits 0, 1, 4, 5, and 6 were not directly relevant to the present

analysis and because Alt_Bad! bit 2 was redundant given the setting of Alt_Badi bit 7,

use of the status of Alt_Badi in its entirety could lead to the exclusion of otherwise

acceptable data. For this reason, use of Alt_Badi was rejected in favor of either

Alt_Badi bit 7 or Alt_B ad2.

Figures 3.4 and 3.5 provide a schematic of the conditions which lead to the

setting of the Range Correction Flag (Alt_Badi bit 7) and the PAISS Flag (Alt_Bad2).

The meanings of the various terms in the schematics can be obtained from the TOPEX

Algorithm Specification Sheets (a summary is provided in Appendix A). Comparing

these schematics reveals that the two flags (Range Correction and PA/SS) have a

number of tests in common. However, there are also differences, notably the tests

appearing in the center of Figure 3.4 for the Range Correction Flag. These extra tests

eliminate a small amount of data which is not eliminated by the PAISS Flag alone. The

data rejected solely on the basis of these extra tests, as shown in Figure 3.6, did not

exhibit the anomalous large right hand tail. For this reason, it was decided to use the

PA/SS Flag (Alt_Bad2) in combination with the Ice Flag (Geo_Bad bit 7) to restrict the
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potentially-acceptable data. The resulting histograms for the remaining potentially-

acceptable data are shown in Figure 3.7.

In summary, the first stage of data editing consisted of rejecting all potentially-

acceptable data for which the Ice Flag and/or the PAJSS Flag (Alt_Bad2) were set. This

first stage of editing reduced the number of Intermediate Data File records by about 5%

or the number of potentially-acceptable data records by 747,957.

3.2 SSM/I Data

The present analysis required reliable estimates of V and L in addition to the

TOPEXmeasurements of o. Of course, TOPEX GDR estimates of V and L based on

the Th'll. bnghtness temperatures are available (see Chapter 5). However, Chapters 5

and 6 will reveal that, although the TOPEX GDR V retrievals appear reasonable, the

TOPEX GDR L retrievals display systematic errors which could have invalidated the

present work. For this reason, independent estimates of V and L based on DMSP FlO

SSMJI data were acquired which covered the same time period as TOPEX cycles 26

through 61. Section 3.2.1 describes the FlO satellite in general and the SSMJI sensor in

particular. A number of data products based on the SSMJJ sensor data are available.

The present study used the SSMJJ-2 Geophysical Data Set produced by Remote Sensing

Systems (Wentz, 1994b). The SSM/I-2 data set is described in Section 3.2.2. Often in

model estimates of cloud water path, a small fraction of the satellite data produces

unphysical negative values of L. Section 3.2.3 briefly discusses the SSMII-2

algorithm's approach to this problem. As noted earlier, atmospheric liquid water, can

take the form of both clouds and rain. Radiometrically, it is difficult to distinguish these

two components. In order to provide estimates of cloud L, the SSMII-2 algorithm

makes assumptions which allow the partitioning of the total columnar liquid water into

cloud and rain. Section 3.2.4 describes this partitioning scheme and how, in the present
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study, the two liquid water components were recombined into a single liquid quantity

referred to as L(total cloud). Finally, Section 3.2.5 discusses some restrictions placed

on the SSMII-2 data.

3.2.1 Satellite and sensor descriptions

The Defense Meteorological Satellite Program (DMSP) FlO satellite (Figure 3.8)

was launched on December 1, 1990 (Global Hydrology Resource Center User Services,

1998) and continued to function until November 14, 1997. The satellite design orbit

was near-circular, sun-synchronous, and near-polar with an inclination of 98.8 and a

nominal altitude of 860 km. Because the FlO did not quite achieve this orbit, its equator

crossing time increased by roughly 45 minutes per year. The FlO can-led a number of

instruments including the Special Sensor Microwave Imager (SSMJJ).

The SSM!1 sensor is a seven channel radiometer system which makes dual-

polarization measurements at 19.35, 37.0, and 85.5 GHz and vertical-polarization-only

measurements at the water vapor frequency of 22.235 0Hz (Hollinger et al., 1990).

The SSMII antenna and feedhom are mounted on a rotating drum which contains the

radiometers, and the entire assembly spins about an axis parallel to nadir with a period

of 1.9 seconds. A radiometnc scan is performed during a 102.4 segment of this

rotation which corresponds to a 1400 km swath on the Earth's surface. Data are taken

every scan for the 85 0Hz channels (128 uniformly spaced samples with

spacing = 12.5 km) and ever other scan at the three lower frequencies (64 uniformly

spaced samples with spacing = 25 km). The incidence angle for these measurements

is about 53.
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3.2.2 SSM/I-2 Geophysical Data Set

The SSMJI data were processed by Remote Sensing Systems of Santa Rosa,

California to produce the SSMII-2 Geophysical Data Set. The SSMII-2 estimates are

obtained using a physically-based radiative transfer model to retrieve various

geophysical quantities, including wind speed, columnar water vapor, and columnar

cloud liquid water, from the SSMJI brightness temperatures (Wentz, 1994b). The

SSM/I-2 algorithm is an improved version of Remote Sensing Systems SSMJT-1

algorithm. The S SM/I-i estimates have been used at approximately 100 institutions

worldwide and have been extensively evaluated by the Earth Science Community

(Wentz, 1 994b). Consequently, it was felt that the SSMII-2 estimates of V and L,

which covered the period June 1993 through May 1994, could be used with some

confidence. The quantities provided in the SSM/I-2 data set include (Wentz, 1994b):

For each low frequency scan:

Scan time in seconds relative to the beginning of 1987.

IQUAL Scan quality indicator. IQUAL values range from 0 to 7. A
non-zero value of IQUAL indicates either errors in calibration
data or time periods containing many erroneous antenna
temperatures. It is recommended that data with non-zero
IQUAL should not be used.

For each of the 64 observations (cells) in a scan:

XLAT Latitude.

XLON Longitude.
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ISUR Surface type index. Values range from 0 to 4 with the
following meaning:

0 Open ocean, at least 50-100 km from land and
outside zone of possible sea ice.

1 Possible sea ice.

2 Ocean near coast, within 50-100 km.

3 Land.

4 Definite sea ice.

IWINQC Wind quality index. Values range from 0 to 2 with the
following meaning:

0 Good quality wind speed.

1 Degraded wind speed accuracy.

2 No wind speed available.

IWINQC is set to 1 if the columnar rain rate (which equals
the rain rate in mm/hr times the rain column height in km) is
nonzero but less than 0.5 km mm/hr. if the 19 GHz
brightness temperature residuals (difference between the
observed TB and that predicted by the radiative transfer
model) are large, or if V is large. IWINQC is set to 2 if the
columnar rain rate exceeds 0.5 km mm/hr (according to
Wentz (1994b), but, in practice, the threshold appeared to be
higher), if the 19 GHz brightness temperature residuals are
extremely large, or if wind, vapor, or cloud retrievals are
very negative or unphysically large.

1VAPQC Vapor quality index. Values range from 0 to 2 with the
following meaning:

0 Good quality water vapor.

1 Degraded water vapor accuracy.

2 No water vapor available.

1VAPQC is set to a value of 1 if the columnar rain rate is
between 0.5 and 30 km mm/hr or if the 19 GHz brightness
temperature residuals are large (> 5 K). IVAPQC is set to 2 if
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the columnar rain rate exceeds 30 km mm/hr (a high
columnar rain rate corresponding to rain rates between 6 and
30 min/hr) or if wind, vapor, or cloud retrievals are very
negative or unphysically large.

IUQQC Liquid water (cloud and rain) quality index. Value can be
either 0 or 2 with the following meaning:

0 Liquid water data available.

2 No liquid water data available.

ILIQQC = 2 cases correspond to very negative cloud liquid
water values probably due to bad SSMII data.

SST Climatological sea surface temperature in C. Resolution is
0.15 C.

WIND SSMII-2 wind speed retrieval in meters/second referenced to
a height of 10 meters. Resolution is 0.15 rn/s.

VAPOR (V1) SSMJI-2 columnar water vapor retrieval in centimeters.
Resolution is 0.03 cm.

CLOUD (Lx) 'SSMJI-2 columnar cloud water retrieval in milligrams per
square centimeter (= 10 microns). Resolution is 6 microns.

RAIN (RR) SSMII-2 rain rate retrieval in millimeters/hour. Calculated
from CLOUD.

Based in part on comparisons with radiosonde profiles, Wentz (1994b) suggests that the

global accuracies of the SSMII-2 V and L measurements are 0.1 cm and 20 microns,

respectively, for 50 km resolution data. SSM.fJ-2 accuracies are expected to be

somewhat lower at the 25 km resolution used in the present study.

3.2.3 SSMJI-2 negative L correction

As stored in the SSMII-2 files, roughly 10% of the CLOUD (Li) values are

negative and thus unphysical. Wentz (1994b) states that it is normal for the SSMJI-2

retrieval algorithm to yield small negative L values occasionally when the true value is



75

close to zero. He suggests that the best way to handle such data in most applications is

to convert these small negative values to small positive values in such a way that the

histogram goes to zero in a smooth fashion. Wentz (1994b) presents a routine which

provides this conversion. This leaves the SSMJI-2 user with the choice of correcting the

negative L values, not correcting the negative L1 values, or simply excluding the

negative L values from the data. In the present study, the negative L values were

usually converted according to Wentz's scheme. Some analyses were performed

without applying the negative L correction in order to isolate the negative L data, and

this will be indicated in the text. Data were never excluded on the basis of L2 estimates

being negative.

3.2.4 Determination of total cloud L from SSMJI-2 data

It is critical to note that what is actually determined from the SSMJI brightness

temperature measurements are the frequency dependent total liquid water (cloud rain)

attenuations (Wentz, 1996). According to Wentz (1990) and Spencer (1993), the

frequency dependencies of the cloud and rain attenuation coefficients am so similar that

it is impossible to separate cloud and rain effects based solely on the SSM/1 brightness

temperatures. One solution to this problem is to limit the data in some manner to

exclude rain. This assures that the liquid water contribution to the brightness

temperatures is due strictly to clouds. Another solution, the one chosen by Wentz, is to

partition the total liquid water attenuation into a cloud liquid water attenuation and a rain

liquid water attenuation. The partitioning is based on three assumptions (Wentz,

1994a,b). First, it is assumed that them is no rain for a total columnar liquid water of

less than 180 microns. The second assumption is that, as the total columnar liquid water

(L(total)) increases, the columnar cloud liquid water (Li) asymptotically reaches a value

of about 1500 microns at very high rain rates. The cloud/rain partitioning is set such
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that for a total columnar liquid water greater than 180 microns, the columnar rain rate,

RRRT, is given by

RRHT=((L-18o)/18o)2 (33)

where RR is the rain rate in mm/hr, HT is the rain column height in km, and L2 is the

columnar cloud liquid water in microns. Conversely, L is given by

L =180+18OVRR-HT. (3.4)

The third assumption used in this partitioning is that the rain column height is equal to

the height of the freezing level and can be estimated assuming a -5.5 CC/km lapse rate,

ITT SST km. (3.5)
5.5

where SST is the sea surface temperature in C. If ff1', as calculated according to

Equation 3.5, is less than 1 km or greater than 5 km, HT is set to a value of 1 km and

5 km, respectively. Note that the -5.5 °C/km lapse rate differs from that used in the

Chapter 2 model calculations.

The SSMIJ-2 cloud L is based on the partitioning scheme described above. On

the other hand, the TOPEX GDR cloud L relies on a rain flag (L2> 1000 microns) and

uses no partitioning (Callahan, 1993). Consequently, if both sensors measure an

identical total columnar liquid water greater than 180 microns, the SSMJI-2 and TOPEX

GDR cloud L retrievals will not agree.
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The assumption that rain is always present for total liquid water paths exceeding

180 microns has been discussed by Ferraro and Marks (1995). The 180 micron rainlno-

rain threshold chosen by Went.z corresponds to the onset of drizzle based on

measurements of rain systems off the California coast. Ferraro and Marks assert that for

global applications a rain/no-rain threshold of 400 microns is more appropriate.

Further, Wentz and Spencer (1996) consider the retrieval of "very light rain" rates (less

than 0.2 mni/hr) by the SSMJI-2 partitioning scheme as questionable and suggest that

many of these observations could correspond to heavy non-raining cloud. According to

the cloud/rain partitioning scheme expressed in Equation 3.4, if we assume a freezing

level of HT = 5 km, which might be found in the tropics, a very light rain rate of

0.2 mm/hr corresponds to an L of 360 microns, close to the 400 micron rain/no-rain

threshold used by Ferraro and Marks (1995). Other researchers (e.g., Greenwald et al.,

1993; Karstens et al., 1994) have chosen even larger L thresholds for the onset of rain.

In light of this information, it was decided that the nonraining cloud regime could be

extended beyond the SSMII-2 180 micron limit.

In this study, the method used to extend the L range associated with nonraining

cloud consisted of removing the SSMJI-2 cloud/rain partition and attributing all of the

liquid water attenuation to cloud liquid. In this way, SSMJI-2 cloud/rain estimates were

transformed into a quantity similar to the TOPEX GDR L. This transformation is based

not only on the SSMIJ-2 Users Manual (Wentz, 1994b) but also on Wentz (1994a),

which presents the rain rate calculation in more detail. It was assumed that the

information presented in this second document also pertains to the SSM/1I-2 processing.

According to Wentz (1994a), the total liquid water absorption component at a given

frequency is given by
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where L(cloud) is the columnar cloud liquid in microns, RIR is the rain rate in mm/hr,

and HT is the rain column height in km. iç is the Rayleigh absorption coefficient for the

cloud droplets in nepers per micron, and iCr is the Mie absorption coefficient for the

larger rain droplets in nepers per (km-mm/hr). For 19.35 and 37 GHz, Wentz (1994a)

gives the following expressions for ic and 1:

Kc19 = 0.595 X io[i O.028(Ta 283)]

1Cc37 = 2.080 X iO4[i 0.026(Ta 283)]

K119 1.497 X 1O_2 [i + 0.005(Ta 283)1

Kr37 = 3.829 X 102 [i 0.002(Ta 283)]

[nepers/micron]

[nepers/micron]

[Tlepers/(km - mm/hr)}

[nepers/(km mm/hr)]

(3.7)

where Ta is the average absolute temperature of the air between the sea surface and the

freezing level in kelvins and is given by

T (273+T)
a

2
(3.8)

Here, T5 is the sea surface temperature in kelvins ( SST+273). Combining Equations

3.4 and 3.6 and solving for RR yields, for L> 180 microns (or, AL

RR = 18o' +j(1soiCc)2 +4Kr(AL 18o1C)
2

ffr 2ic1
(3.9)



Using Equation 3.9, rain rates RR19 and RR7 are calculated using the SSMII

19.35 0Hz and 37 GHz data, respectively. According to Wentz (1 994a), for low to

moderate rain rates (0 RR 5 mmlhr), RR37 is used in the SSMIJ-2 data product.

For rain rates exceeding 13 mm/hr, RR19 is used.8 For rain rates between 5 and

13 mm/hr. a ramp-weighted average of RR37 and RR19 is used.

In order to remove the SSMII-2 cloud/rain partition, the rain attenuation term

(A = RR . HT) had to be evaluated. This required knowledge of both rain rate and

radiometer frequency. Unfortunately, because the specification of rain rate based on the

ramp-weighted averaging is not unique, an unambiguous value of rain attenuation could

not be obtained for SSM/I-2 rain rates between 5 and 13 mm/hr. For this reason, it was

decided to limit the SSM/I-2 data to RR 5 mm/hr. With this limit, it was assumed that

the SSM!I-2 rain rate estimate was based strictly on the 37 GHz coefficients. This

allowed an unambiguous calculation of the rain component of attenuation (Ar), i.e.,

Ar Kri7'RRHT. (3.10)

The removal of the cloudirain partition is accomplished by assuming that the rain

component of attenuation, Ar, is actually due to additional nonraining cloud. Letting L

equal the columnar liquid water from this additional cloud gives

1(c37 L Kr37 RR37 HT . (3.11)

Solving for L yields

8 Note that Wentz (1994b) does not specify which rain rate is used in determining the
algorithm thresholds. The use of RR37 is consistent with Wentz (1990) and is assumed
to be the procedure in both Wentz (1994a) and Wentz (1994b).
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Thus, using Equation 3.12 to obtain Li', the SSMII-2 "total cloud" L can be written as

Lz(tOtalc1oud)L+L . (3.13)

By using SSMJI-2 L2(total cloud) instead of L, the "nonraining" cloud regime can be

extended beyond the 180 micron limit. Because of the relationship between SSMII-2 L

and SSMJI-2 columnar rain rate (see Equation 3.4), the rain rate ceiling of 5 mm/hr

imposed max mum limits on SSMII-2 L and L1(total cloud) which varied with rain

column height:

582 (HT=lkm)
Max L [microns] =

1080 (HT=5km)

(3.14)

1502 (HT =1km)

Max L2 (total cloud) [microns] = (Ta = 283 K)

5682 (HT = 5 km)

Of course, by using L(totaI cloud), one becomes vulnerable to actual rain

events. Some method of distinguishing nonraining cloud data from possibly rain-

contaminated data was required. In the present study, this problem was addressed by

assuming that rain might be present for L(totaI cloud) values exceeding 400 microns.

This is consistent with the rain threshold of Fenaro and Marks (1995). According to
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Petty and Katsaros (1993), the conventional upper limit of L for non-precipitating

marine clouds, when averaged over a 25-50 km satellite footprint, is about 500 microns,

although this is based on extremely limited data. Greenwald et al. (1993) and Karstens

et al. (1994) both adopt a rain threshold of L = 500 microns for their SSMJI cloud

liquid retrieval algorithms. Thus, an L upper limit of 400 microns seemed a reasonably

conservative rain threshold.

3.2.5 SSM/I-2 data restrictions

Only those SSMJI-2 data which met the following criteria were considered for

collocation with the TOPEX measurements:

1) IQUAL=0

2) ISUR=0

3) 0IWINQC2 (3.15)

4) 0IVAPQC1

5) 1LIQQC =0.

Allowing IWINQC to take on values from 0 to 2 insured that this quality index had no

effect on the data editing. This was important because of the relationship between

SSMJ[-2 L and columnar rain rate (see Eqn. 3.4). If IWINQC is set to 2 when the

columnar rate exceeds 0.5 km mm/hr (see above), then limiting data to IWINQC 1

causes the exclusion of all data with SSM/1-2 L2 greater than about 307 microns. To

avoid this indirect restriction of SSM/1-2 L, 1WINQC was allowed to take on all values.



3.3 Collocated Data

To form a useful data set, it was necessary to match up TOPEX GDR and

SSMJI-2 observations which coincided in both location and time. Since the sampling

characteristics of the nadir-viewing TOPEX instruments and the wide-swath SSMII

sensor differ considerably, the number of such collocations is a small fraction of the

total data. To extract these coincident data records, a collocation procedure was

developed which concentrated on eliminating as many unqualified data records as

possible before engaging in detailed individual record comparisons of time and location.

This collocation procedure is described in Appendix B.

The coflocated data consisted of TOPEX, SSMJI pairs which satisfied the

following three conditions:

1) S SM/I measurement location within 50 kilometers of TOPEX measurement
location

2) SSMII measurement time within +1- 30 minutes of TOPEX measurement
time

3) If more than one SSM/I measurement satisfied (1) and (2), only the nearest
in time to the TOPEX measurement was used.

The above conditions resulted in a collocation file containing roughly 630,000

collocation pairs.

3.4 Editina Stages 2 through 4

3.4.1 Data Editing Stage 2 - TOPEX GDR Rain Flag

The second data editing stage concentrated solely on excluding certain of the

Hpotentia1lyacceptab1e data records (see Section 3.1.3) present in the collocation file.

This edit employed the status of the TOPEX GDR Rain Rag (Geo_Bad bit 3). The
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GDR Rain Fiag was set if either (1) the retrieved value of L was greater than 1000

microns or (2) one or more of the TMR brightness temperatures exceeded reasonable

limits (Callahan, 1994). If the second situation arose, the atmospheric attenuation

correction, Atmos Sigma0 Corr, was automatically set to a value of 0.12 dB. For data

editing stage 2, it was decided to exclude all potentially-acceptable data which were

either not rain-flagged or rain-flagged because a brightness temperature was out of

range. T.hus, the potentially-acceptable data which were retained through this second

editing stage were limited to those collocation records which satisfied the following

criteria:

1) TOPEX Rain Flag (GeoBad bit 3) = 1

(3.16)
2) TOPEX Atmos_SigmaO_Corr 0.12 dB.

This second editing stage removed 1,819 potentially-acceptable data records (see Figure

3.2).

3.4.2 Data Editing Stage 3 - Land/Ice mask

The setting of the TOPEX GDR land flags (Geo_Bad bits 1 and 2) account for

the fact that the altimeter and TMR view extended surface areas rather than a single

location (latitude, longitude) (Callahan, 1993). This is accomplished by extending the

geographical land map out into the ocean by a prescribed amount dependent on the

sensor footprint. The setting of the land flags is then determined by whether or not the

satellite measurement location (latitude, longitude) lies within this extended land map.

Due to the small size of the altimeter footprint, Geo_Bad bit 1, the Altimeter Surface

Flag, uses a 1/12 degree resolution land map with no extension. On the other hand,

Geo_Bad bit 2, the TMR Surface Flag, is based on a 1/12 degree resolution land map
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extended by 15 km due to the larger effective radiometer footprints. All data in the

TOPEX Intermediate Data Files have Geo_Bad bits 1 and 2 equal to zero, meaning that

all data in these files are located more than 15 km from land.

With the above in mind, the application of an additional land mask in editing

stage 3 (see Figure 3.2) might seem redundant. After all, the data were edited for

proximity to land when the Intermediate Data Files were created. However, a

preliminary analysis of apparent Ku-band atmospheric water vapor attenuation in this

"ocean only" data revealed anomalous behavior near wintertime coasts. Specifically, for

some wintertime coastal data obtained under relatively uncloudy conditions (small L)

with columnar water vapor (Vi) less than about 1 cm, the observed relationships

between TOPEX Ok' a, and collocated SSMJJ-2 V were not consistent with those

observed for "normal' or open-ocean conditions.

Similar relational inconsistencies were observed for certain collocated data at

high latitudes. These high latitude data were often found to correspond to either spikes

in the TOPEX a0 time series or proximity to measurements for which the Ice Flag

(Geo_Bad bit 7) was set. Although stage 1 of the data editing (see Figure 3.2) insured

that the Ice Flag (GeoBad bit 7) was not set for any of the collocated data, it was

suspected that somehow sea ice was involved.

To insure that netther proximity to land nor sea ice cotitamination were biasing

the data, the third stage of data editing was implemented. To avoid possible land

contamination of sensor measurements and/or meteorological conditions atypical of the

open ocean, a land mask was applied which extended 500 km from the major coasts.

Further, to eliminate the possibility of measurement contamination by sea ice, latitudinal

limits were placed on the data. In both cases, the TOPEX coordinates were used in the

testing. Thus, the third data editing stage retained only those collocation records which

satisfied the following conditions:



1) data beyond 500 km of major coasts
(3.17)

2) latitude <50w

To test for the first condition, a 1 degree resolution land mask was created in which

majol coasts were extended by 500 km. This land mask (with latitude limits included) is

shown in Figure 3.9. In this third stage of editing, both fully-edited/shallow and

potentially-acceptable data were affected. The total number of data records surviving

this third stage of editing was 327,477 (see Figure 3.2).

3.4.3 Data Editing Stage 4 - SSMJI-2 rain rate limit

As discussed in Section 3.2.4, the unambiguous calculation of SSM/I-2 L(total

cloud) requires that data be limited to records obtained using only the 37 GHz

attenuation coefficients. For this reason, editing stage 4 retained only those collocation

records for which

SSMII-2 Rain Rate 5 mm/hr (3.18)

Application of this data restriction reduced the collocated data set to 327,073 records

(see Figure 3.2).
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Figure 3.9 Map indicating data boundaries dictated by 500 km extended land mask and
latitude limit.
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CHAPTER 4 VALIDATION OF THE TOPEX GDR WET
ATMOSPHERIC ATTENUATION CORRECTION TO cY

This chapter proceeds with the examination of the TOPEX Ku-band

correction for atmospheric water attenuation. As described in the Introduction, the

validation attempted here, made possible by the dual-frequency TOPEX altimeter

measurements collocated with high quality SSMJI-2 V and L, involves the

development of a model for TOPEX-measured Ok which includes wet atmospheric

attenuation terms similar in form to those used in the TOPEX GDR.9 The TOPEX GDR

correction, as described in Chapter 2, consists of a linear combination of columnar water

vapor (Vi) and columnar cloud liquid (Li) with respective attenuation coefficients

avzGDR and alzGDR. The development of a model for TOPEX will yield independent

estimates of these wet attenuation coefficients, and these estimates will be compared

with the GDR values. In addition, model errors will be examined in an attempt to

uncover problems with the wet attenuation correction.

Section 4.1 discusses the form adopted for the TOPEX cok model. This

consists of a "dry atmosphere" 0Ok term minus the wet attenuation terms. Section 4.2

then describes the determination of the 3ok model coefficients through regression

analysis using the (50 km, 30 minute) collocated data described in Chapter 3. In

Section 4.3, cYok model perfonnance is evaluated by examining plots of mean residual

versus various quantities. These analyses reveal that the basic cYOk model exhibits

systematic errors at low values of V, at both low and very high values of sea surface

temperature (SST), and at high values of cYOc. In Section 4.4, ad hoc corrections are

applied to the Qk model to remove the systematic errors associated with V and SST.

All analyses involving V and L in this chapter were carried out using SSMJI-2 V and
L2(total cloud).



The effects of these corrections on both the residuals and the estimates of avz and alz are

noted. This is followed in Section 4.5 by a discussion regarding the possible sources of

the corrected systematic errors. In the analyses carried out in Sections 4.1 through 4.5,

it is assumed that C-band attenuation by atmospheric water vapor and cloud liquid water

is small enough to ignore. Section 4.6 looks at how this assumption might affect the

evaluation of avz and alz and, further, how it might contribute to the observed aOk

model errors. Finally, Section 4.7 briefly considers (1) whether or not the wet

attenuation correction contributes significantly to the c model and (2) whether or not

the wet attenuation coefficients determined through regression analysis are significantly

different from the TOPEX GDR values.

4.1 Scheme for Obtaining a Model for TOPEX Ok

The TOPEX GDR model for Ku-band atmospheric attenuation due to water

vapor and cloud liquid water consists of linear functions of V and L (Eqs. 2.42 and

2.45). The same functional form for Ku-band wet attenuation is adopted here. Thus,

the total wet attenuation is given by

A = A + = avz V + alz , (4.1)

where A. the two-way atmospheric attenuation due to water, is in dB. Consequently,

the model for TOPEX-measured Ok has the form

Ok (measured) = Ok - avz V alz L , (4.2)



where a1 (measured) is the top-of-the-atmosphere value measured by the altimeter and

(TOk is the top-of-the-atmosphere value which would have been measured if all

atmospheric water was removed from the altimeter signal path. &Ok is similar to the

surface Ok except reduced by the approximately constant oxygen attenuation.

Estimation of avz and alz, given the TOPEX 00k measurements and the

SSMJI-2 estimates of V and L(total cloud), requires coincident estimates of &Ok.

Although no independent estimates of ÔQk were available, the dual-frequency TOPEX

altimeter measurements allowed &Ok to be estimated as part of the analysis. This was

accomplished by taking advantage of the TOPEX altimeter's measurements of aoc in

combination with the following assumptions:

1) The C-band altimeter signal is approximately unaffected by atmospheric water
(i.e., Oc Oc' where " " again signifies "for a dry atmosphere").

2) Both &ok and are uniquely related to surface wind speed (and thus to
each other), and, therefore, variations in 0'Ok associated with a single value
of 'o are due to atmospheric effects (i.e., &c,k = f(oo)

The first assumption seems reasonable based on the theoretical discussions in Chapter 2,

where it was demonstrated that attenuation due to atmospheric water was about 6 to 10

times larger at 13.6 GHz (Ku-band) than at 5.3 0Hz (C-band). The sensitivity of the

analysis results to this assumption will be examined in Section 4.6. The second

assumption, i.e., that there is a unique relationship between wind speed and o, is at

best only approximately true (see, for example, Brown, 1979; Barnck and Swift, 1980;

Stewart, 1985; Brown, 1986; Carter et al., 1992). Factors such as sea surface

temperature, atmospheric stability, the presence of swells or surface films, etc., can

potentially introduce scatter in the correlation between wind speed and c. However, it

is often assumed that the errors introduced by these secondary factors are acceptably

small and can be ignored. In any event, taken together, the two assumptions listed



above provided the possibility of establishing a functional relationship between ÔOk and

aOc.

Similar approaches are followed in Quartly et al. (1996) and Toumadre and

Morland (1997). Since a satisfactory theoretical relationship between C-band and Ku-

band backscatter measurements has yet to be established, Quartly et al. (1996) approach

the problem empirically and determine a mean relationship between TOPEX

°0k (low L) and c. Quartly et al. define "low LZ" as those measurements for which

TOPEX GDR L7 was less than 200 microns. Quartly et al. then use this mean

relationship in the detection of rain events. They further define a quantity called the

"sigmaO anomaly" as the difference between the measured Ok and the expected value

of cOk based on the measured value of Oc Quartly et al. consider magnitudes of the

sigma0 anomaly exceeding 0.5 dB to be significant. The present study faces a more

difficult task because of the small size of the Ku-band attenuation being modeled (less

than about 0.3 dB for water vapor and cloud liquid combined) and because a simple

thresholding scheme is insufficient.

Initially, a mean relationship between ÔOk and '0 was sought by examining

only those data records with low values of both integrated water vapor and cloud liquid,

i.e., V <0.7 cm and L < 60 microns. However, applying the low-Vt restriction

limited the collocated data to higher latitudes (>35). The resulting "arid" data subset

did not reproduce the global c (Or wind speed) distribution, there being a predictable

lack of data at high 0Qc (low winds). Further, the sea surface temperature distribution

for this "arid" data subset differed considerably from the global distribution. Thus, the

relationship of mean Qk to 00c obtained from the "arid" data subset proved

unacceptable for use in the intended global model. Consequently, it was decided that the

&Ok, relationship should be evaluated, along with avz and alz, as part of the
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regression analysis. What remained was to select an appropriate functional form for the

Ok' <SOc relationship.

Figures 4.1 through 4.5 characterize the distribution of TOPEX altimeter

used in this study. Figures 4.1 through 4.4 are similar to Figure 1 in Quartly et aL

(1996). The lower panel presents the smoothed distribution of data with respect to c

and Ok Also shown in the lower panel are the mean value of Ok ((aOk)) for each

Oc bin (solid line) along with the corresponding plus-or-minus one standard deviation

envelope (dashed lines). The upper panel presents both the normalized distribution of

data and the standard deviation of 0Ok with respect to aOc. Bin widths were 0.05 dB,

but, to eliminate the inevitable least count problems (i.e., spiking), bins were expanded

to 0.25 dB for the piots of normalized frequency versus aOc.

Figure 4.1 presents the distribution of the collocated data edited through stage 4

(see Figure 3.2). The data used to produce Figure 4.2 were subject to roughly the same

editing criteria (i.e., through stage 3) as the data in Figure 4.1 but were drawn from the

full TOPEX data set examined in this study (cycles 26 through 61, not limited to

collocation with SSMJT). The quantitative similarity of Figures 4.1 and 4.2

demonstrates that the collocated data set is indeed a representative sample. In Figure

4.3, the collocated data have been restricted to avoid possible rain contamination by

including only those records for which SSMII-2 L(total cloud) was less than 400

microns (editing stage 6). Figure 4.4 uses the same data as in Figure 4.3 but shows the

distribution with respect to Oc and an estimate of OkGDR based on the GDR values

of avz and alz (see Eqn. 2.47). Rearranging Equation 4.2, ÔOkGDR was calculated

using

ok_GnR = ok(measured) + aVZGDR V + aIZGDR L . (4.3)
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Figure 4.1 TOPEX Ok' c distribution for collocated data set with no L limit.
(a) Normalized frequency of data versus a (thick line, bin width = 0.25 dB) and
standard deviation of cok versus a (thin line, bin width = 0.05 dB). (b) Smoothed
two-dimensional histogram of data (Contour interval = 100). Also shown are (aOk)
versus c (solid curve) along with one standard deviation envelope (dashed curves)
(bin width = 0.05 dB).
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Figure 4.2 As in Figure 4.1, but for the full TOPEX data set used in the study (cycles

26 through 61, not limited to collocation with SSM/1). Contour interva' in (b) is 2000.
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Figure 4.3 As in Figure 4.1, but for the collocated data set with an L(total cloud) limit
of 400 microns.
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Finally, in Figure 4.5, the four sets of plots are combined for comparison. These plots

display the following features:

1) All of the OC' aok two-dimensional histograms exhibit roughly the same
distinctive nonlinear shape. The region of maximum data density also
corresponds to a region of curvature (negative 2nd derivative) in the (cTok)
versus Oc curves.

2) The empirical (aOk), ao relationship is virtually identical for the three data
sets (Figure 4.5).

3) The minimum in the standard deviation of 0ok per CYç) bin occurs near the
region of maximum data density.

4) The main effect of the rain edit appears to be a reduction in the standard
deviation of within each cOC bin for Qc below about 17 dB (Figure
4.5) , with the largest reductions corresponding to the lower values of Oc
(high winds).

When the full TOPEX data set (cycles 26-61, edited through stage 3) was partitioned

according to cycle, the (aok) versus curves for each cycle retained the basic shape

seen in Figure 4.5 but exhibited scatter with respect to the (aok) axis on the order of

0.1-0.2 dB (see Figure 4.6).

The choice of a model form for the Ôok, Oc relationship was guided in part by

the (cOk) versus Yo curves in Figure 4.5. Various polynomial functions of ao were

tested (up to sixth degree), but, ultimately, a cubic B-spline form was chosen because of

the control it offered in reducing systematic errors. Although the Oc data have a larger

dynamic range, the analysis was restricted to between 12 and 20 dB, which

accounts for roughly 99% of the edited data. Using the cubic B-spline form as

described in de Boor (1978), Equation 4.2 can be rewritten as
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Figure 4.6 Overlay of (aOk) versus c curves obtained for each of the 33 cycles in the
full TOPEX data set used in the study. No L limit. Bin width = 0.25 dB.



ok(model)= a1 B(ø)avz V, alz-L (4.4)

where the B are "B" functions evaluated at ao using m 4 internal knots, 4 external

knots located at Oc = 12.0 dB, and 4 external knots located at YOc 20.0 dB. The

choice of external knots was based on the discussion in Cox (1982). In the &Ok model,

a total of 31 internal knots were used (m = 35), located every 0.25 dB along the c0

axis at 12.25, 12.50, ... , and 19.75 dB, as indicated in Figure 4.7. Note that, for a

given value of Oc' only four of the B1 values, which were calculated using the

recursion relations presented in de Boor (1978), are non-zero.

4.2 Evaluation of Model Coefficients

An unweighted regression using the collocated data (TOPEX ao and Ok and

SSMII-2 V and L(total cloud)) was performed to determine the thirty-seven

coefficients (35 cubic B-spline coefficients (a1) plus avz and alz) in Equation 4.4. As

noted in Chapter 3, the TOPEX Qc and values used in this work were sthpped of

the GDR atmospheric correction (AtmosSigmaOCorr). The data were edited through

stage 6 as shown in Figure 3.2. As mentioned above, data were restricted to those

records with c between 12 and 20 dB (editing stage 5). Rain contamination was

avoided by using only those data with SSMfl-2 L2(total cloud) <400 microns (editing

stage 6). With these restrictions in place, the regression involved 306,145 data records

from the collocated data set.

The calculated regression coefficients are shown in Table 4.1 along with their

percent standard uncertainties in parentheses. With regard to the wet atmospheric

attenuation terms, we note that the avz estimate is lower (-.20%) than the TOPEX GDR
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coefficient estimate (% uncert) coefficient estimate (% uncert)
a1 (dB) 7.88916 (0.32) a24 (dB) 13.8607 (0.06)
a (dB) 7.94218 (0.29) a25 (dB) 14.0702 (0.07)
a3 (dB) 8.19084 (0.21) a26 (dB) 14.2777 (0.07)
a4 (dB) 8.47419 (0,12) a27 (dB) 14.5191 (0.08)
a5 (d13) 8.79657 (0.08) a,8 (dB) 14.6793 (0.08)
a6 (dB) 9.02308 (0.06) a29 (dB) 14.9242 (0.09)
a7 (dB) 9.39143 (0.04) a30 (dB) 15.1529 (0.10)
a8 (dB) 9.79543 (0.03) a31 (dB) 15.3530 (0.11)
a9 (dB) 10.1934 (0.03) a3', (dB) 15.5789 (0.13)
a10 (dB) 10.5891 (0.02) a33 (dB) 15.9189 (0.17)
a11 (dB) 10.9118 (0.02) a34 (cIB) 15.9128 (0.19)
a1, (dB) 11.2253 (0.02) a35 (dB) 16.0899 (0.20)
a13 (dB) 11.5354 (0.02) avz (dB/cm) 0.0237648 (0.99)
a14 (dB) 11.7597 (0.02) alz (dBlrnicron) 0.000297906 (1.34)
a15 (dB) 11.9805 (0.02)
a16 (dB) 12.1883 (0.03)
a17 (dB) 12.4239 (0.03)
a18 (dB) 12.6143 (0.03)
a19 (dB) 12.8111 (0.04)
a20 (dB) 12.9888 (0.04)
a',1 (dB) 13.1986 (0.05)
a2, (dB) 13.4337 (0.05)
a,3 (dB) 13.6426 (0.06)

Table 4.1 Ok model coefficients and their percent standard uncertainties obtained using
collocated S.SML-2 V and L(tota1 cloud) and TOPEX CNç and a() (Equ 4.4).
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avz (= 0.0296 dBlcrn) while the alz estimate is somewhat higher (.-4%) than the

TOPEX GDR alz (= 0.000286 dB/micron). Nonetheless, the regression model yields a

quantitatively reasonable overall 00k distribution (Figure 4.8). Obviously, due to the

small size of the atmospheric correction terms, Figure 4.8 serves mainly to demonstrate

qualitatively the reasonableness of the &ok portion of the model. In Figure 4.9, the

model is addressed more specifically by comparing it with the predicted (&OkGDR)

curve of Figure 4.4. Differences between &Ok from the present model and from the

GDR model are extremely small, indicating, at least from the standpoint of the TOPEX

GDR, that the empirical &Ok, Oc relationship derived here is fairly accurate. Note the

presence of oscillations in Figure 4.9b which have a period of roughly 0.25 dB. This

is not due to the choice of internal knot spacing in the Ok model. Rather, these

oscillations are present in the predicted KOOk GDR) curve and are almost certainly related

to the resolution of the TOPEX y data (Section 3.1.2).

4.3 Residuals Analysis

In order to characterize the performance of the model given by Equation 4.4

and Table 4.1, residuals (= (measured) GOk (model) ) were calculated and plotted

versus available geophysical quantities which might reveal systematic model deficiencies

(Montgomery and Peck, 1992). In Section 4.3.1, residuals are plotted versus single

quantities to expose underlying trends in the model errors. In Section 4.3.2, residuals

are plotted in two dimensions.

Before proceeding, a limitation of residuals analysis must be emphasized. If the

(Tok (model) is considered to be composed of three parts, i.e., the 00k term, the water

vapor attenuation term (Ar), and the cloud liquid water attenuation term (Ac), then there

will be three associated errors. Also, there will be an error associated with

(Tok(measured). Thus, the total residual can be written as
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Figure 4.8 Normalized frequency of data with respect to measured cYOk (dashed) and
model Qk (solid) for collocated data used in regression.
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residual = Ok(measured) lYok(model) = ( en), (4.5)

where is the error in ok(measured), c is the error in the Ok estimate, E, is

the error in the A estimate, and is the error in the A estimate. Analyses of residuals

do not distinguish between these sources of error. Further, residuals do not distinguish

between errors in the wet attenuation model coefficients and errors in the estimates of V

and L. In the present context, this simply means that a large residual does not

necessarily indicate failure of the wet attenuation model, since errors in Ok (measured)

and/or the estimate of &ok and/or the estimates of V andL could dominate. Similarly,

small overall residuals do not necessarily mean that the errors in the individual terms are

small since opposing en-org can cancel.

4.3.1 One-dimensional residual plots

Using the coefficients in Table 4.1, model residuals were calculated for the data

used in the regression. The residuals were then binned with respect to oOk(model),

TOPEX ao, SSMII-2 V, SSMII-2 L(total cloud), and climatological sea surface

temperature (SST from the SSMII-2 data record). The mean residual in each bin was

calculated. In addition, the standard deviation of residuals was obtained within each

Ok (model) bin. The results of these calculations are summarized in Figure 4.10. In

the plots of mean residual, nonzero values suggest the presence of systematic error

(Wenlz, 1997). Figure 4.lOa reveals that over most of the cTok(model) range the mean

residual is small, lying between -0.01 and +0.01 dE. Similar behavior can be seen in

Figure 4.lOc where the mean residual is plotted against aOc. In both cases, the largest
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Figure 4.10 One-dimensional rçsidual plots for cYok model for collocated data used in
regression. Curves at the base of each plot represent relative frequency of data on an
arbitraiy scale. The SSMJI-2 negative L correction was not used in these residual
calculations. (a) Mean residual versus model cYOk (bin width = 0.25 dB). (b) Standard
deviation of residuals versus model cYOk (bin width = 0.25 dB). (c) Mean residual
versus measured c (bin width = 0.25 dB). (d) Mean residual versus L (total cloud)
(bin width 18 microns). (e) Mean residual versus V (bin width = 0.24 cm).
(1) Mean residual versus climatological sea surface temperature (bin width = 0.9 AC).
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mean residuals tend to occur in sparsely populated bins at the high end of the plotting

range corresponding to low wind speeds.

The standard deviation of residuals versus crok(model) (Figure 4.101,)

resembles the standard deviation plots in Figures 4.1 through 4.4. This similarity can

be understood by first realizing that ok(modeI) 4 dB. Thus, for a given bin

width, plots of Var( cTok(measured)) versus either ao or Ok(model) will look

similar. Considering the data in thejth ok(modeI) bin, we can write

Var(rok (measured)). = Var(residual) Var(cYOk (model)).

+ 2 Cov(Yok(measured)ok(mode1))
. (4.6)

Next, assume the following conditions hold within each crok (model) bin:

and

(crok (measured)). @0k (model)) (4.7)

(crOk(rneasured) crok(model)) (crok(model)) . (4.8)

Equations 4.7 and 4.8 correspond to the assumption that the usual properties of

residuals (i.e., residua11 = 0 and (crok(model)r residual) = 0), which hold for

the entire data set, also hold approximately within the individual crok(model) bins.

This assumption leads to the conclusion that Cov(crok (measured), cro (model)). is

approximately equal to Var(crok(modei)):



Cov(cok (measured), (model)). = (ok (measured). crok(model)).

KGOk (measured)). @0k (model))
(4.9)

(ook(model)) @ok(model))

= Var(rOk (model)).

Substituting this result into Equation 4.6, yields

Var(cOk(measured)). = Var(residual) + Var(Yok (model)). . (4.10)

For very narrow CNOk (model) bins, Var(aok(model))J will be a small constant, which

explains the similarity between Figure 4. lOb and the standard deviation plots in Figures

4.1 through 4.4. As bin widths are increased, Var(rok(model))J increases in magnitude

and is no longer a constant, and the resulting plot of standard deviation of

ook(measured) versus either c or ok(mode1) loses its resemblance to the standard

deviation of residuals plot, which is relatively independent of bin width.

Referring to Figure 4. lOd, there is little or no indication of systematic error

associated with SSMII-2 L(total cloud). Figure 4. lOe reveals small mean residuals

over most of the SSM/I-2 V range. However, this is not true for extreme values of V.

This is especially significant at low values of V (below -1 cm) where data density is

high. Finally, Figure 4. lOf indicates substantial systematic errors for low SST (below

-10 °C) and also for very high SST (above -28 °C).

In summary, the one-dimensional mean residuals analysis reveals that the

present Ok model, while bias-free over much of the relevant variable ranges, exhibits
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systematic errors for low values of V, low values of SST, and very high values of

SST.

4.3.2 Two-dimensional residual plots

To gain further insight into the systematic errors of the 0k model, mean

residuals were also examined by plotting versus selected pairs of quantities ((Oc ,V),

(Go,SST), (V,L), (V,SST), (L,SST), and (avz.V+alz.L,SST)),

where the last pairing was included to examine the relationship between the large mean

residuals at low SST and very high SST and the model estimate of atmospheric water

attenuation. These plots are collected in Figure 4.11. The upper panel in each figure

page shows contours of mean residual (solid contours represent positive values and

dotted contours and shading denote negative values). The lower panel shows the data

distribution as a two-dimensional histogram. Table 4.2 summarizes the key features in

these figures. The third column of Table 4,2 describes the concentration of data in a

specified subregion both in terms of "sparse" and "dense" and in terms of the mean

number of data values per data bin ((npb)) given by

number of data values in subregion N,Ub (4.11)(npb) = - ____
sub number of data bins in subregion M,flb

where Nsub is the number of data values in the M5b data bins of the subregion. Before

Knpb)Sb was calculated, a crude mask was applied to exclude empty data bins lying

beyond the obvious limits of the data. For comparison, Table 4.2 also presents (npb0

(=N0/M0), the mean number of data values in all bins not excluded by the mask.

Note that in some cases the region of interest was composed of significant areas of both

high data density and low data density. In these cases, (npb)b was calculated using
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Figure Features Data density,
<flPb>suW<flPb>tot

4.1 la 1. At large a0 (low winds), <res> tends to 1. sparse, 31/327

have a negative slope with respect to V.

2. At moderate to low a get negative 2. dense, 269/327
<res> for V less than - 0.8 cm.

4.11b 1. At large a (low winds), <res> tends to sparse, 17/247

have a positive slope with respect to L.

4.1 ic 1. At large o (low winds), <res> tends to 1. sparse, 3 1/292

ao,SST have a negative slope with respect to SST.

2. At moderate to low o get negative
2. dense, 194/292<res> for SST less than - 8 C.

4.1 hI 1. At high L (greater than .- 300 microns) 1. sparse, 17/261

vL and high V get region of positive <res>.

2. At low V, get regions of negative <res> 2. sparse, 27/26 1

at high L (greater than 200 microns).

3. At low V, get region of negative <res>
3. dense, 130/261

for L less than - 200 microns.
4.11e 1. At high SST (greater than -28 C) and 1. dense, 250/405

SST moderate to high V get negative <res>.
2. sparse, 15/405

2. At moderate values of SST and Vz get
small region of positive <res>.

3. dense, 222/405
3. At low SST (less than - 8 'C) and Vz
less than - 3 cm get negative <res>.

4.1ff 1. Athigh SST (greaterthan -28 C) and 1.dense, 223/224

LZ,SST
moderate to low Lz get negative <res>.

2. At low SST (less than -8 'C), get 2. dense, 112/224
negative <res> - independent of L. (L < 200 j.tm)

4.11 g 1. At high SST (greater than - 28 'C) get 1. dense, 234/377

AV±AC,SST
negative <res>.

2. At low SST (less than - 8 'C), get 2. dense, 188/377
negative <res> throughout occupied Av+Ac (atten <0.15 dB)
data range (less than -0.17 dB).

Table 4.2 Features of two-dimensional mean residual plots in Figure 4.11.
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that portion of the subregion of interest which would emphasize the presence of

significant amounts of data.

The main features of the two-dimensional plots are similar to those seen in the

one-dimensional plots, i.e., negative mean residuals at low V and at both low and high

SST. In addition, large mean residuals (both signs) were observed at large cNo (i.e.,

low winds) where the data are sparse.

4.4 SST- and Vt-Corrected Models

The one-dimensional and two-dimensional residual plots presented in Section

4.3 indicated four main problems with the Ok model given by Equation 4.4. First,

there were increasingly negative mean residuals for V below about 1 cm. Second, there

were increasingly negative mean residuals for SST below about 10 'C. Third, there

were increasingly negative mean residuals for SST above about 28 'C. Fourth, there

were large residuals of both signs associated with large values of Oc

The problems at large involve the extremes of the data and, because of the

size of the mean residuals, probably indicate errors in ÔQk, measured Oc' or measured

0Ok In any event, the errors at large Oc will not be dealt with here, and it will be

assumed that their effect on the water vapor and cloud liquid attenuation coefficients is

small.

The residuals at low V and at low and very high SST represent regions of

denser data and could potentially have a significant effect on the determination of avz

and alz. In an attempt to improve the estimates of avz and alz, corrections were applied

to the basic CYOk model (Eqn. 4.4). The correction process was carried out in four

steps because of the possible link between the low V and low SST mean residuals. The

four sections which follow describe attempts to eliminate systematic errors by applying a

Iow-SST correction (Section 4.4.1), a low-V correction (Section 4.4.2), a combination
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of low-SST and low-Va corrections (Section 4.4.3), and finally a combination of low-

SST, low-V, and high-SST corrections (Section 4.4.4). We will find that:

1) Application of a low-SST correction term alone practically eliminates
systematic error with respect to SST (except at very high SST) but only has
a small effect on systematic error with respect to V. The low-S.ST
correction causes an increase of 21% in the avz coefficient.

2) Application of a low-Vt correction term alone practically eliminates
systematic error at low V but only has a small effect on systematic error
with respect to SST. The low-Vt correction causes a small increase of 7%
in the avz coefficient.

3) Application of multiple corrections to the aOk model has the expected effect
on the mean residuals. The combination low-SST, low-V correction yields
an avz coefficient similar to that obtained with the low-SST correction alone.
The addition of the high-SST correction causes a slight reduction in the avz
coefficient (-6%) compared to that obtained using just the combination low-
SST, low-Va correction.

4) For the various corrections attempted, the alz coefficient was always within
5% of that obtained using no corrections.

Before proceeding, it must be emphasized that the TOPEX GDR wet attenuation

model was derived from a globally representative data base of radiosonde measurements

(Keihm, 1993) independent of any measurements of a0. It follows that some or all of

the errors described above (low-SST, low-V, high-SST) may not be relevant to the

TOPEX GDR wet attenuation model. If a given error affects oniy the present estimation

of avz and au and does not represent some shortcoming in the TOPEX GDR attenuation

model form, then it seems reasonable to correct that error before comparing the

estimated avz and alz with aVZGDR and alzGDR. In each of the subsections which follow,

the derived estimates of avz and alz will be compared with the GDR values without

reference to whether or not the wet attenuation model form has been altered by the
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addition of a given correction. The situation will become somewhat clearer in Section

4.5 where the causes of the various systematic errors are considered.

4.4.1 Model with low-SST correction

The basic model (Eqn. 4.4) yielded negative mean residuals for low values

of sea surface temperature. To remove this problem, an ad hoc correction term was

added to the model. The resulting CTOk model has the functional form

35

tok(model) = a1 B1(o) + gsst (SsT avzV1 alzL , (4.12)
1=1

where sst has units of dB/C, b5 has units of C, and the "-." subscript indicates that

the quantity in parentheses is set to zero when SST is greater than Because

Equation 4.12 is nonlinear with respect to the coefficients, the regression was performed

using a brute force method. The resulting model coefficients are given in Table 4.3.

Note that the addition of the Iow-SST correction term caused the avz estimate to increase

by -.21% (compare with Table 4.1), i.e., to just 3% below the GDR value. The

estimated alz decreased by -.4% and remained nearly equal to the GDR value. The

model histograms are not shown for any of the corrected models because they were

nearly identical to that obtained for the uncorrected model (see Figure 4.8).

Figures 4.12 and 4.13 present the mean residual plots obtained for the low-SST-

corrected model. Comparing Figure 4.12 with Figure 4.10, we see that the targeted

symptom, i.e., negative residuals at low SST, was successfully removed. We also note

that, although the low-SST correction had some effect on the negative mean residuals at

low V, the problem was not eliminated. The two-dimensional mean residual plots
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coefficient estimate (% uncert) coefficient estimate (% uncert)
a1 (dB) 7.91070 (0.31) a24 (dB) 13.8786 (0.06)
a2 (dB) 7.98265 (0.29) a25 (dB) 14.0884 (0.07)
a3 (dB) 8.22775 (0.21) a26 (dB) 14.2972 (0.07)
a4 (dB) 8.51066 (0.12) a27 (dB) 14.5376 (0.08)
a5 (dB) 8.83321 (0.08) a28 (dB) 14.6975 (0.08)
a6 (dB) 9.06263 (0.06) a9 (dB) 14.9428 (0.09)
a7 (dB) 9.42365 (0.04) a30 (dB) 15.1724 (0.10)
a8 (dB) 9.82635 (0.03) a31 (dB) 15.3707 (0.11)
a9 (dB) 10.2195 (0.03) a32 (dB) 15.5975 (0.13)
am (dB) 10.6114 (0.02) a33 (dB) 15.9360 (0.17)
a11 (dB) 10.9305 (0.02) a34 (dB) 15.9310 (0.19)
a1i (dB) 11.2434 (0.02) a35 (dB) 16.1098 (0.20)
a13 (dB) 11.5523 (0.02) gsst (dBIC) 0.00684139 (2.00)
a14 (dB) 11.7771 (0.02) bsst (°C) 14.0
a15 (dB) 11.9980 (0.02) avz (dIB/cm) 0.0286639 (0.88)
a16 (dB) 12.2056 (0.03) alz (dB/micron) 0.000285420 (1.40)
a17 (dB) 12.4419 (0.03)
a18 (dB) 12.6317 (0.03)
a19 (dB) 12.8290 (0.04)
a70 (dB) 13.0064 (0.04)

(dB) 13.2170 (0.05)
a,2 (dB) 13.45 12 (0.05)
a23 (dB) 13.6605 (0.06)

Table 4.3 Ok model coefficients and their percent standard uncertainties obtained using
collocated SSMI-2 V and L(tota1 cloud) and TOPEX tj and aok. Model employs
low-SST correction (Eqn. 4.12).
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Figure 4.12 One-dimensional residual plots for Ok model with low-SST correction
(Eqn. 4.12) for collocated data used in regression. Details same as in Figure 4.10.
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confirm that, for the most part, the low-SST correction eliminated the targeted negative

mean residuals.

4.4.2 Model with low.V correction

In this section, an attempt is made to correct the mean residual problem at very

low V. In order to determine the effect of this correction on the low-SST mean

residual, the SST correction discussed above was not included in this third Ok model.

Again using an ad hoc correction term, the 1ow-V-corrected TOk model has the form

35

ok(model) =
i=1

B(ao)+g. (v b) avzV alz.L , (4.13)

where g has the units of dB/cm, has the units of cm, and the "-" subscript

indicates that the Iow-V correction term is set to zero when V is greater than As in

Section 4.4.1, a brute force method was used to obtain the regression coefficients for

the above nonlinear model. The resulting coefficients are shown in Table 4.4. Note that

inclusion of the Iow-V correction term caused both the avz and alz coefficients to

increase slightly (compare with Table 4.1). The new avz estimate is 14% below the

GDR value, and the new alz estimate is -.7% above the GDR value.

Figures 4.14 and 4.15 present the one-dimensional and two-dimensional mean

residuals plots for the Iow-V-corrected aOk model. Comparison of Figures 4.14 and

4.10 reveals that the low-Vt correction term substantially removed the mean residuals at

low V. On the other hand, the low-Vt correction only partially removed the mean

residuals with respect to SST. The two-dimensional mean residuals plots help clarif'

the effect of the 1ow-V correction. Comparing residuals in the 1ow-V portions of

Figures 4.1 id and 4.15d reveals that the low-Vt correction did not completely remove
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coefficient estimate (% uncert) coefficient estimate (% uncert)
a1 (dB) 7.89744 (0.31) a24 (dB) 13.8668 (0.06)
a7 (dB) 7.95037 (0.29) a25 (dB) 14.0758 (0.07)
a3 (dB) 8.20905 (0.21) a26 (dB) 14.2837 (0.07)
a4 (dB) 8.48887 (0.12) a27 (dB) 14.5249 (0.08)
a5 (dB) 8.80840 (0.08) a28 (dB) 14.6852 (0.08)
a6 (dB) 9.03586 (0.06) a29 (dB) 14.9302 (0.09)
a7 (dB) 9.40118 (0.04) a30 (dB) 15.1589 (0.10)
a8 (dB) 9.80368 (0.03) a31 (dB) 15.3586 (0.11)
a9 (dB) 10.2001 (0.03) a32 (dB) 15.5847 (0.13)
a10 (dB) 10.5963 (0.02) a33 (dB) 15.9246 (0.17)
a11 (dB) 10.9180 (0.02) a34 (dB) 15.9179 (0.19)
a12 (dB) 11.2309 (0.02) a35 (dB) 16.0967 (0.20)
a13 (dB) 11.5410 (0.02) gvz (dB/cm) 0.180937 (3.45)
a14 (dB) 11.7653 (0.02) bvz (cm) 0.85
a15 (dB) 11.9862 (0.02) avz (dB/cm) 0.0253376 (0.95)
a16 (dB) 12.1939 (0.03) alz (dBlmicron) 0.000304907 (1.31)
a17 (dB) 12.4296 (0.03)
a18 (dB) 12.6199 (0.03)
a19 (dB) 12.8168 (0.04)

(dB) 12.9946 (0.04)
a11 (dB) 13.2044 (0.05)
a72 (dB) 13.4396 (0.05)
a23 (dB) 13.6481 (0.06)

Table 4.4 Ok model coefficients and their percent standard uncertainties obtained using
collocated SSMI-2 V and L(total cloud) and TOPEX and YOk. Model employs
low-Va correction (Eqn. 4.13).
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Figure 4.14 One-dimensional residual piots for CNOk model with low-V correction
(Eqn. 4.13) for collocated data used in regression. Details same as in Figure 4.10.
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residuals at high L. This bias may be due to the heavier weighting given in the

regression to low and medium values of L due to their much higher frequency of

occurrence.

4.4.3 Model with low-SST and 1ow-V corrections

The residuals plots presented in the previous two sections indicated that the mean

residuals encountered at very low V2 and at low SST were relatively independent. For

this reason, a fourth YOk model was tested which included both of the correction terms

discussed above. This 0ok model has the form

35

aok(model) = B(o) -i- h .(ssTb) + .(v b2)
(4.14)1=1

avz-V2alzL

where and h2 have units of dBI°C and dB/cm, respectively. The coefficients

obtained via brute force nonlinear regression are presented in Table 4.5. According to

Table 4., the model with the combined low-SST, low-V2 correction produced an

estimate of avz about 2% below the GDR value and an estimate of alz about 1% above

the GDR value.

The residuals plots for the above model are presented in Figures 4.16 and 4.17.

As expected, the one-dimensional plots (Figure 4.16) now indicate small mean residuals

versus V and versus SST (except at very high SST). The two-dimensional residuals

for this Ok model (Figure 4.17) indicate results similar to those obtained using the

low-SST correction alone, although the more subtle improvements obtained with the

correction are also discernible.
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coefficient estimate (% uncert) coefficient estimate (% uncert)
a1 (dB) 7.91323 (0.31) a24 (dB) 13.8801 (0.06)
a2 (dB) 7.98 143 (0.29) a25 (dB) 14.0897 (0.07)
a3 (dB) 8.23401 (0.21) a26 (d 14.2986 (0.07)
a4 (dB) 8.51447 (0.12) a27 (dB) 14.5389 (0.08)
a5 (dB) 8.83579 (0.08) a28 (dB) 14.6988 (0.08)
a6 (dB) 9.0659 1 (0.06) a29 (dB) 14.9443 (0.09)
a7 (dB) 9.42593 (0.04) a30 (dB) 15.1737 (0.10)
a8 (dB) 9.82793 (0.03) a31 (dB) 15.3721 (0.11)
a9 (dB) 10.2208 (0.03) a32 (dB) 15.5989 (0.13)
a10 (dB) 10.6132 (0.02) a33 (dB) 15.9374 (0.17)
a11 (dB) 10.9320 (0.02) a34 (dB) 15.9320 (0.19)
a12 (dB) 11.2447 (0.02) a35 (dB) 16.1113 (0.20)
a13 (dB) 11.5536 (0.02) hsst (dBI°C) 0.00605536 (2.26)
a14 (dB) 11.7785 (0.02) bsst (°C) 14.3
a15 (dB) 11.9993 (0.02) hvz (dB/cm) 0.149080 (6.51)
a16 (dB) 12.2070 (0.03) bvz (cm) 0.75
a17 (dB) 12.4432 (0.03) avz (dB/cm) 0.0290305 (0.88)
a18 (dB) 12.6331 (0.03) alz (dB/micron) 0.000289361 (1.38)
a19 (dB) 12.8303 (0.04)
a20 (dB) 13.0079 (0.04)
a21 (dB) 13.2183 (0.05)
a22 (dB) 13.4527 (0.05)
a23 (dB) 13.6617 (0.06)

Table 4.5 aok model coefficients and their percent standard uncertainties obtained using
collocated SSME-2 V and L(total cloud) and TOPEX a and Ok Model employs
both low-SST and low-Vt corrections (Eqn. 4.14).
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Figure 4.16 One-dimensional residual plots for Ok model with low-SST and 1ow-V
corrections (Eqn. 4.14) for collocated data used in regression. Details same as in
Figure 4.10.
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4.4.4 Model with low-SST, Iow-V, and high-SST corrections

Finally, a fifth Ok model was tested which incorporated the low-SST and low-

V corrections discussed above along with a third correction intended to minimize

residuals at very high values of SST. In this case, the model has the form

35

Ok(model) = a1 B(7o)+ qsstiow (sST b55i0)
i=1

qssthigh (SST_bSsthgh) +q .(V b)_ (4.15)

avz.Valz.L

where q10, and ssthigh have units of dB/°C and qvz has units of dBlcm. The best-fit

coefficients are shown in Table 4.6. Comparison of Tables 4.5 and 4.6 reveals that the

addition of the high-SST correction term caused a decrease in the avz coefficient and a

minor increase in alz. The new avz and alz coefficients are roughly 8% lower and 2%

higher than their respective GDR values. When, instead of applying a high-SST

correction, the model from Section 4.4.3 (Eqn. 4.14) was re-evaluated while excluding

all data with SST > 28 C, a similar result was obtained (avz 0.0272 dB/cm,

alz = 0.000294 dB/micron).

The one- and two-dimensional residual plots obtained for this model (Eqn. 4.15)

are shown in Figures 4.18 and 4.19. The one-dimensional plots indicate that the

expected improvement in the mean residuals at high SST was realized (Figure 4.180.

At the same time, comparison of Figures 4. 16e and 4. 18e reveals that there was a slight

increase in the mean residual at high values of V. Comparing relevant plots in Figures

4.17 and 4.19, reveals a subtle reduction of negative residuals at high SST.
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coefficient estimate (% uncert) coefficient estimate (% uncert)
a1 (dB) 7.91051 (0.31) a24 (dB) 13.8786 (0.06)

a2 (dB) 7.97763 (0.29) a25 (dB) 14.0878 (0.07)

a3 (dB) 8.23075 (0.21) a26 (dB) 14.2976 (0.07)

a4 (dB) 8.51103 (0.12) a27 (dB) 14.5381 (0.08)

a5 (dB) 8.83237 (0.08) a23 (dB) 14.6976 (0.08)

a6 (dB) 9.06275 (0.06) a29 (dB) 14.9444 (0.09)

a7 (dB) 9.42261 (0.04) a30 (dB) 15.1726 (0.10)

a8 (dB) 9.82461 (0.03) a31 (dB) 15.3732 (0.11)

a9 (dB) 10.2172 (0.03) a32 (dB) 15.5966 (0.13)

a10 (dB) 10.6093 (0.02) a33 (dB) 15.9375 (0.17)

a11 (dB) 10.9279 (0.02) a34 (dB) 15.9296 (0.19)

a12 (c1B) 11.2406 (0.02) a35 (dB) 16.1109 (0.20)

a13 (dB) 11.5497 (0.02) qsstlow (dBIC) 0.00603027 (2.30)

a14 (dB) 11.7748 (0.02) bsstlow (°C) 14.15

a15 (dB) 11.9960 (0.02) qssthigh (dBI°C) -0.0269088 (6.82)

a16 (dB) 12.2043 (0.03) bssthigh (°C) 28.05

a17 (dB) 12.4410 (0.03) qvz (dB/cm) 0.182198 (6.74)

a13 (dB) 12.6311 (0.03) bvz (cm) 0.70

a19 (dB) 12.8280 (0.04) avz (dBlcm) 0.0273658 (1.01)

a20 (dB) 13.0056 (0.04) alz (dB/micron) 0.000291231 (1.37)

a21 (dB) 13.2166 (0.05)

a22 (dB) 13.4504 (0.05)

a23 (dB) 13.6597 (0.06)

Table 4.6 cYok model coefficients and their percent standard uncertainties obtained using
coflocated SSMI-2 V and L(total cloud) and TOPEX c and a. Model employs
both low- and high-SST corrections and low-Vt correction (Eqn. 4.15).
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4.5 Discussion

Section 4.4 showed that, through the addition of simple ad hoc correction terms,

a CYOk model was produced which exhibited relatively small mean residuals over most

of the data space. The next question is: What part of the Ok model is corrected by

these improvised terms? If the addition of these correction terms eliminates problems

with either ÔOk or the SSMJI-2 estimates of V or L(total cloud), then the present

analysis has produced results consistent with the TOPEX GDR Ku-band wet attenuation

model discussed in Chapter 2 and suggests that this model performs well (given the

limitations expected from a simple global formula). However, if the correction terms

instead compensate for deficiencies in the wet attenuation model, the indiscriminate

application of the model must be questioned. As discussed above, the residuals

analyses do not reveal the origin of the systematic errors being corrected. This section

discusses the possible (sometimes probable) causes of these errors. Since the three

types of errors (low-SST, low-Vt, and high-SST) appear to be relatively independent,

they will be discussed separately.

4.5.1 Low-SST errors

Consider first the low-SST errors which, by far, involved the largest percentage

of the data. It seems likely that the negative mean residuals observed at low SST are due

to the inability of the ÔOk model in Equation 4.4 to follow the variation of Ku-band sea

surface reflectivity with sea surface temperature. Using the permittivity model of Klein

and Swift (1977), sea surface power reflectivity at nadir was calculated as a function of

sea surface temperature for both C-band and Ku-band signals (Figure 4.20). It is clear

that, although the C-band reflectivity is relatively constant, the Ku-band reflectivity

varies significantly, especially at low values of sea surface temperature. This is
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Figure 4.20 Power reflectivity (normal units) versus sea surface temperature for
frequencies of 5.3 and 13.6 0Hz. Salinity set at 35 %. Calculated using Klein and
Swift (1977).
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important because, according to specular point scatter theory (Stewart, 1985), the

altimeter c (in normal units) is proportional to the power reflectivity. Thus, 0Ok will

vary appreciably with SST due to changes in reflectivity while ao will not. Because

the Ok model is sthctly a function of y0, it cannot properly predict SST-induced

changes in the &Ok. relationship. Although the problem of changing reflectivity

with sea surface temperature is a small source of error in wind speed model functions

(Brown, 1979), it is important in the present study where 0.1 dB attenuation is

equivalent to about 300 microns in cloud liquid path.

The following derivation is intended to show how the disregard of variations in

Ku-band sea surface reflectivity can affect COk model residuals. Assume that the

measured value of in dB can be written as

Ok(measured) = 10- 1og[ck. pk(Ts)- t2k] dB, (4.16)

where t2k is the Ku-band two-way atmospheric transmittance due to water vapor and

cloud liquid, pk(Ts) is the Ku-band power reflectivity for a sea surface temperature of

T, and GOk represents the Ku-band normalized radar backscatter cross-section (in

iormaI units) which would have been measured if all atmospheric water was removed

and if the sea surface had a power reflectivity of 1. Converting the three variables on the

right hand side of Equation 4.16 to dB units, gives

Ok(measured) = Ok[I+Pk[l+t2,k[] (4.17)

The measured value of cr can be written similarly as'0

10The "dB" labels on individual quantities will be omitted in what follows.
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(4.18)

where we have assumed that atmospheric water has little effect on measured Oc and

that p(T) is approximately a constant, If the measured value of Ok is correct,

the first two terms on the right hand side of Equation 4.17 represent the true value of

Ok' that is,

OkOk+pk(TS) dB. (4.19)

On the other hand, the model for 60k (in Eqn. 4.4) can be written as

= f(ao(mea11d)) = f(a + cIB, (4.20)

where f is the cubic B-spline function. The contribution of an error in to the cyOk

model mean-residual-versus-S ST plot is then

(m1e modeI)(E
)Sst

Ok 0k sst
(4.21)

= (aOk + Pk(TS) - f(a +

where )" means to obtain the mean value within each SST bin. Referring to

Figure 4. lOf, if we assume that the observed mean residuals are due to systematic errors

in Ô'', then it follows that (E.
)

is zero at about 11 'C. This would imply thatOk
sst
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(ok+Pk(h1C)f(aOC+Pc)) :O
sst

or (4.22)

+ i (ao + pk(11
0C)\

/sst

Substituting for (f(
+.)) in Equation 4.21 then yields

(ok)sst +Pk(Ts)(ok +pk(ll 0C))\

/sst

_(pk(TS)_pk(h1 'c)\ (4.23)
/sst

pk(Ts)_pk(h1 C)

where the last equality is obtained by assuming sufficiently narrow SST bins. Figure

4.21a shows a plot of pk(T) in dB based on Klein and Swift (1977) and indicates that

Pk(ii C) is roughly 2.13 dB. Figure 4.21b displays the predicted mean residuals

(= Pk(''s)2.13 dB) and observed mean residuals versus SST. Clearly, the variation of

Pk with sea surface temperature explains most of the low-SST variation in the mean

residual plot.

Although the predicted and observed residuals in Figure 4.2 lb are similar at

low-SST, there is a clear offset at higher SST. Various hypotheses can be offered for

this disagreement. First, the perniittivity model may be in error or inappropriate at the

higher sea surface temperatures. For.example, the effect of surface films might become

important as SST increases. Second, the assumption that the residuals result strictly

from errors in may be an oversimplification. Recall that the avz value obtained

for the uncorrected a model (Eqn. 4.4) was 0.0237 dB/cm, or roughly

0.0059 dB/cni smaller than the GDR value. This means that, if the GDR value of avz is
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Figure 4.21 Comparison of power teflectivity and mean residual versus SST.
(a) Power reflectivity (13.6 GHz , S=35 %, calculated using Klein and Swift (1977))
in dB versus SST. (b) Overlay of power reflectivity in (a) shifted upward by 2.13 dB
and the mean residual plot from Figure 4. lOf.



166

correct, 00k will be overpredicted by an amount equal to (0.0237. V) dB. Because

of the correlation between V and SST, this overprediction may compensate to some

degree for the increase in Ku-band reflectivity with SST, thus reducing the overall error

in the 00k estimate at higher values of SST. Further, we cannot rule out less obvious

problems involving the other components of the residual calculation or with the

assumptions presented in Section 4.1.

Assuming that the above explanation for the 00k model errors at low-SST is

correct, we can now consider the appropriateness of comparing the avz and alz estimates

obtained for the low-SST-corrected 00k model with aVZGDR and a]ZGDR. According to

the above discussion; the low-SST correction effectively alters the ô portion of the

'3ok model, leaving the wet attenuation model form unchanged. This suggests that it is

more appropriate to compare the TOPEX GDR wet attenuation coefficients with the avz

and alz estimates obtained for the low-SST-corrected 00k model (Eqn, 4.12) than with

the estimates obtained for the uncorrected 00k model (Eqn. 4.4).

4.5.2 Low.V errors

Although the negative mean residuals encountered at low values of SST were

evidently due to a sea surface reflectivity effect, the systematic errors observed for V

less than 1 cm (Figure 4.lOe) could not be atiributed to any specific cause. Figures

4.22 and 4.23 disassemble the residuals calculations by showing the mean quantities

involved and how they contribute to the calculated mean residual, versus V for the

uncorrected 00k model Eqn. 4.4). For V less than 1 cm, Figure 4.22 reveals no

dramatic behavior in or (LZ). Consistent with this, Figure 4.23 indicates that

the error feature appears when
KOOk )VZ is subtracted from (00k )' Unless the V

estimates are particularly poor at low V, it is unlikely that the problem involves the

water vapor attenuation term. Thus, the residuals are probably due to problems
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Figure 4.22 Plots of (a) (Q ) (b) (ÔOk (c) (VZ)VZ, and (d) (LZ)VZ versus V for
collocated data used in regressions. Bin width = 0.24 cm. Dashed lines indicate one
standard deviation envelopes.
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with (GOk), (Ok ) and/or (Ac) (= alz (L Errors in the cloud

attenuation term are an obvious possibility. Because the low-V subset of the data

corresponds, in general, to higher latitudes and colder air temperatures than the rest of

the data, it seems likely that this subset would also correspond to lower mean cloud

temperatures. If so, the value of alz obtained using the full data set might be

inappropriate (too small) for the low V data (see Figure 2.5). Reliable cloud

temperatures are required to test the validity of this explanation.

4.5.3 Higb-SST errors

Next, consider the systematic errors encountered for sea surface temperatures

above 28 °C (Figure 4.100. Figures 4.24 and 4.25 present the various mean

quantities involved and their contribution to the mean residual for the uncorrected 0k

model (Eqn. 4.4). Figure 4.24 reveals sharp slope increases in and (&ok )sst

for SST beyond about 27 °C, suggesting that mean wind speeds in this regime have

dropped below that point where the c0,wind-speed relationship is roughly linear (see

Figure 1. la). However, Figure 4.25 shows that the slope changes for and

are not precisely equal and that the difference is not accounted for by the water

attenuation terms. The lower panels in Figure 4.24 reveal nothing in either or

to suggest unusual behavior at high SST. The (VZ) versus SST plot is

comparable to one obtained by Jackson and Stephens (1995).

One possible source of the high-SST systematic errors which could be examined

directly was the use of climatological rather than synchronous sea surface temperature

data. To test this possibility, the uncorrected model residuals binned with respect

to SST were re-evaluated using NMC (National Meteorological Center) weekly mean
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Figure 4.24 Plots of (a) (Ok )sst, (b) (&ok (c) and (d) versus SST
for collocated data used in regressions. Bin width = 0.9 C. Dashed lines indicate one
standard deviation envelope.
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sea surface temperature data." These temperature fields were generated from a blend of

ship, buoy, and satellite measurements (Reynolds and Smith, 1994) and were provided

on a 1' grid covering the time period of this study. For NMC SST below 28 'C, except

for small variations in fine structure, the one-dimensional mean-residual-versus-SST

plot was the same as obtained using climatological SST (see Figure 4.26). Above

28 'C, the plots were qualitatively similar (i.e., increasingly negative mean residuals),

but the mean residuals were about 60% smaller in magnitude at 30 'C using the NMC

SST. Thus, the use of cimatological SST appears to have contributed to the negative

mean residuals observed above 28 'C, but only to a limited extent.

Although the exact cause of the remaining high-SST systematic errors could not

be determined and nearly all components of the residual calculation remain suspect

(including sea surface reflectivity effects not revealed in Figure 4.20), a particular

possibility involving cloud temperature deserves mention. Arking and Ziskin (1994)

performed a statistical analysis of four years of earth radiation budget, cloud, and sea

surface temperature data for the "warm pool" region of the western tropical Pacific.

They found that cloud characteristics change dramatically when sea surface temperature

rises above 27 'C. Not only do they note increases in cloud cover, optical thickness,

and cloud height when the 27 'C threshold is crossed, but they also found that, as the

sea surface temperature rises from 27 'C to 30 'C, the mean cloud temperature drops

from about 2 'C to about -18 'C. This is undoubtedly the result of the onset of deep

convection (Graham and Barnett, 1987). The deep convection raises cloud top heights,

substantially reducing mean cloud temperatures. If this same situation holds for data

11 Data was downloaded on July 11, 1997 from the Integrated Global Ocean Services
System (IGOSS) website:

http://ingrid.ldgo.columbia.edu/SOIJRCES/.IGOSS/.nmc/.weekly/.sst
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Figure 4.26 Mean residual versus SST for uncorrected Ok model using cimatological
SST and weekly NMC SST (bin width = 0.9 °C). Note that data occupy an additional
bin at very high SST when NMC SST is used.
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limited by an L ceiling of 400 microns, it might help to explain the behavior of the mean

residuals observed at very high SST. As was the case with the explanation of the

systematic errors at low V, confirmation of the above hypothesis requires reliable cloud

temperature estimates.

4.6 Examination of C-band transparency assumption

One of the basic assumptions adopted in the previous sections was that the wet

atmospheric attenuation of the C-band altimeter signal was small enough to ignore

(Section 4.1). The relative weakness of the C-band water vapor and cloud liquid

attenuations was demonstrated in Chapter 2. However, the possibility remains that

ignoring the C-band attenuation could affect the estimates of avz and alz and contribute

to the observed systematic errors. This idea was tested by replacing measured Oc with

an estimate of in the uncorrected Qk model (Eqn. 4.4). The revised cNok model

has the form

ok(mode1) = aI. B(oo) avz' V alz' L (4.24)

Estimates of &0C were obtained by assuming that C-band and Ku-band wet atmospheric

attenuation obey the same functional form. Thus, &Oc was calculated using

= co (measured) + avz- V + alz L (4.25)

where avz and alz are the respective 5.3 GHz attenuation coefficients for water vapor

and cloud liquid water. The values of avz and a1z used in this analysis to estimate ä0
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were those obtained from the crude global model calculations in Section 2.2 (see Eqs.

2.27 and 2.37):

avz = 0.0036 dB/cm
alz = 0.000043 dB / micron (4.26)

Applying the same methods and data restrictions as in Section 4.2, the (Tok model

coefficients in Equation 4.24 were evaluated. The results are shown in Table 4.7.

Comparison with Table 4.1 reveals that the new cubic B-spline coefficients (a1 through

a35) are nearly equal to those obtained using uncorrected Oc (Eqn. 4.4). The

differences in the aok portion of the two models is generally less than about 0.006 dB.

However, the new Ku-band attenuation coefficients (avz = 0.0278 dBlcm and

alz = 0.000351 dB/micron) are equal to the values obtained using Equation 4.4

(avz = 0.023 8 dB/cm and alz = 0.000298 dB/micron) increased by roughly the size of

their corresponding wet attenuation coefficients,

avz' avz + avz
alz' alz + alz (4.27)

The differences in the one-dimensional mean residuals obtained for the new 0k model

(Eqn. 4.24) and the previous ok model (Eqn. 4.4) are shown in Figure 4.27. The

smallness of these differences suggests that the C-band transparency assumption

@Oc 0c) does not contribute significantly to the systematic errors in the uncorrected

a()J model.

The above results can be understood by realizing that the Ôok, &Oc relationship

is roughly linear, i.e.,
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coefficient estimate (% uncert) coefficient estimate (% uncert)
a'1 (dB) 7.88244 (0.37) a'24 (dB) 13.8647 (0.06)
a'2 (dB) 7.94363 (0.31) a'25 (dB) 14.0742 (0.07)
a'3 (dB) 8.19157 (0.21) a'26 (dB) 14.2823 (0.07)
a'4 (dB) 8.47340 (0.12) a'77 (dB) 14.5208 (0.08)
a'5 (dB) 8.79725 (0.08;) a',8 (dB) 14.6895 (0.08)
a'6 (dB) 9.02535 (0.06) a'79 (dB) 14.9227 (0.09)
a'7 (dB) 9.38569 (0.04) a'30 (dB) 15.1585 (0.10)
a'8 (dB) 9,79198 (0.03) a'31 (dB) 15.3583 (0.11)
a'9 (dB) 10.1882 (0.03) a'32 (dB) 15.5762 (0.12)
a'10 (dB) 10.5856 (0.02) a'33 (dB) 15.9195 (0.17)
a'11 (dB) 10.9113 (0.02) a'34 (dB) 15.9349 (0.18)
a'1, (dB) 11.2230 (0.02) a'35 (dB) 16.0565 (0.18)
a'13 (dB) 11.5365 (0.02) avz' (dB/cm) 0.0277965 (0.85)
a'14 (dB) 11.7633 (0.02) alz' (dB/micron) 0.000351538 (1.14)
a'15 (dB) 11.9853 (0.02)
a'16 (dB) 12.1912 (0.03)
a'17 (dB) 12.4283 (0.03)
a'18 (dB) 12.6193 (0.03)
a'19 (dB) 12.8162 (0.04)
a',0 (dB) 12.9955 (0.04)
a',1 (dB) 13.2011 (0.05)
a",, (dB) 13.4377 (0.05)
a',3 (dB) 13.6467 (0.06)

Table 4.7 Ok model coefficients and their percent standard uncertainties obtained using
collocated SSMT-2 V and L(tota1 cloud) and TOPEX ô0 and Ok (Eqn. 4.24).
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(4.28)

where C is some constant. Thus, to a first approximation, the cYok model given by

Equation 4.24 can be written as

ok (model) (oo + C) avz' V alz'- L (4.29)

Equation 4.29 also can be written in terms of measured a instead of Ô0, using the

relationship in Equation 4.25:

aok (model) (a + avz V + alz L + C) avz' alz' L . (4.30)

Rearranging terms yields

cYok(model)=(aoC +C)(avz'avz) V (alz'--a1z). L (4.31)

which, combined with the relations in Equation 4.27, gives an approximate version of

the original Ok model (Eqn. 4.4). This suggests that the two Ok models (Eqs. 4.4

and 4.24) are rough]y equivalent and should produce similar errors (Figure 4.27).

Equation 4.31 further suggests that in the original Qk model (Eqn. 4.4) the &Qk and

wet attenuation terms effectively intermix, causing a slight underestimate of the Ku-band

attenuation coefficients.

Based on the above discussion, it must be concluded that, given accurate

estimates of avz and alz, the Ku-band attenuation coefficients obtained using Equation
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4.24 (i.e., avz' and alz) are better estimates than those obtained using Equation 4.4.

An identical approach could be used to improve the Ku-band attenuation coefficient

estimates in the models with corrections (Eqs. 4.12, 4.13, 4.14, and 4.15).12

Unfortunately, the true global C-band attenuation coefficients are not known with any

more confidence than their Ku-band counterparts.

4.7 Significance Tests

4.7.1 Significance of water vapor and cloud liquid corrections

A brief analysis was conducted to deierrnine whether or not the Ku-band water

vapor and cloud liquid attenuation corrections significantly reduce Ok model errors.

For simplicity, only the original 0k model (Eqn. 4.4) was tested. This involved

performing additional regressions in which either the water vapor attenuation term, the

cloud liquid attenuation term, or both were omitted from the Ok model. F-tests were

then performed to determine whether the null hypothesis (that removal of a given term

had no effect on model performance) could be rejected. For a probability threshold of

0.01, the null hypothesis was rejected for removal of the water vapor attenuation term

and for removal of the cloud liquid attenuation term. Thus, both atmospheric water

attenuation terms were found to provide significant improvement in the original Ok

model (Eqn. 4.4). The importance of the water vapor attenuation correction is further

demonstrated in Figure 4.23 where it is clear that the correction removes systematic

error with respect to V. A similar plot (not shown) versus L(total cloud) demonstrated

that the cloud liquid attenuation correction performed a similar function.

12 Replacing 00c by as defined above, in the fully-corrected Ok model (Eqn.
4.15) yielded attenuation coefficients which were shifted relative to the values in Table
4.6 by amounts roughly equal to the shifts observed for the uncorrected Ok model.



4.7.2 Model attenuation coefficients versus GDR values

This section addresses the question of whether or not the avz and alz coefficients

obtained for the Ok models described in Sections 4.1 through 4.4 are significantly

different from the GDR values in a statistical sense. To answer this question, further

regressions were performed to obtain a models in which either avz, alz, or both were

frozen at their TOPEX GDR values. F-tests were then applied to compare the sums of

squared errors produced by the two sets of models. At test was the null hypothesis that

aok models in which avz and alz were directly evaluated were equivalent in

performance to models in which one or both of the GDR values were used. For a

probability threshold of 0.10, it was found that the null hypothesis could not be rejected

in any of the tests.

4.8 Summary

This chapter has described the use of the combined TOPEX,SSM/1-2 data set to

test the TOPEX GDR global Ku-band atmospheric water attenuation model (Eqn. 4.1).

This testing consisted of the development and evaluation of a model for TOPEX-

measured aok which included wet attenuation terms of the same form as those used in

the TOPEX GDR. The key to the development of the Cok model was the representation

of affl, the value of cYOk which would have been measured for a water-free

atmosphere, in terms of TOPEX-measured Oc This development relied on the

assumptions (1) that atmospheric water vapor and cloud liquid water attenuation at

5.3 GHz could be ignored and (2) that both ÔOk and &Qc are uniquely related to

surface wind speed. Regression analysis yielded both the ÔOk model coefficients and

estimates of the wet atmospheric attenuation coefficients, avz and alz. The cubic

B-spline form chosen for the &ok model performed well in reproducing the gross

characteristics of the Ok data, which depend only weakly on atmospheric water under
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rain-free conditions. Part of the validation of the TOPEX (3DR wet attenuation model

involved comparing the estimated avz and alz with the TOPEX GDR values, aVZGDR and

alzGDR. Table 4.8 lists the avz and alz coefficients obtained for the various Ok models

discussed in this chapter.

A second part of the validation of the TOPEX GDR wet attenuation model

involved the analysis of the cok model residuals. Plots of mean residual for the initial

Ok model revealed systematic errors at low SST, low V, very high SST, and high

. The systematic errors at low SST were almost certainly due to the inability of the

Ok portion of the 00k model to respond to the variation of Ku-band sea surface

reflectivity with changing SST. With the addition of an ad hoc correction term (low-

SST correction), model mean residuals at low SST showed significant improvement,

and the estimated avz coefficient increased in magnitude, approaching the TOPEX GDR

value (see Table 4.8). The source of the low-V systematic errors remains unknown as

does the source of the systematic errors at very high SST not caused by the use of

cimatological rather than synchronous values of SST. Additional ad hoc correction

terms were added to the CYOk model to remedy the low-V and high-SST systematic

errors. With all correction terms in place, the resulting aOk model produced small mean

residuals over most of the data field, except at high values of Oc (low winds) where

the data were sparse. In general, the contribution of the simple linear atmospheric water

attenuation model appeared reasonable. The derived avz and alz coefficients were

remarkably similar to the TOPEX GDR values. However, the need for the low-Vt and

high-SST corrections may indicate the failure of the attenuation model in these regimes.

Additional information, such as cloud temperatures and independent estimates of &Ok,

would be helpful in determining the errors associated with these corrections. Without

such information it is impossible to specify exactly which pair of attenuation coefficients

listed in Table 4.8 provides the most appropriate comparison with aVZGDR and a1ZGDR.
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avz [dB/cm] alz [dB/micron]

Ok model (% difference from (% difference from
avzGDR = 0.0296) alzGDR = 0.000286)

uncorrected
0.023 8 0.000298

(-19.6) (+4.2)
(Egn. 4.4)
low-SST corrected

0.0287 0.000285

(Egn. 4.12)
(-3.0) (-0.3)

low-Va corrected
0.0253 0.000305

(Eqn. 4.13)
(-14.5) (+6.6)

low-SST, 1ow-V

corrected 0.0290 0.000289
(-2.0) (+1.0)

(Egn. 4.14)
low-SST, 1ow-V, -

high-SST corrected 0.0273 0.000291

(Egn. 4.15)
(-7.8) (+1.7)

low-SST, 1ow-V

corrected,SST<28 °C 0.0272 0.000294
(81) (+2.8)

(Eqn. 4.14)
uncorrected using
&Oc in place of aØ

0.0278 0.00035 1
(-6.1) (+22.7)

(Egn. 4.24)

Table 4.8 avz and alz coefficients obtained for the various a models mentioned in this
chapter.
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At the very least, assuming that the explanation of the low-SST errors is correct, the

attenuation coefficients obtained for the low-SST-corrected crok model (Eqn. 4.12) can

be deemed more appropriate for comparison with avzGDR and aIzGDR than the attenuation

coefficients obtained for the uncorrected Ok model (Eqn. 4.4).

Additional tests were performed to estimate the error introduced in the analysis

by the assumption of negligible C-band water vapor and cloud liquid attenuation.

Results showed that this assumption, although not significantly affecting cr model

residuals, did cause some underestimation in the values of avz and alz. The

underestimation was roughly the size of the respective C-band attenuation coefficients,

avz and a1z.

Finally, F-tests were performed to determine (1) whether or not the use of the

wet attenuation correction significantly improved the estimation of TOPEX-measured

Ok and (2) whether or not the estimates of avz and alz obtained through regression

analysis were significantly different from the TOPEX GDR values. In the first case, the

F-tests indicated that inclusion of the water vapor and cloud liquid water attenuation

corrections did improve the performance of the Ok model. In the second case, the

F-tests indicated that, in terms of CQk model performance, the attenuation coefficients

obtained through regression analysis (avz, alz) in Sections 4.1 through 4.4 offered no

significant improvement over the TOPEX GDR values (avzGDR, alZp). Thus, except

for the unresolved problems at low V and at very high SST (and the probably unrelated

errors observed at high °o), the analysis described in this chapter indicated that the

TOPEX GDR Ku-band wet attenuation correction was consistent with the collocated

data set.



CHAPTER 5 ANALYSIS OF TOPEX GDR V AND L

Assuming the validity of the global Ku-band wet atmospheric attenuation model

as described by Equations 2.42 and 2.45, the accuracy of the model predictions will

depend on the accuracy of the V and L estimates used as input. Although the analysis

of Chapter 4 relied exclusively on the SSMII-2 estimates of V and L(total cloud), the

actual TOPEX GDR atmospheric attenuation correction uses water vapor and cloud

liquid estimates based on the TIvIR brightness temperatures. The purpose of this chapter

is to use the collocated data to validate the TOPEXGDR estimates of V and L through

comparison with the SSMII-2 values.

As described in Section 2.3, the TOPEX GDR atmospheric attenuation

correction to is a linear function of V and L. More precisely, the GDR quantity

Atmos_Sigmao_Corr is calculated using L and the altimeter water vapor path delay,

PD, i.e.,

Atmos_Sigmao_Corr(13.6 GHz) = 0.12 + 0.00478PD + 0.000286 L cIB, (5.1)

where the path delay is in centimeters and L is in microns (Callahan, 1994). The

TOPEX GDR does not explicitly contain the columnar water vapor, V. Thus, before

any evaluation of TOPEX GDR V can be made, V must first be obtained from

quantities which are part of the TOPEX GDR. In Section 5.1, we examine the

calculation of the water vapor path delay, which can be obtained from GDR quantities,

and determine how path delay can be converted to V. Using this conversion, the

collocatedTOPEX and SSMJI-2 V estimates are compared. Section 5.2 then describes

the TOPEX GDR L algorithm and compares collocated TOPEX GDR L and SSMII-2

L(total cloud) estimates. Finally, Section 5.3 looks briefly at the joint



distributions produced by the collocated TOPEX GDR and SSMII-2 data. Analyses

performed in this chapter utilized either the full TOPEX data set (cycles 26 through 61,

not limited to collocation with SSMII) edited through stage 3 or the collocated data set

edited through stage 4 (see Figure 3.2).

5.1 Analysis of TOPEX GDR V

5.1.1 Water vapor path delay and calculation of TOPEX GDR V

Below about 30 or 40 GHz, the real part of the refractive index of the

atmosphere is independent of frequency (Wentz, 1987). A radar signal traveling

vertically in the atmosphere through an increment of geometric distance dz will traverse

an increment of optical distance dz' such that

dz'=n(z)dz, (5.2)

where n is now the real part of the atmospheric index of refraction. The difference

between the optical and geometric distances (the incremental path correction) is simply

dz' dz. Integrating over the effective height of the atmosphere, H, yields the total

tropospheric path correction, PD,

H H H
PD= .Idz' fdz = f(n(z)-1) dz. (5.3)

0 0 0

In terms of the refractivity N ( 106(n 1)), Equation 5.3 becomes



H
PD=1OfN(z)dz (5.4)

0

Ignoring effects due to non-ideal gas behavior, the refractivity of the atmosphere can be

calculated using (Craig et al., 1951)

N=KiIPI"+K2.i)+K3(-) , (5.5)T)

where Pa is the partial pressure of dry air in rnillibars (mbar), e is the partial pressure of

water vapor in mbar, and T is the absolute temperature. Smith and Weintraub (1953)

give the coefficient values K1 = 77.6 Klmbar, K2 = 72 Klmbar, and K3 = 3.75x i05

K2/mbar. Following Smith and Weintraub (1953), Equation 5.5 can be rewritten in

terms of the total pressure, P = Pa-I-ev, such that

N = K1(J + (K2 K1)(.!-) + K4). (5.6)

The first term on the right side of Equation 5.6 is considered the "dry" refractivity, and

the last two terms combine to form the "wet" or water vapor refractivity. Assuming a

limited temperature range of -50 C to +40 C, Smith and Weintraub (1953) make the

approximation

N = K1(.) + K4) , (5.7)
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-((K2 _K1)+). (5.8)

and K4 (= 3 .73x 105 K2/mbar) is evaluated by setting T equal to 273 K. Smith and

Weintraub (1953) state that Equation 5.7 is accurate to within 0.5%, while, at sea level

pressures, Thayer (1974) finds that it is actually accurate to better than 0.2%.

Employing the "wet" refractivity from Equation 5.7 and using the ideal gas law to

rewrite e in terms of water vapor density and temperature, Equation 5.4 becomes

PD
i72i4103$p(Z) dz, (5.9)

T(z)

where PD is in centimeters, ps,, is the water vapor density in g/m3, and T is the absolute

temperature. A slightly larger coefficient is obtained by Keihm et al. (1995) based on

the measurements of Boudouns (1963), i.e.,

PD l763lO_31pvz dz. (5.10)
T(z)

To obtain a relationship between PD and V2, we simplify Equation 5.9 or Equation

5.10 by assuming there exists a fixed (globally valid) equivalent temperature, Te, such

that



7Pv(z)
H

dz=Jp(z)dz (5.11)
0T(z)

Teo Te

Of course, this assumption of a fixed value for Te will introduce some error. This

problem is discussed in Liu and Mock (1990). In their examination of a global data set

of temperature and humidity profiles, they found that Te was far from constant, having a

mean of 278 K and a standard deviation of 9.82 K. Despite the error introduced, we

will assume a single global value for Te. Substituting Equation 5.11. into Equation 5.9

and assuming a value of Te =278 K, the global mean value obtained by Liu and Mock

(1990), yields

PD =6.2-V, (5.12)

where both PD, and V are in centimeters. If, instead of Equation 5.9, we use Equation

5.10 and again assume Te = 278 K, we get a coefficient of about 6.3 instead of 6.2.

The difference in PD estimates obtained using these two values is smaller than the

uncertainties introduced by assuming a single global value for Te. The value of 6.2 is

consistent with Keihm (1987) and will be used for all calculations in this study. Based

on the error results of Liu and Mock (1990), it would appear that assuming a fixed value

for Te leads to errors as large as about 0.3 cm when using Equation 5.12 to obtain V

from PD. The situation is illustrated in Figure 5.1 which shows a plot of PDV/VZ

versus V calculated from radiosonde data from three island sites (Keihm et al., 1995).

The data indicate that the ratio PDJV2 lies roughly between 6.0 and 6.4 for V greater

than about 2 cm. For V < 2 cm, where one would expect lower atmosphenc
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Figure 5.1 Ratio of water vapor path delay to V versus V for radiosonde data from
three island sites (after Keihm et al., 1995). x = Campbell Island (53S),
0 = Midway (28N), and A = Kwajalein (9N).
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temperatures, PDV/VZ rises with decreasing V, reaching a mean value of about 6.6 at

V 0.5 cm.

In producing the TOPEX GDR, TMR brightness temperature measurements are

used to estimate water vapor path delay, surface wind speed, and columnar cloud liquid

water, which are subsequently used in deriving various GDR quantities. The general

forms of the TOPEX (3DR TMR-based wind speed and water vapor path delay

algorithms are (Callahan, 1994):

W=-45.45+1.194TB18O.3817.TB21O.2815'TB37, (5.13)

PD =C0 + C18. ln(280TB18)+C21. ln(280TB21) +C37. ln(280 TB37), (5.14)

where W is in mis and PD is in centimeters. Wind speed values calculated according to

Equation 5.13 that are less than zero or greater than 28 m/s are set to zero and 28 m/s,

respectively. The water vapor path delay is obtained using an iterative estimation

procedure described in Keihm et al. (1995). The 'C' coefficients are obtained from an

array of values stratified with respect to path delay and wind speed.

PD is not stored explicitly in the GDR. Instead, the GDR contains the total wet

tropospheric range correction, Wet_Tropo_Rad, the path delay correction for both water

vapor and cloud liquid water. WetjlTropo_Rad is stored as a negative value in units of

millimeters. The cloud liquid contribution to the path delay, PDL, is calculated using

(Keihm, 1993)

PDL =L6x10L (5.15)z,
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where PD1 is in centimeters and L is in microns. The calculation of L from the TMR

brightness temperature measurements will be described in Section 5.2. The water vapor

path delay, PD,, can be obtained from the Wet_Tropo_Rad and L using

PD 1cm] = -0.1 Wet_Tropo_Radmm} -1.6 x iO-4 L Imicronsl. (5.16)

By combining Equations 5.16 and 5.12, estimates of TOPEX V can be obtained from

the TOPEX GDR data.

5.1.2 Comparison of TOPEX GDR V and SSMII-2 V

Validation of the TOPEX GDR V (V(GDR)), calculated as described above,

consisted of comparison with collocated SSMII-2 V (V(ssmi)). Although the full

TOPEX (cycles 26 through 61) and SSM/I-2 (June 1993 through May 1994) data sets

cover roughly the same time period, they were obtained using much different sampling

patterns. Consequently, the V histogram produced by the full TOPEX data set may not

resemble the V histogram produced by the full SSMII-2 data set even if the V retrievals

in both data sets are accurate. However, if the TOPEX and SSMIJ-2 V estimates are

relatively close, the collocated data set should produce similar TOPEX and SSMJI-2 V

histograms. Figure 5.2 shows the normalized frequency of data with respect to V for

the full TOPEX, collocated TOPEX, and collocated SSMII-2 data sets with no explicit

L limits. Table 5.1 lists the corresponding means and standard deviations. Note that,

because a given SSMII-2 data record can qualify as the collocation for more than one

TOPEX data record, there is a necessary redundancy present in the collocated SSMJI-2
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Figure 5.2 Normalized V histograms for collocated SSMJI-2 data set (dotted),
collocated TOPEX GDR data set (solid), and full TOPEX GDR data set (dash-dot).
Bin width is 0.24 cm.
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Data Set Mean V (cm) S. D. V (cm)

Full TOPEX 2.85 1.38

CollocatedTOPEX 2.62 1.35

Collocated SSMII-2 2.61 1.40

Table 5.1 Means and standard deviations of TOPEX and SSMII-2 V.

V histogram. Figure 5.2 reveals that the collocated TOPEX and SSMII-2 V

distributions are quite similar, providing qualitative evidence that the TOPEX V values

compare well with the SSMII-2 reference. Additionally, Figure 5.2 indicates that the

collocated TOPEX V distribution is fairly similar to the full TOPEX V distribution

(although there is a noticeable systematic difference), suggesting that the collocated data

subset is representative of the full TOPEX data set to a large degree.

A more quantitative comparison of TOPEX and SSMJI-2 V is presented in

Figure 5.3. Figure 5.3a presents the mean difference ((V(ssmi) V(GDR))) versus

mean V ((Vt) = 0.5 (V(ssnii) + V(GDR))) for the collocated data. The dashed lines

indicate the plus-or-minus one standard deviation envelope. The curves are produced by

first binning the data with respect to (Vt) in 0.25 cm wide bins and then computing the

statistics for each bin. Assuming the accuracy of V(ssmi), deviations of the mean

difference from zero suggest systematic error in VZ(GDR). For all of the (V2) bins, the

systematic errors are seen to be less than the corresponding rms errors indicated by the

dashed lines. The rms errors range from about 0.1 to 0.3 cm. In Figure 5.3b, the mean

difference is normalized by dividing by the mean. Except in the smallest KVZ) bin, the

normalized mean difference is less than 5%.

The above comparisons indicate that the estimates of V derived from the

TOPEX GDR are in good agreement with the reference SSMII-2 V estimates.
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Figure 5.3 (a) Mean and standard deviation of (V(ssmi) VZ(GDR)) versus mean
for collocated data set. (b) Same as (a) except for normalized mean difference.
(c) Corresponding frequency of data versus mean V. Mean V bin width is 0.25 cm.
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5.2 Comparison of TOPEX GDR L and SSMJI-2 L(tota1 cloud)

Validation of the TOPEX GDR L (L(GDR)) was carried out through

comparison with collocated SSM/J-2 L(totaI cloud) retrievals.'3 Although not stored

explicitly in the TOPEX (}DR, the TOPEX GDR L value can be calculated from the

TMR brightness temperatures using the following algorithm (Keihm, 1993, as per

Callahan, 1994):

L =L0+L18TB18+L21.TB21+L37TB37

if Lz > Lhigh , then L2 = L + Li(L Lhigh) + L2 (L Lhigh)2

ifL<Q, then L=0,

where L is in microns and the coefficients are listed in Table 5.2.

Coefficient Value

Ti) -2280.36 microns

L18 -12.241 microns/K

L21 -5.1280 microns/K

L37 28.964 microns/K

Lhigh 600. microns
L1 0.43

0.0003 microns-1

Table 5.2 TOPEX GDR L algorithm coefficients.

' SSMJI-2 L(total cloud) will also be denoted L(ssmi).

(5.17)
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A qualitative assessment of TOPEX GDR L, given collocated values of

SSMII-2 L(tota1 cloud), can be made by comparing L histograms. If the collocated

TOPEX GDR L and SSMII-2 L(total cloud) retrievals are close, the histograms should

be similar. Figure 5.4 shows the normalized frequency of data with respect to L for the

full TOPEX, collocated TOPEX, and collocated SSMII-2 data sets. Note that negative

L corrections were not applied to either TOIPEX GDR L or SSMII-2 L(total cloud) in

generating these plots.14 Table 5.3 provides mean and standard deviation of L for each

data set along with the fraction of the data with negative L values. Figure 5.4

Data Set Mean L (microns) S. D. L (microns) % L negative

Full TOPEX 93.6 208 31

Collocated TOPEX 93.3 196 30

Collocated SSMII-2 122.6 257 5

Table 5.3 Means, standard deviations, and percentages of negative data for TOPEX
GDR L and SSM1I-2 L1(total cloud).

suggests that theTOPEX GDR L values differ considerably from the SSM/I-2 L(total

cloud) values. What is especially alarming is that about 30% of the TOPEX GDR L

have a broad distribution of negative values for both the full and collocated TOPEX data

sets. According to Wentz (1994b), it is normal to obtain small negative L retrievals due

to the uncertainties involved in the L estimate, and this is seen to be the case for

SSMII-2 L(total cloud). Furthermore, L distributions similar to that produced by the

TOPEX GDR L algorithm are not unprecedented (see, for example, Lin and Rossow

(1994)). However, based on the SSMII-2 L(total cloud) distribution, a negative L

14 The SSMJI-2 negative L correction is discussed in Section 3.2.3. The TOPEX GDR
negative L correction consists of setting all negative L to zero (see Eqn. 5.17).



197

0.008

0.006

0.004

0.002

-200 -100

1.0

>.,
0 0.8
a)

a-20.6

0.4

C) '-'

collocated TOPEX GDR LzI

collocated SSM/I-2 Lz

- full TOPEX GDR Lz

0 100 200 300 400 500
Lz (microns)

-200 -100 0 100 200 300 400 500
Lz (microns)

Figure 5.4 (a) Normalized L histograms for collocated SSMIJ-2 data set (dotted),
collocated TOPEX GDR data set (solid), and full TOPEX GDR data set (dash-dot).
(b) Corresponding cumulative frequencies of data. For TOPEX data, L bin width is
6 microns. For collocated SSMII-2 L(total cloud), L bin width is 6 microns for
L < 180 microns and 18 microns for L> 180 microns.



retrieval rate of 30% under general sky conditions seems excessive and avoidable. Of

course, all of these negative L values are set to zero during the TOPEX GDR

calculation of Atmos_Sigma0_Corr.

The TOPEX negative L problem can be examined in more detail by plotting the

two dimensional histogram with respect to collocated TOPEX GDR L and SSMII-2

L(total cloud). This histogram is shown in Figure 5.5 and indicates that virtually all of

the negative TOPEX GDR L values correspond to small values of SSMJI-2 L(total

cloud), i.e., L(total cloud) < 100 microns.

Further comparison of the TOPEX GDR L and SSMJI-2 L(total cloud) values

is presented in Figure 5.6. In this case, the TOPEX and SSMJI-2 negative L

corrections have been applied. Figure 5.6a shows the mean difference ((L(ssmi)

LZ(GDR))) versus the mean L ((L = 0.5 (L(ssmi) + L(GDR))) for the collocated

data. As in the corresponding plot for V (Figure 5.3), the dashed lines represent the

one standard deviation envelope. The curves were produced by first binning the data

with respect to KLZ) in 6 micron wide bins and then computing the statistics for each bin.

Figure 5.6a indicates that there are no regions of large systematic error in an absolute

sense. The rms errors range from about 50 microns at (L2) = 50 microns to about 175

microns at (LZ) = 400 microns. In Figure 5.6b, the mean difference is normalized by

dividing by the mean. This normalized mean difference plot indicates that for (L)> 60

microns the TOPEX GDR L and SSMII-2 L(total cloud) values agree fairly well in the

mean, having normalized mean differences of less than about 20% for 60 (Li) 800

microns. However, for (Lx) less than -.60 microns, the normalized mean differences

become quite large, exceeding 100% for (L2) less than 30 microns.

Both the histogram comparisons (Figures 5.4 and 5.5) and the mean difference

plots (Figure 5.6) indicate areas of disagreement between the TOPEX GDR L and

SSMII-2 L(total cloud) for low values of columnar cloud liquid. Further, the rms
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errors appear to be quite large in general. However, due to the relatively small

retardation produced by cloud liquid water, the impact of the L errors indicated by these

comparisons is minimal when considering the TOPEX altimeter path length correction.

According to Equation 5.15, an error of 1000 microns in L would cause an error of

only 0.16 cm in PDL. The systematic errors observed at low values of L also appear

negligible when considering the Ku-band atmospheric attenuation correction. According

to Equation 2.45, an error of 50 microns in L would result in an error in the Ku-band

attenuation correction of only 0.014 dB. Nonetheless, it was decided that an attempt

should be made to improve the algorithm used to retrieve L from the TMR brightness

temperatures. Specifically, it was hoped that the systematic errors at low values of L7

and the observed rms errors could be reduced. This L algorithm development will be

presented in Chapter 6.

5.3 Distribution Plots

Although more difficult to interpret, two-dimensional histograms provide

another vantage point for comparing the collocated TOPEX GDR and SSMJI-2 data sets.

Such plots were included as part of the two-dimensional residuals figures in Chapter 4.

Figure 5.7 presents the V7,L histograms of the collocated SSMII-2 and TOPEX GDR

data. These plots reiterate the fact that only a small percentage of the SSMII-2 data have

negative L values compared to the TOPEX GDR data. The shape of the SSMIJ-2

distribution depends on both the sampling and the underlying physics, and an

explanation is beyond the scope of this study. The large differences between Figures

5.7a and 5.7b provided further motivation for attempting to improve the TOPEX L

algorithm.
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Figure 5.7 Frequency of data (a) versus SSMJI-2 L(tota1 cloud) and SSM/I-2 V and
(b) versus TOPEX GDR L and TOPEX GDR V. Obtained using coliocated data (L
bin width = 18 microns, V bin width = 0.24 cm).
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CHAPTER 6 A NEW TOPEX L ALGORITHM

This chapter describes how collocated SSMII-2 estimates of L(totaI cloud) were

used to calibrate new statistical models for TOPEX L. There are a number of reasons

for seeking an alternative to the TOPEX GDR L (L(GDR)). First, as shown in

Chapter 5, the LZ(GDR) retrievals exhibit large rms errors in general and large

systematic errors at low L. In addition, as revealed in the present chapter, the LZ(GDR)

retrievals also exhibit significant systematic errors with respect to other geophysical

quantities. The initial strategy of this investigation was to evaluate the performance of a

number of candidate L algorithms obtained through regression analysis in order to

choose a single best algorithm. However, results suggested that four of the candidate

algorithms offered acceptable, nearly identical performance. Instead of arbitrarily

limiting the discussion, this chapter will describe the process that led to the selection of

all four of these new TOPEX L algorithms.

Many candidate L algorithms were tested during this study. Section 6.1

discusses the criteria used to accept or reject a given algorithm. The section concludes

with a description of the data editing used in this chapter. Section 6.2 then describes

results obtained with candidate L algorithms based on simple functions involving only

the TvIR brightness temperatures. These algorithms, as well as LZ(GDR), were found

to produce L retrieval errors sensitive to both wind speed and sea surface temperature.

To remedy this situation, corrections were applied which explicitly targeted these

variables. The correction for wind-related effects is discussed in Section 6.3 where two

methods are presented. The first method is based on empirical relations between wind

speed and brightness temperature enhancement. The second method addresses the

problem by simply including an ad hoc correction term in the algorithm. Both methods

rely on the TOPEX altimeter measurement ofa and thus make the resulting estimate of
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a joint activelpassive retrieval. Section 6.4 then describes the correction of systematic

L retrieval errors correlated with sea surface temperature. In this case, an ad hoc

correction term was used which resembled the low-SST correction described in Chapter

4. L retrievals output by several algorithms containing the above corrections were

subsequently evaluated. The development of five of these L algorithms (one linear, one

logarithmic, and three quadratic) is described in Section 6.5. Of these five algorithms,

all but the linear were found to satisfy the adopted L algorithm acceptance criteria. The

performance of the four acceptable L algorithms is analyzed in Section 6.6. Although

the four algorithms performed well at low and intermediate values of L, they tended to

underpredict as L became large. For this reason, an additional large-Li correction was

added. This correction and the resulting L algorithm performances are examined in

Section 6.7.

6.1 L Algorithm Preliminaries

It is common engineering practice to use statistical models to relate geophysical

quantities, such as V and L2, to satellite microwave radiometer brightness temperature

measurements (see, for example, Wilheit and Chang, 1980; Alishouse et al., 1990;

Lojou et al., 1994; Karstens et al., 1994; Keihm Ct al., 1995). This section discusses

the framework within which new statistical TOPEX L models were obtained. It is

important to stress from the outset that what was sought was an algorithm for L(total

cloud), which means that all atmospheric liquid water modification of the Th4R

brightness temperatures is attributed to cloud liquid even when rain is present. Unless

otherwise stated, "LZ" will stand for L(total cloud) throughout this chapter. In what

follows, the term "L(topex)" will signify any of the new L2 algorithms employing the

TOPEX data, "L(ssmi)" will stand for SSMII-2 L(total cloud), and "LZ(GDRY refers

specifically to the algorithm defined by Equation 5.17 and Table 5.2.
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6.1.1 Criteria for algorithm selection

The main criteria used for L algorithm selection in the present study were as

follows:

1) Residuals from the L algorithm should not be large nOT vary systematically
with conditions.

2) The L histogram produced by the algorithm should resemble the collocated
SSMIE-2 L(tota1 cloud) histogram.

3) The algorithm functional form should be as simple as possible without
sacrificing (1) or (2).

The plots of mean residual, (L(ssmi) L(topex)), versus pertinent quantities

were crucial in judging a given L algorithm. Although criterion I listed above is a

standard test of model performance, complications are possible when comparing

estimates from different sensors. For example, due to the horizontal variability of

clouds, calibration of a cloud liquid algorithm for one satellite sensor using the cloud

liquid estimates of another satellite sensor with a significantly different footprint area

could lead to biases in the resulting algorithm. Wentz(1990) gives the 3 dB footprint

size for the SSMII 37 GHz channel (v-pol) as 37 km (along-track) and 28 km (cross-

track). Approximating the footprint area as a rectangle with these dimensions, we

calculate a 31 GHz footprint area of 1036 sq km. The TMR half power beamwidths are

43.4, 36.4, and 22.9 km for the 18, 21, and 37 GHz channels, respectively (Janssen

et al., 1995). The 21 and 37 GHz brightness temperatures are smoothed along track to

give along-track dimensions roughly equal to the 18 GHz along-track dimensions.

Thus, approximating the footprint area as a rectangle with dimensions of 43.4 km

(along-track) and 22.9 km (cross-track), we calculate a 37 GHz footprint area of about

994 sq km. Based on these estimates, the SSMIJ and TMR 37 GHz footprint areas

differ by only -4%. Thus, area mismatch does not appear to be an issue. Other biases



are possible due to, for example, imperfect collocation, variation of scene with incidence

angle, and data editing effects. Consideration of these complications was beyond the

scope of the present study. Also not considered were biases due to the beam filling

effect associated with broken cloudiness within the satellite footprint (Greenwald et al.,

1997).

As the search for acceptable L2 algorithms proceeded, a number of functional

forms were tested which yielded relatively small mean residuals. From this subset of

statistical models, acceptable L algorithms were selected based on how well they

reproduced the SSMJI-2 L(total cloud) histogram in the low-to-intermediate L range.

This was not an unequivocal method of choosing acceptable L algorithms. Preliminary

evaluations of a number of statistical models, carried out with incorrect data editing and

without accounting for certain dependencies (i.e., wind speed and SST), yielded a set of

L algorithms which produced both small mean residuals and acceptable L histograms.

However, when the data were properly edited and the dependencies were taken into

account, a different set of algorithms prevailed. Although efforts were made to

incorporate as many possible dependencies as practical in the L algorithms, such

statistical models cannot be expected to match the performance of a more informed

physically-based model.

6.1.2 Data editing

The L algorithms discussed in this chapter were determined through a series of

unweighted least squares regressions using the collocated data consisting of SSMJI-2

L(total cloud) estimates and the TOPEX data. Since the goal of the present chapter was

an algorithm for L(total cloud), no attempt was made to specifically remove rain-

contaminated data from the regressions. However, an SSMJI-2 rain rate limit of
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5 mm/hr was imposed toallow conversion from SSMJI-2 L(cloud) to SSMII-2 L(total

cloud), as discussed in Chapter 3.

The collocateddata used in the regressions were initially limited to those records

for which TOPEX a was greater than 12 dB and for which SSMII-2 L(total cloud)

was less than 2000 microns (editing stages 5 and 6 in Figure 3.2). The 12 dB limit was

imposed to avoid data obtained under high wind conditions. The 2000 micron limit was

chosen as a compromise to moderate the effect of the highly skewed L data distribution

without degrading algorithm performance at low L. Algorithms obtained using

significantly lower L limits were found to produce retrievals which were biased low

except at very small values of L. With these limits in place, there remained 324,825

data records in the collocated data set available for the regressions. Once satisfactory

algorithm forms were found, the 2000 micron limit was lifted in order to determine

corrections at very large L (see Section 6.7). Removal of the 2000 micron limit

increased the data set to 326,506 data records.

In all of the regressions reported in this chapter, negative L(ssmi) values were

corrected (i.e., shifted to positive values) using the Wentz method (Wentz, 1994b)

mentioned in Chapter 3. Test regressions were performed to evaluate the effect of not

correcting these data. For the most part, removal of the negative L correction had only

a minor effect on coefficient estimates and algorithm performance. Although all

regressions described in this chapter were can-ied out with the negative L(ssmi) values

corrected, the performance of the resulting L(topex) algorithms was judged by

comparing the L1(topex) histograms with the L(ssmi) histogram produced without the

negative L correction. Comparison with the uncorrected L(ssmi) histogram was the

natural choice due to the minimal influence of the corrected negative L(ssmi) data on the

regression.
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6.2 Simple L Algorithms Based on the TMR Tb's

The original goal of this analysis was to obtain a TOPEX L algorithm based on

a simple function of the 1'MR brightness temperatures alone (i.e., Tb18, Th21, and

Th37). This section describes why this approach was eventually abandoned.

6.2.1 Coefficient estimates for simple L algorithms

We will consider the three L algorithm forms given by Equations 6.1 through

6.3, i.e., the linear, logarithmic; and full quadratic.

Linear:

L=a0+a18.TB18+a21.TB21+a37TB37. (6.1)

Logarithmic:

L = aO + al 8 ln(280 TB18) + a21 - ln(280 TB21) + a37 . ln(280 - TB37). (6.2)

Full Quadratic:

L =a0+a18TB18+a21TB21+a37.TB37

+al8sq TB182 + a2lsq- TB212 + a37sq (6.3)
+a1821TB18TB21+a1837.TB18TB37+a2137-TB21TB37.

The linear form (Eqn. 6.1) is identical to the linear portion of the LZ(GDR)

algorithm (see Section 5.2). The logarithmic form (Eqn. 6.2) is similar to L algorithm

forms used by previous investigators (e.g., Wilheit and Chang, 1980; Lojou et al.,

1994; Karstens et al., 1994). The full 10-parameter quadratic form (Equ. 6.3) was tried
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in an effort to remove some of the shortcomings observed in the performance of the

linear and logarithmic algorithms.

Unweighted least squares regressions were performed using each of the above

functional forms. The resulting coefficient estimates and their standard uncertainties are

shown in Tables 6.1 through 6.3. Note that the coefficients obtained here for the linear

algorithm are similar to the coefficients appearing in the linear portion of the LZ(GDR)

algorithm (see Table 5.2).

6.2.2 Residuals for simple L algorithms

Plots of mean residual, KL(ssmi) L(topex)), versus L(topex), Th18, Th21,

Th37, a, TOPEX GDR V, and climatological sea surface temperature (SST, from the

SSMJI-2 data record) are shown in Figure 6.1 for the linear (red), logarithmic (blue),

and quadratic (black) L algorithms. Also shown are plots of normalized mean residual

and standard deviation of residual versus L(topex), where normalized mean residual is

defined as

normalized mean residual (Lz(ssmi) L(topex))
(6.4)

L (topex)

Corresponding plots for LZ(GDR) (green) are included for comparison. Note that, in

obtaining these plots, negative values of L were left uncorrected. The curves at the

base of each plot represent the relative frequency of data (on an arbitrary scale) with

respect to the horizontal axis.

Figure 6.1 indicates that, in general, the quadratic algorithm yields the smallest

mean residuals, especially in regions containing significant amounts of data. The linear



210

Coefficient Estimate (std uncert)

aO (microns) -2091.5 (5.6)

a18 (microns/K) -11.04 (0.13)

a21 (microns/K) -5.431 (0.036)

a37 (micronsTK) 27.3 13 (0.054)

Table 6.1 Linear L algorithm coefficients and uncertainties.

Coefficient Estimate (std uncert)

aO (microns) 1737 (49)

a18 (microns) 1844 (17)

a21 (microns) 451.1 (3.9)

a37 (microns) -2742.3 (5.2)

Table 6.2 Logarithmic L algorithm coefficients and uncertainties.

Coefficient Estimate (std uncert)

aO (microns) 2784 (44)

a18 (microns/K) 66.7 (3.6)

a21 (microns/K) -26.89 (0.72)

a37 (microns/K) -69.69 (0.93)

al8sg (microns/K2) -1.366 (0.029)

a2lsg (microns/K2) -0.3100 (0.0038)

a37sg (microns/K2) 0.2371 (0.0066)

a1821 (microns/K2) 1.330 (0.020)

a1837 (microns/K2) 0.489 (0.026)

a2 137 (microns/K2) -0.3474 (0.0083)

Table 6.3 Quadratic L algorithm coefficients and uncertainties.
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algorithm tends to perform the worst. Despite these systematic differences, the random

errors for all of the algorithms are quite similar (Figure 6.lc). The quadratic algorithm

produces an L histogram which most resembles the SSM!1-2 L2(total cloud) histogram

(see Figure 5.4).

Although the plots in Figure 6.1 favor the quadratic algorithm, there remain both

obvious and hidden problems. The obvious problems can be seen in the mean residual

plots versus and versus sea surface temperature, where the quadratic algorithm has

failed to remove significant systematic error in regions of substantial data. The hidden

problem with the quadratic algorithm was revealed when attempts were made to reduce

possible degeneracies in the. statistical model by using the SVD (Singular Value

Decomposition) method of least squares regression (This method will be discussed in

more detail in Section 6.5). Briefly, setting the smallest singular value to zero (lw=O)

resulted in a quadratic algorithm which yielded fairly small mean residuals but a poor L

histogram. Setting the two smallest singular values to zero (2w=O) resulted in a

quadratic algorithm which produced both poor mean residuals and a poor L histogram.

This suggested that the good results obtained with the original quadratic algorithm which

was developed using standard regression (equivalent to setting no singular values to

zero (Ow=O)) were not very stable, relying on a delicate balance involving all ten of the

algorithm parameters.

Other L algorithms based on the TMR brightness temperatures were tried, but

none were very effective in removing the systematic errors associated with r or sea

surface temperature. Instead of proceeding blindly to test countless other functions of

the brightness temperatures in the hope of stumbling upon a solution, it was decided to

attack the problems involving o and sea surface temperature directly. The methods

used are discussed in the next two sections.
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6.3 Correction for Wind

As discussed in earlier chapters, o can be directly related to surface winds. As

wind speed increases, altimeter-measured will decrease. Another aspect of ocean

winds involves the appearance of foam on the sea surface. Investigators have found that

there is a wind speed threshold above which foam begins to appear (Keihm, 1987).

This foam, which has a very high emissivity at microwave frequencies compared to sea

water, causes the brightness temperatures to increase relative to what would be seen

under calm (low wind) conditions. As wind speed increases beyond the foam

threshold, so too does the foam coverage and the enhancement in brightness

temperature. In this context, it is easy to imagine how systematic errors might appear in

the mean residual plot versus y (Figure 6.lg) if the simple L algorithms (Eqns. 6.1

through 6.3) are unable to correct for the contribution of wind-induced foam to the

measured brightness temperatures. The simple L algorithm forms had been tried with

the belief that including the TIvIR 18 0Hz brightness temperature would somehow

account for this dependency. Apparently, this belief was wrong.

At least three approaches were considered for removing the wind-related retrieval

errors produced by the L algorithms. The purest approach, in keeping with the spirit of

relying solely on the TMR. brightness temperatures, would have involved producing a

wind speed algorithm based on the TMR Tb's and then using the wind speed retrieved

from that algorithm to apply a correction. Although the TOPEX GDR uses a wind

speed algorithm based on the TMR Tb's (see Equation 5.13), a casual examination of

the wind speed histogram produced by this algorithm indicated that improvements

would be necessary. Since considerable effort was already being expended on a similar

undertaking with the L algorithm, an alternative was sought.

An obvious alternative to employing a Tb-based wind speed algorithm was to

simply use TOPEX-measured as a measure of wind. In following this path, the
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footprint mismatches between the TMR and the TOPEX altimeter were ignored.

Averaging of measurements would have proven quite difficult due to the discontinuous

nature of the collocated data set. In any event, two correction methods were developed

using 00c In the first method, was used to apply a crude correction to the

brightness temperatures to remove the wind-induced enhancement. In the second

method, an ad hoc correction involving was included in the L algorithm. Both

approaches, which are detailed below, appeared to yield similar improvements in the L

retrievals.

6.3.1 Method 1: Wind-corrected brightness temperatures

The first method used to correct for wind-induced foam is based on Keihm

(1987), who discusses the relationship between wind speed, sea foam, and brightness

temperature enhancement. Foam begins to appear on the surface of the ocean for a 20 in

wind speed of about 7 m/s. Above about 10 0Hz, foam enhancement of brightness

temperature is roughly independent of frequency, and brightness temperatures increase

by approximately 1 K for every meter per second of wind speed above the 7 rn/s

threshold. In the crude model presented here, any frequency dependence in the foam

effect is ignored. Based on the above, we can write the increase in brightness

temperature as

Am=1.o.(w20-7.0) K, (6.5)

where W20 is the 20 m wind speed, and the "-i-" subscript indicates that the quantity in

parentheses is set to zero for W20 less than 7 rn/s.
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Figure 6.2 shows a plot of mean SSMJI-2 10 m wind speed versus TOPEX

obtained for the collocated data set. For a mean wind speed greater than 7 m/s and

12 15.5 dB, the wind-speed, relationship can be crudely approximated as

linear. To obtain an algorithm for 10 m wind speed in terms of a linear fit was

performed between mean 10 m wind speed and for the range 12.0 dB <a < 15.4

dB. Assuming a neutral stability wind, profile, the resulting 10 m wind speed algorithm

was multiplied by a factor of 1.06 to obtain 20 m wind speed estimates (Chelton and

Wentz, 1986). The resulting 20 m wind speed algorithm is given by

W7059.8-3.47 Oc (6.6)

According to this wind speed algorithm, a 7 ni/s wind speed threshold for foam

corresponds to a o threshold of about 15.22 dB. Thus, the wind-corrected brightness

temperatures can be written as

,=Tbw (W20-7.0) W20>7.Om/s
Th W207.Om/s

or (6.7)

Th au,. (52.8-3.47. c) 12.0 dB < Oc <15.22 dB
Tb ol5.22dB

where the coefficient, a, has a value of about 1 K/(mls). The value of a was tested by

performing a nonlinear least squares fit of a quadratic L algorithm form similar to

Equation 6.3, using the wind-corrected TMR Th's in place of the regular TMR Tb's,

and allowing the value of a to vary. This test yielded a value of a = 0.998 KI(m/s).

In the work presented here, the value of a was always set to 1.0 K/(m/s).
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Figure 6.2 Mean SSMII-2 10 m wind speed versus TOPEX for collocated data
With no L Iiniit. cNo bin width = 0.25 dB.
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6.3.2 Method 2: Ad hoc wind correction term

A second method of reducing the systematic error with respect to a (wind

speed) displayed in Figure 6. ig is to explicitly include a correction involving c in the

L algorithm. It was decided to add a correction of the form

(Oc b) (6.8)

where has the units of microns/dB, has the units of dB, and the "-" subscript

means that the term is zero for > b. The value of b was obtained by performing

brute force nonlinear least squares fits involving various candidate L algorithm forms in

combination with the above correction. These fits yielded values for of roughly

15.5 dB. In the sections which follow, all calculations involving the above correction

were carried out with held fixed at this value.

Use of this linear correction term (Eqn. 6.8) instead of the brightness

temperature correction (Eqn. 6.7) resulted in noticeably smaller mean residuals for low

wind speed data, i.e., in the data regime where both corrections are set to zero. In this

regime, the difference in the mean residuals produced using the two corrections was

roughly constant and on the order of 10 microns. When was reduced to 15.2 dB,

the residuals at low wind speeds obtained using the two wind corrections were nearly

equal. This suggested that the wind-corrected brightness temperature method might be

improved slightly with minor adjustments, but such improvements were not attempted in

this study.
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Figure 6.3 Model sea surface emission at nadir versus sea surface temperature at 18,
21, and 37 GHz based on Klein and Swift (1977). Salinity = 35 %c.
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where has the units of microns/CC, has the units of C, and, again, the "-"

subscript indicates that the term is zero for SST greater than A nonlinear least

squares fit of a quadratic L functional form similar to Equation 6.3 was performed

using the wind-corrected brightness temperatures described in Section 6.3.1 plus the

above SST-correction term. With both and b5 allowed to vary, the regression

yielded a value for of roughly 14.0 'C. Later tests revealed that, because the SST

correction (Eqn. 6.9) in effect approximated a curve (see Figure 6.3) with two line

segments, there was some leeway in the positioning of By shifting from

14.0 'C to a higher value (e.g., 16 'C), the mean residuals at intermediate values of

SST could be reduced. However, this shift of b5 also caused a relative increase in the

mean residuals at low SST. On the other hand, setting b55 to a value of 14.0 'C yielded

relatively small mean residuals for the entire SST range. In the work reported here, bt

was always set to 14.0 'C.

6.5 L Algorithm Determination with Wind and SST Corrections

With the addition of the above corrections, a number of candidate L algorithms

(including linear, logarithmic, and quadratic) were re-evaluated. As expected, the

presence of the corrections caused estimates of coefficients associated with the

brightness temperatures to change dramatically. The changes were especially sensitive

to the presence of the wind corrections. In the subsections which follow, the

development of five L algorithms incorporating wind and SST corrections are

discussed.
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6.5.1 Linear with corrected Tb's + SST correction

We will first reconsider the linear L algorithm, this time using wind-corrected

brightness temperatures and the SST correction. The functional form for the revised

algorithm is

L(lintbcsst) = aO + a18 TBI8' -i- a21 TB21' + a37 TB37'
(6.10)

+ (SST 14.0)

where the primes denote wind-corrected brightness temperatures as given by Equation

6.7. The coefficients in Equation 6.10 were estimated using standard regression. The

results are presented in Table 6.4. The mean residual plots and L7 histogram for this

algorithm all showed improvement over those obtained for the linear algorithm without

corrections. Here "improvement" means that the residuals were smaller and that the L

histogram produced by the revised linear algorithm more closely resembled the SSM/1-2

Ltotal cloud) histogram. However, the improvement was not sufficient for this

algorithm to pass the acceptance criteria described in Section 6.1.!. To illustrate the

situation, Figure 6.4 shows how the shape of the L histogram produced by the linear

algorithm is affected by the addition of the wind and SST corrections. Although the L

histogram produced by the revised linear algorithm is closer in appearance to the

SSM/I-2 L(tota1 cloud) histogram, substantial differences remain, especially

considering the L histograms produced by the algorithms discussed below.

6.5.2 Logarithmic with corrected Tb's + SST correction

Following the same order of presentation as in Section 6.2, we next consider a

logarithmic algorithm with wind-corrected brightness temperatures and the SST

correction. The revised algorithm has the functional form
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Coefficient Estimate (std uncert)

aO (microns) -2852.7 (6.6)

a18 (micronslK) 3.211 (0.15)

a21 (microns/K) -12.394 (0.046)

a37 (microns/K) 27.304 (0.055)

asst (microns/°C) 8.315 (0.078)

Table 6.4 L(1intbcsst) algorithm coefficients and uncertainties.
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L(logtbcsst) = aO + a18 'ln(280 TB18')

-t-a21 ln(280 TB21') + a37 ln(280 TB37') (6.11)

.(SST 14.0)_

Regression analysis yielded the coefficient estimates and uncertainties shown in Table

6.5. Both the mean residual plots and the L1 histogram for L7(logtbcsst) showed

significant improvement over those obtained for the logarithmic L algorithm without

corrections.'5 In this case, the improvement was such that the revised logarithmic

algorithm met the algorithm acceptance criteria. The algorithm was especially attractive

because it represented a simple form similar to algorithms adopted by previous

investigators.

6.5.3 Quadratic with corrected Tb's + SST correction, SVD

In the next three subsections, we will proceed somewhat differently. In each

subsection, a different quadratic L algorithm will be considered, where the difference

will involve either the algorithm form or the procedure for determining the algorithm. In

each case, a number of candidate algorithms will be generated, and from these a best

algorithm will be chosen. Invariably, several of the candidate algorithms provided

acceptably small mean residuals. Thus, the choice of the best algorithm always came

down to selecting the one which produced an L histogram which most closely

resembled the SSMII-2 L(tota1 cloud) histogram.

15 Plots of residuals and L histograms for the algorithms discussed in Sections 6.5.2
through 6.5.5 will be presented collectively in Section 6.6.
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Coefficient Estimate (std uncert)

aO (microns) 6723 (62)

a18 (microns) 319 (22)

a21 (microns) 1052.7 (5.3)

a37 (microns) -2792.7 (5.6)

asst (microns/°C) 5357 (0.076)

Table 6.5 L2(logtbcsst) algorithm coefficients and uncertainties.
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The first quadratic L algorithm we will consider uses the wind-corrected

brightness temperatures plus the sea surface temperature correction and has the

functional form

L(qtbcsst) = aO + a18 TB18' + a21 TB21' a37 TB37'

+al 8sq TB1 82 + a2 lsq TB21'2 + a37sq TB37'2 (6.12)
+a1821 TB18' TB21' + a1837 TB18' TB37'

+a2137 TB21' . TB37' + (SST 14.0)_

where the primed Tb's are given by Equation 6.7. Linear least squares regressions were

performed using the SYD (singular value decomposition) method (Press et al., 1992).

In this method, as part of the singular value decomposition of the design matrix, a list of

singular values (W's') is generated. Some of these singular values are quite small relative

to the largest singular value. These small singular values can represent linear

combinations of the algorithm variables which are degenerate in the fit. By setting these

small singular values to zero befoi solving for the algorithm parameters, one can reduce

the effect of degeneracies on the parameters while increasing the minimum chi-square

only slightly.

Estimation of the algorithm coefficients in Equation 6.12 began with none of the

singular values set to zero (Ow=O). In this case, the coefficients obtained were the same

as obtained using standard regression. At this stage, all 11 parameters in L(qtbcsst)

were allowed to vary. This yielded a value for a1 of 5.52 microns/°C. was then

frozen at this value, and the normal sequence of setting singular values to zero was

followed for the resulting 10 parameter algorithm. The singular values obtained for this

10 parameter algorithm fixed) are shown in Table 6.6.
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w(1) = 33697393.9

w(2) = 1638463.9

w(3) = 406068.6

w(4) = 28907.2

w(5) = 9033.0

w(6) = 4526.3

w(7) = 3470.1

w(8) = 116.6

w(9) = 48.8

w(10) = 1.73

Table 6.6 Singular values for L(qtbcsst) with fixed.
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Given the singular values in Table 6.6, the procedure followed was to first set

just the smallest singular value to zero, then the two smallest singular values to zero,

then the three smallest singular values to zero, and so on. In each case, a new set of L

algorithm coefficient estimates was generated. As more singular values were set to zero,

both the L histogram and the mean residual plots for L(qtbcsst) changed. In general,

as more singular values were set to zero, the mean residual plots grew worse, deviating

farther from zero. On the other hand, the L histogram actually improved (i.e., became

more similar to the SSMII-2 L(total cloud) histogram) as the first few singular values

were set to zero. The L2 histograms most resembling the SSMII-2 L(total cloud)

histogram were obtained when the 2 or 3 smallest singular values were set to zero. The

resemblance between the L(qtbcsst) and SSMII-2 L(tota1 cloud) histograms got worse

when more than 3 singular values were set to zero. Fortunately, when 3 singular values

were set to zero, the mean residual plots were still acceptable. Table 6.7 lists the

coefficient estimates and standard uncertainties obtained for L(qtbcsst) when zero

through four singular values were set to zero. The L algorithm chosen as "best" from

this set of algorithms and which satisfied the algorithm acceptance criteria was that

obtained when 3 singular values were set to zero (there was very little change in mean

residuals or the L histogram in going from 2w=O to 3w=O). This L algorithm will be

designated as L(qtbcsst,3w=O).

6.5.4 Quadratic + Uc correction + SST correction, SVD

The second quadratic L7 algorithm which yielded acceptable results uses the

linear j term to correct for wind effects (Section 6.3.2) and the SST correction. It has

the functional form
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Coefficient Ow=0 lw=0 2w=0 3w=0 4w=0
aO -764 2.669 -0.0150 -0.05676 -0.04785
(microns) (53) (0.041) (0.0059) (0.00015) (0.00013)
a18 118.5 100.8 -3.638 -4.143 -3.5055
(microns1K (2.0) (1.6) (0.072) (0.011) (0.0093)
a2.i -47.49 -41.69 -9.11 -4.969 -4.270
(microns/K) (0.86) (0.77) (0.59) (0.013) (0.011)

a37 -54.25 -54.00 -1.59 -5.174 -4.465
(microns/K) (0.96) (0.94) (0.51) (0.013) (0.012)
al8sq -1.811 -1.706 0.107 0.115 1.8130

(microns/K2) (0.033) (0.032) (0.016) (0.016) (0.0054)
a2lsq -0.3481 -0.3363 -0.1522 -0.1274 0.0193
(microns/K2) (0.0051) (0.0051) (0.0043) (0.0024) (0.0021)

a37sq 0.2229 0.2286 0.3498 0.3346 0.7691
(microns/K2) (0.0061) (0.0061) (0.0058) (0.0054) (0.0040)

a1821 1.699 1.635 0.450 0.367 -0.6687
(microns/K2) (0.025) (0.025) (0.017) (0.012) (0.0079)

a1837 0.592 0.580 -0.585 -0.515 -2.2768
(microns/K2) (0.026) (0.026) (0.020) (0.017) (0.0071)

a2137 -0.4785 -0.4805 -0.0739 -0.0794 0.4799
(microns/K2) (0.0092) (0.0090) (0.0066) (0.0066) (0.0045)

Table 6.7 L(qtbcsst) algorithm coefficients (standard uncertainties in parentheses) for
varying number of singular values set to zero (a5 = 5.52).
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L(qlcsst) = aO + a18 TB18 + a21 TB21 + a37 TB37

+al8sq . TB18 + a2lsq .TB212 + a37sq TB372

+a1821TB18TB21+a1837TB18TB37 (6.13)

+a2137TB21TB37

(c 15.5) + (SST 14.0)_

Again, the SVD method of regression was used to obtain the coefficient estimates.

Initially, both asc and were allowed to vary so that a full 12 parameter fit was

obtained with no singular values set to zero. This yielded values for the correction

coefficients of = 43.3 microns/dB and = 5.29 microns/K. and were

then frozen at these values as the setting of singular values to zero (as described in the

previous section) was carried out. The singular values for the 10 parameter fit are

shown in Table 6.8. Table 6.9 lists the coefficient estimates and standard uncertainties

obtained for L(qlcsst) when zero through four singular values were set to zero.

The results for L2(qlcsst) were quite similar to those obtained for L(qtbcsst).

Again, the 2w=0 and 3w=0 algorithms produced both acceptably small residuals and L

histograms most closely resembling the SSMII-2 L(total cloud) histogram. However,

in this case, slight differences were evident in the 2w=0 and 3w=0 algorithm results.

Because it produced an L histogram more closely resembling the SSMII-2 L(total

cloud) histogram, the 2w=0 algorithm was chosen as best. This algorithm, which met

the algorithm acceptance criteria, will be designated as L(qlcsst,2w=0).
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w(1) = 34796920.6

w(2) = 1672305.5

w(3) = 407934.3

w(4) = 29074.3

w(5) = 8824.4

w(6) = 5429.1

w(7) = 3620.7

w(8) = 144.5

w(9) = 56.1

w(10) = 2.09

Table 6.8 Singular values for L(qlcsst) with and fixed.
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Coefficient Ow=0 lw=0 2w=0 3w0 4w=0
aO -542 2.803 0.0111 -0.05469 -0.05167

(microns) (53) (0.045) (0.0067) (0.00012) (0.00011)

a18 98.0 82.3 -2.82 -3.9533 -3.7410

(microns/K) (1.9) (1.4) (0.12) (0.0088) (0.0082)

a21 -33.33 -28.26 -9.50 -4.659 -4.4416

(microns/K) (0.70) (0.57) (0.49) (0.010) (0.0097)

a37 -53.84 -52.08 -1.22 -4.911 -4.693

(microns/K) (0.91) (0.89) (0.37) (0.011) (0.010)

al8sq -1.413 -1.290 0.087 0.104 1.0447

(microns/K2) (0.028) (0.027) (0.015) (0.015) (0.0029)

a2lsq -0.2262 -0.2106 -0.1374 -0.1138 -0.0441

(microns/K2) (0.0037) (0.0034) (0.0033) (0.0022) (0.0019)

a37sq 0.1616 0.1631 0.3186 0.2989 0.5572

(microns/K2) (0.0065) (0.0065) (0.0060) (0.0057) (0.0039)

a1821 1.167 1.081 0.407 0.312 -0.2253

(microns/K2) (0.019) (0.018) (0.015) (0.011) (0.0073)

a1837 0.602 0.573 -0.522 -0.451 -1.4583

(microns/K2) (0.025) (0.025) (0.018) (0.017) (0.0057)

a2137 -0.3730 -0.3613 -0.0652 -0.0610 0.2410

(microns/K2) (0.0082) (0.0080) (0.0065) (0.0065) (0.0044)

Table 6.9 L(qlcsst) algorithm coefficients (standard uncertainties in parentheses) for
varying number of singular values set to zero (asc=43.3,acst = 5.29).
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6.5.5 Quadratic +
aOc correction + SST correction, reduced

The third quadratic algorithm which yielded good results was obtained through a

backward elimination procedure (Montgomery and Peck, 1992) executed on the

quadratic functional form given by Equation 6.13. Variable removal was undertaken

with the expectation that it would yield results similar to those obtained by setting

singular values to zero in the SVD regressions outlined above, i.e., an improved L

histogram with minimal degradation of the mean residual plots. Of course, strong

multicollinearity in the statistical model might interfere with the backward elimination

procedure. All that could be done was to follow the backward elimination steps and see

how well the final L algorithm performed.

The effect of removal of a single variable from the algorithm was determined by

calculating the F-statistic given by

SSE1/m1z=
SSE0/m0 (6.14)

where SSE1 is the sum of squared errors for the algorithm with one variable removed,

and m1 is the corresponding degrees of freedom. SSE0 is the sum of squared errors

obtained with all algorithm variables present, and mij is the corresponding degrees of

freedom. Thus, if P0 is the number of parameters in the original algorithm and n is the

number of data values,

m0 = Po
(6.15)mi=n(po-1)
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The backward elimination procedure began with a standard regression in which all

parameters were allowed to vary (equivalent to the SVD Ow=0 algorithm given in Table

6.9). The coefficients and were then frozen, as before, leaving 9 variable terms

to consider for removal (see Equation 6.13). Standard regressions were then performed

and z statistics calculated based on the removal of each of the nine variable terms,

assuming that the other eight variable terms remained. The smallest of these F-statistics

(Zmin) was then compared with a cutoff value corresponding to a probability threshold

of 0.05, i.e., Ft0ff F.05,ml,mO. If Zmjn was less than Fctoff, the corresponding

variable was removed from the algorithm, and the backward elimination procedure was

repeated for the remaining 8-variable algorithm, and so on. Due to the large amount of

data (324,825 records), the value of Fctoff remained roughly constant at an estimated

value of 1.0058 as the total number of variables was reduced. Table 6.10 shows the

values of z obtained for the various stages of the backward elimination process. The

leftmost column gives the number of parameters in the quadratic portion of the algorithm

prior to variable removal. The first row in Table 6.10 (initial model = full 10 parameter

quadratic + corrections) indicates that removal of Tb18*Th37 yields the smallest value

for z. Consequently, Th18*Th37 was the first variable removed. The second row in

Table 6.10 (initial model = 9 parameter quadratic (w/o ml 8*Th37) + corrections)

indicates that the second variable to be removed from the algorithm should be

Tb21 *Th37, and so on. At each stage of the backward elimination process, both the

mean residuals and the L histogram were plotted. The mean residuals remained fairly

small through most of the process. The L histogram changed unpredictably as more

variables were removed. The L histogram most resembling the SSMIJ-2 L(tota1 cloud)

histogram was obtained for the 4-variable (with Tb37, Tb182, Th212, and Th372)

algorithm. Consequently, this algorithm form was considered the best produced by the

backward elimination procedure. The functional form for this algorithm is
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variable removed

initial

model

TBIS TB21 TB37 TB12 TB212 ç372 1*
TB21

TB1S*

TB37

TB21*

TB37

lOp 1.0088 1.0070 1.0110 1.0076 1.0118 1.0019 1.0111 1.0017 1.0066
9p 1.0071 1.0061 1.0123 1.0110 1.0105 1.0257 1.0094 1.0053
8p 1.0049 1.0032 1.0121 1.0058 1.0061 1.0360 1.0042

7p 1.0017 1.0108 1.0049 1.0029 1.0342 1.0010
6p 1.0032 1.0144 1.0040 1.2165 1.0423

Sp

1.0171 1.0022 1.2136 1.0802-1.0160-1.9966 1.0784-
Table 6.10 F-statistics obtained during backward elimination (F0=1.0058).
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L(q5plcsst) = aO + a37 TB37 + al 8sq TB182 + a2lsq TB212
(6.16)

+a37sq.TB372 +a (Oc 15.5) +a5 .(SST-14.0)_

Once the algorithm form was determined, a final regression was performed in which a

and were allowed to vary. The resulting coefficient estimates and their standard

uncertainties are shown in Table 6.11. Note that the final values for and changed

somewhat from their initial fixed values (given in Section 6.5.4). The mean residual

and L histogram plots for this algonthm were quite similar to those obtained when a

and asct were fixed. This algorithm also met the acceptance criteria and will be

designated as L(q5pIcsst), where the "5p" stands for the number of parameters

remaining in the quadratic portion of the algorithm.

6.6 Performance of L Algorithms With Wind and SST Corrections

In this section, we examine how well the four new TOPEX L algorithms,

chosen on the basis of the acceptance criteria of Section 6.1.1, compare with SSMII-2

L(total. cloud). Note that it is not intended to suggest that the four new L algorithms

represent the complete set of acceptable algorithms. It is probable that other algorithm

forms not tried could also have provided acceptable performance.

6.6.1 Residuals

The results of residuals calculations are summarized in Figure 6.5, where the

algorithms represented are L(qlcsst,2w=O) (red), L(qtbcsst,3w=O) (orange),

L(q5plcsst) (black), L(logtbcsst) (blue), and LZ(GDR) (green). The curves at the base

of each plot show the relative distribution of data (on an arbitrary scale) with respect to
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Coefficient Estimate (std uncert)

aO (microns) 964 (35)

a37 (microns/K) -23.17 (0.38)

al8sg (microns/K2) -.01207 (0.00053)

a2lsg (microns/K2) -0.02672 (0.00016)

a37sg (micronsfK2) 0.1420 (0.0011)

asc (niicrons/dB) 42.49 (0.38)

asst (microns/CC) 6.160 (0.077)

Table 6.11 L(q5plcsst) algorithm coefficients and uncertainties.
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each argument. Figures 6.5a and 6.5b present mean residual and normalized mean

residual versus L(topex) (i.e., retrieved Li). These plots indicate that all four of the

new L algorithms yield relatively small mean residuals out to about 500 microns with

only a slight offset from zero. The small offset could have been corrected by subtracting

a constant of 6 or 7 microns from the algorithms, but this was not done here. Beyond

500 microns, the algorithms tend to underpredict the SSMJI-2 L(totai cloud) value by

an amount similar to TOPEX GDR L2. Figure 6.5c shows the standard deviation of

residuals plotted versus L(topex). At low values of L(topex), the new algorithms

provide slightly smaller residual variance than L(GDR), but, for larger L(topex), the

residual variances show no improvement. Figures 6.5df present the mean residuals

versus the TMR brightness temperatures. Basically, all of the new algorithms provide

relatively small mean residuals for ThiS out to about 150 K, for Th21 out to about

200 K, and for Th37 out to about 190 K, at which point, for each of the brightness

temperatures, the mean residuals begin to rise. It is interesting to note that for all three

TMR frequencies the L(q5pIcsst) algorithm seems to deliver slightly less systematic

error at very low Th values. Figure 6.5g indicates that both methods of wind correction

have provided reduction of the mean residual versus cTo. Despite the small lingering

systematic errors with respect to cr in the new L algorithms, it is evident that the crude

attempts at wind correction have had a significant impact, especially in the c range

containing most of the data. Figure 6.5h shows that all four of the new L1 algorithms

produce small mean residuals over most of the V7 range. Finally, Figure 6.5i

demonstrates how the simple SST correction term has removed nearly all indication of

systematic error with respect to SST.
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6.6.2 One-dimensional histograms

Figure 6.6 displays the normalized L histograms produced by the four new

TOPEX L algorithms. Figure 6.6a compares the L histograms obtained using the

collocated data set. The dashed curves represent the SSM/I-2 L(total cloud) histogram

both with and without Wentz's negative L correction. All four new L algorithms

produce basically the same L histogram for the L range plotted. As intended, these

L(topex) histograms resemble the SSMII-2 L2(total cloud) histogram, in contrast to the

abnormally broad distribution produced by LZ(GDR). Figure 6.6b compares the L

histograms obtained from the collocated and full TOPEX data sets. The collocated

SSMJI-2 L(total cloud) and full TOPEX LZ(GDR) histograms are included for

reference. The plots in Figure 6.6b suggest that the collocated results are representative

of the full data set for all four of the new L algorithms. Table 6.12 lists the mean,

standard deviation, and fraction of negative L for the various data/algorithm

combinations.

6.6.3 Two-dimensional histograms

Figures 6.7 through 6.10 show a variety of two-dimensional histograms derived

using the collocated data and the four new TOPEX L algorithms. The upper panels

show the distributions with respect to SSMII-2 L(total cloud) and L(topex), and the

lower panels display the distributions. Corresponding plots obtained with

LZ(GDR) are provided for comparison. L bin widths are 12 microns, and V bin

widths are 0.24 cm.

The histograms produced by the four new TOPEX L algorithms are all

quite similar, showing much less asymmetry at low L than that produced by LZ(GDR).

The histograms produced by the new L algorithms in association with TOPEX
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Data Set L Algonthm Mean L

(microns)

S.D. L

(microns)

% L

negative

colloc SSMfI-2w/onegLcorr 109.3 181.4 5.0

colloc SSMfJ-2withnegLcorr 110.7 180.6 0

colloc L(qlcsst,2w=0) 110.7 155.9 3.4

colloc L(qtbcsst,3w=0) 110.7 156.1 3.2

colloc L(q5plcsst) 110.7 156.2 3.1

colloc L(logtbcsst) 110.7 155.5 3.2

colloc TOPEX GDR w/o neg L corr 86.5 172.5 30.5

colloc TOPEX GDR neg L set toO 97.7 164.5 0

full L(qlcsst,2w=0) 116.8 190.5 4.1

full L(qtbcsst,3w=0) 116.7 190.6 4.1

full L(q5plcsst) 116.5 190.9 4.0

full L(1ogtbcsst) 115.2 185.1 4.0

full TOPEX GDR wlo neg L corr 92.2 202.9 31.4

full TOPEX GDR neg L set to 0 103.9 195.4 0

Table 6.12 L statistics (SSMII-2 L(totaI cloud) <2000 microns for collocated data set
or L <2000 microns for full TOPEX data set. c0> 12 dB.).
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GDR V also yield roughly the same contours as produced by the SSMII-2 V,L(total

cloud) combination.

6.7 Correction for Large L

As seen in Figure 6.5, the new L algorithms tend to underestimate L(topex)

values above about 500 microns. This is certainly not a problem if attention is limited to

L values below the adopted rain threshold of 400 microns. However, anticipating the

possibility that some other rain flag might be used which admitted larger values of L,

attempts were made to reduce the mean residuals for retrievals beyond the 400 micron

limit. Although the resulting large-Li corrections did not undergo the same intense

selection process used to identify the new L algorithms (Section 6.5), they do offer

significant reductions in systematic error at large L.

6.7.1 Determination of the large-Li algorithm corrections

To obtain a correction for large L values, the 2000 micron ceiling on SSMJI-2

L(totaI cloud) (editing stage 6) was removed. Figure 6.11 shows the resulting mean

residual plots versus L(topex) for the four algorithms discussed above. Below about

500 microns, the additional data had little effect. On the other hand, above 500 microns,

the additional data, consisting of large values of SSMJI-2 L(total cloud), increased the

indicated systematic errors. For L(topex) between about 500 and about 1500 microns,

Figure 6.11 reveals a roughly quadratic relationship between mean residual and

L(topex) for all four algorithms. It is interesting to note that for this expanded data set

the logarithmic algorithm (L(Iogtbcsst)) produced the smallest mean residuals for

L(topex) exceeding about 1200 microns. Beyond about 1500 microns, all four mean

residual curves tend to flatten somewhat. Unfortunately, it is not known if this
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Figure 6.11 Smoothed mean residuals for L(q1csst,2w=0), L(qtbcsst,3w=0),
L(q5plcsst), and L(logtbcsst) versus L(topex) obtained when SSMII-2 L(tota1 cloud)
limit of 2000 microns is removed. Bin width below 684 microns is 6 microns. Bin
width above 684 microns is 36 microns. For collocated data (aoc> 12 dB).
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flattening was related to some physical phenomenon or simply due to the exclusion of

data with an SSMJI-2 rain rate greater than 5 imnlhr or some other data editing effect.

Following the method used in the LZ(GDR) algorithm (see Section 5.2), the

systematic errors at large L2 were addressed by applying a correction such that

L L 400
(6.17)

Lz+c1(Lz-400)+c2(Lz-400)2
L1>400

where the "+" subscript means that the V1 term is set to zero for V < c4. Application of

the above correction without the.linear V term yielded good mean residual plots versus

L1(topex) but did not remedy mean residual problems observed at high values of V.

To evaluate the coefficients of the largeL correction in Equation 6.17, brute

force nonlinear regressions were performed for each of the four L(topex) algorithms

under consideration. In these regressions, the collocated data were limited to those

records with L1(topex) between 400 and 1500 microns and with a greater than 12 dB.

Results indicated that, for all four L(topex) algorithms, the minimum sum of squared

errors (SSE) for the large-Li correction occurred in the neighborhood of c4 = 5.80 cm.

Freezing c4 at this value, the final 1arge-L correction coefficients were determined

through standard regression. These coefficients are shown in Table 6.13.

6.7.2 Performance of L algorithms with Iarge-L1 correction

To test the four L algorithms with their large-Li corrections, residuals were

calculated using the collocated data limited to an SSMJI-2 rain rate of less than 5 mm/hr

and Y> 12 dB. As in previous sections, plots were made of mean residual versus
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L Algorithm c1 c2 c3

(microns1) (microns/cm)
L(q1csst,2w=0) 0.057 0.00049 1 623

(.024) (.000033) (38)
L(qtbcsst,3w=0) 0.083 0.000430 587

(.025) (.000033) (39)
L(q5pIcsst) 0.080 0.000412 549

(.024) (.000033) (38)
L(1ogtbcsst) 0.213 0.000229 576

(.025) (.000034) (40)

Table 6.13 Coefficients and uncertainties for 1arge-L correction (c4 = 5.80 cm).
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L(topex), Tb18, Tb21, Tb37, TOPEX GDR V, and climatological SST. Plots of

normalized mean residual and standard deviation of residual versus L(topex) were also

obtained. These plots are shown in Figure 6.12. Notationally, the new L algorithms

containing the large-Li corrections are indicated with a prIme (). Thus, Figure 6.12

includes plots for L(qlcsst,2w0) (red), L(qtbcsst,3w=0) (orange), L(q5plcsst)

(black), L (logtbcsst) (blue), and LZ(GDR) (green). Figures 6. 12a and 6. 12b indicate

that all four corrected L algorithms produce relatively small mean residuals out to at

least 2000 microns. Figure 6.12c clearly shows that for L(topex) greater than about

400 microns the large-Li--corrected algorithms offer a smaller standard deviation of

residual compared to LZ(GDR). Figures 6. 12d--f show that the mean residuals versus

the TMR brightness temperatures remain relatively small out to fairly large Tb. Finally,

Figures 6. 12gi indicate that systematic errors involving aoC. TOPEX GDR V, and

SST produced by the large-Li-corrected algorithms are also relatively small. Thus, we

see that, for the most part. the large-Li corrections have performed well.

Further improvements in the L algorithnis were beyond the scope of this study.

According to the criteria adopted at the start of this chapter, the four L algorithms

presented here offer subtantiaI improvement over the LZ(GDR) algorithm in using the

TOPEX data (along with estimates of SST) to estimate the quantity L2(total cloud).
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CHAPTER 7 SUMMARY

Satellite altimeter and scatterometer measurements of Ku-band a are subject to

atmospheric attenuation by water vapor and clouds. In order to obtain unbiased

estimates of sea surface Ku-band from the top-of-the-atmosphere satellite

measurements, a wet atmospheric attenuation correction must be applied. This thesis

has attempted to validate one such Ku-band atmospheric water attenuation correction,

namely, the correction used in the TOPEX Geophysical Data Record (GDR), This

vaiidation took advantage of the TOPIEX/Poseidon satellite's unique dual-frequency

altimeter which provides measurements of (13.6 GHz (Ku-band) cr0) and cNo

(5.3 GHz (C-band) co). Also required in the validation were accurate estimates of

columnar water vapor (V) and columnar cloud liquid water (Li). Although these

quantities could be estimated from the TOPEX Microwave Radiometer (TIVIR)

brightness temperature measurements, TOPEX GDR L retrievals were found to exhibit

systematic errors with respect to L, wind speed, and sea surface temperature. For this

reason, the TOPEX c measurements were instead collocated with estimates of V and

L denved from DMSP FlO SSMII brightness temperature measurements. In essence,

the validation attempted here sought to determine whether or not the TOPEX GDR wet

attenuation correction was consistent with the collocated data set. Consistency was

tested by developing and evaluating a model for TOPEX-measured Ok which included

a wet atmospheric attenuation correction identical in form to the TOPEX GDR

correction.

Chapter 2 presented model calculations of atmospheric attenuation at the TOPEX

altimeter frequencies. These calculations indicated that attenuation by atmospheric water

vapor and cloud liquid water is much weaker at 5.3 GHz than at 13.6 GHz. Additional

model calculations demonstrated the global mean dependence of water vapor attenuation
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on V and cloud liquid water attenuation on L. In general, satellite altimeter and

scatterometer measurements are not accompanied by detailed atmospheric profiles of the

various quantities needed by state-of-the-art absorption models to calculate the total

atmospheric attenuation. For this reason, investigators have developed approximate

models which use quantities, such as V and L. which can be estimated. Chapter 2

concludes with a description of some of these models, including the components of the

TOPEX GDR Ku-band wet atmospheric attenuation correction. The TOPEX GDR wet

attenuation model has the simple linear form A = aVZGDRVZ + aIZGDR'LZ, where

avzGDR and aIZGDR are the water vapor and cloud liquid water attenuation coefficients.

Chapter 3 described the TOPEX and SSMII data sets and their collocation. A

year's worth of TOPEX data (cycles 26 through 61), which included Yok, Oc' and

TMJ. brightness temperatures, was extracted from the TOPEX GDR as provided by the

Physical Oceanography Distributed Active Archive Center at JPL. Coincident SSM!1

estimates of V and L were obtained from the SSMII-2 Geophysical Data Set provided

by Remote Sensing Systems. Various restrictions were applied to eliminate data which

might compromise the analysis. Data were rejected on the basis of a 500 km land mask,

latitude limits, the status of various data quality flags, and whether or not certain

measured quantities fell within preset limits. For example, possibly rain-contaminated

data were excluded by limiting analysis to those records with L less than 400 microns.

In order to circumvent rain assumptions inherent in the SSMII-2 L retrievals, a new

quantity called L(total cloud) was defined which attributed all SSM/1 measured liquid

water signal to nonraining cloud.

The validation of the TOPEX GDR Ku-band wet atmospheric attenuation

correction was performed in Chapter 4. This validation was made possible by assuming

(1) that for nonraining conditions atmospheric water attenuation at 5.3 GHz can be

neglected (i.e., Ôc) and (2) that a unique relationship exists between aok and
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Oc for a dry atmosphere (Le, cOk = f(&o)), where the caret ( ) above a given

quantity means "for a dry atmosphere." These assumptions allowed the development of

an approximate model relating &Qk to TOPEX-measured o. The adopted ÔOk

model form was a cubic B-spline with 31 internal knots equispaced in the cOc interval

between 12 and 20 dB. TOPEX-measured Qk was then modeled using the functional

form COk = Ok (avz-V + alz-L), such that the wet attenuation terms were identical

in form to the TOPEX GDR correction.

Using the collocated data, regression analysis was performed to obtain

simultaneous estimates of the ÔQk model coefficients and the water vapor and cloud

liquid attenuation coefficients, avz and alz. Part of the validation of the TOPEX GDR

wet attenuation correction involved checking the consistency of the derived avz and alz

coefficients with aVZGDR and aIZGDR. The basic cOk model yielded an avz coefficient

which was 20% lower than avzGDR and an alz coefficient which was 4% higher than

aIzOOR.

Further validation of the TOPEX GDR wet attenuation correction was provided

by examining both one- and two-dimensional Ok model residuals. Mean residuals

indicated reasonable model performance when plotted versus model ok and versus

SSMII-2 L(total cloud). However, significant systematic errors were observed at low

SST, very high SST, low V, and high Oc The systematic errors observed at high

values of Oc involved regions of sparse data and were not addressed in the present

study. In an attempt to improve the estimates of avz and alz, ad hoc correction terms

were appended to the basic 00k model to remove the systematic errors at low SST, low

V, and very high SST. When the low-SST correction alone was applied to the Ok

model, agreement between estimated and TOPEX GDR attenuation coefficients

improved; the estimated avz was only -3% lower than avzoDR, and the estimated alz was

nearly identical to alzGDR. When all three corrections (low-SST, Iow-V, and high-SST)
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were applied to the Ok model, the agreement between estimated and TOPEX GDR

attenuation coefficients was somewhat worse than obtained using the low-SST

correction alone; the estimate of avz was -8% lower than aVZGDR, and the estimate of alz

was -2% higher than alzGDR.

For the most part, the causes of the systematic errors at low SST, low V, and

very high SST could not be determined directly. It seemed likely that the systematic

errors at low SST were due to the inability of the &ok model to account for the changes

in Ku-band sea surface reflectivity with changing SST. The systematic errors at very

high SST were shown to be partially due to the use of climatological rather than

synchronous estimates of SST. The question of whether or not the remaining

systematic errors at low V and at very high SST were caused by the wet atmospheric

attenuation model could not be answered. The resolution of this issue is important when

considering which of the various 0Ok models presented is the most appropriate to use

when comparing estimated wet attenuation coefficients with the TOPEX GDR values.

This situation might be clarified in future studies if additional information, such as

effective cloud droplet temperature, is included in the analysis.

The effect of the C-band transparency assumption (i.e., cNOc &Oc) on the

estimation of avz and alz and on the systematic errors discussed above was investigated

by replacing ao with estimates of &0 in the basic Ok model and then redoing the

regression analysis. The estimates of &Oc were obtained by assuming that C-band

attenuation obeyed the same simple linear form as Ku-band attenuation except with

attenuation coefficients, avz and alz. The values of avz and alz were estimated from

model calculations described in Chapter 2. The substitution of for measured Oc

was found to have only a minimal effect on the o model residuals. However, use of

Oc did cause small increases in the estimates of both avz and alz, and these increases

were roughly the size of avz and alz, respectively.
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Chapter 4 concluded by discussing the results of statistical tests meant to

determine (1) if the inclusion of the atmospheric water attenuation terms (avzV and

alzL) significantly reduced errors in the Ok model and (2) if the estimates obtained

for avz and alz were significantly different from avzGDR and a1ZGDR. F-tests indicated

that both the water vapor and cloud liquid attenuation terms significantly reduced Ok

model error. F-tests also indicated that the oj models obtained through direct

evaluation of the wet atmospheric attenuation coefficients showed no significant

improvement in performance over those same cNOk models obtained using aVZ1DR and

alzGDR. This result suggested that the directly estimated attenuation coefficients, avz and

alz, were not significantly different from the TOPEX GDR values. Thus, except for the

unresolved problems at low V and at very high SST, the analysis carried out in Chapter

4 indicated that the TOPEX GDR Ku-band wet attenuation correction was consistent

with the collocated data set.

The justification for using SSMIL-2 estimates of V and L2(total cloud) in the

validation of the TOPEX wet atmospheric attenuation correction was that TOPEX GDR

L exhibited various systematic errors. A portion of this problem was demonstrated in

Chapter 5 where the collocated data were used to compare TOPEX GDR V and L with

SSMJJ-2 V and L(total cloud). It was found that the TOPEX GDR V2 compared

favorably with the SSMJI-2 V, with rms errors ranging from about 0.1 to 0.3 cm.

However, the TOPEX GDR L2 showed poor agreement with the SSMII-2 retrievals for

SSMJI-2 L(total cloud) less than about 60 microns. In addition, the rms differences

between the TOPEX GDR L2 and SSMJI-2 L(total cloud) retrievals were generally

large.

Motivated by the above comparisons of TOPEX GDR L with collocated

SSMII-2 L(total cloud), Chapter 6 attempted to develop a new algorithm to estimate

TOPEX L2(total cloud). Using the SSMJI-2 L(total cloud) retrievals as reference,
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various algorithm forms, based solely on the TMR brightness temperatures, were tested.

Algonthms were sought which exhibited minimal systematic error and which yielded L

histograms similar to the SSMJI-2 L(total cloud) histogram. All of the initial algorithms

tested produced significant systematic errors with respect to both TOc (wind) and sea

surface temperature. Once corrections were applied to remove these systematic errors,

four algorithms were found to provide acceptable performance. These algorithms were:

L(qlcsst,2w=O) Full quadratic with linear Oc correction and SST
correction obtained via SVD with 2 singular values
set to zero.

L1(qtbcsst,3w=O) Full quadratic with brightness temperature
correction and SST correction obtained via SVD
with 3 singular values set to zero.

L(q5plcsst) Reduced quadratic with linear Oc correction and
SST correction.

L(logtbcsst) Logarithmic with brightness temperature correction
and SST correction.

The above algorithms performed well when data were restricted to L < 400 microns

(the adopted rain threshold). However, systematic errors were present for larger L

values. To provide for the possible use of a different rain threshold, large-Li

corrections were developed. The above TOPEX L(total cloud) algorithms, modified by

the large-Li corrections, produced relatively small mean residuals out to at least 2000

microns.
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APPENDIX A DESCRIPTION OF VARIOUS TOPEX ALGORITHMS
AND RELATED QUANTITIES

This appendix provides some brief descriptions of the algorithms and related

quantities appearing in Tables 3.1 through 3.3 and in Figures 3.4 and 3.5. It must be

emphasized that these descriptions were based on algorithm specification sheets which

were available at the start of this investigation (TOPEX/Poseidon, 1991-1993). Because

these algorithm specification sheets were subject to change, it was not uncommon to

find a given quantity referred to by more than one name. Thus, it is probable that some

of the names listed below have been superceded. In addition, the names of some of the

algorithms may be different in their final versions. However, the algorithm

identification numbers have probably remained fairly constant. The prefixes on the

algorithm identification numbers, i.e., "g", "s", and "t", distinguish algorithms

belonging to geophysical processing, sensor processing, and telemetry processing,

respectively (Callahan, 1993).

A.1 Description of Algorithms

The following list presents the title and a brief description of the various

algorithms appearing in Tables 3.1 through 3.3 and in Figures 3.4 and 3.5.

AIorithm Title Description

g 1047 Make Combined Height Flags Combines Ku- and C-band range quality
flags. Outputs Iono_Bad flag.

g 1050 Altimeter SigmaO Calculation Computes Ku- and C-band c from
input AGC values. Also outputs flags
SigmaO_K_OOL and Sigma0_C_OOL.

g 1061 Ocean Tide Computes elastic ocean tide height and
loading tide height. Also outputs Ocean
Tide Flag which normally indicates



g1071 GDR Data Compression

g1080 Produce GDR Flags

g 1256 Interpolate TMR to Altimeter
Time
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regions where tidal coefficients are

undetennined.

Compresses 10 per frame sea surface
height data into 1 per frame data. Also

outputs various conditions detected

during compression.

Combines or packs flags created in

earlier processing for output to GDR.

Interpolates TvIR Th measurements to
get estimates at altimeter measurement
times. Outputs Th interpolation quality
indicators for each TMR channel. These
quality indicators are summarized in
Geo_Bad bits 5 and 6.

g 1257 Wet Tropospheric Correction Estimates altimeter path delay due to
atmospheric water vapor and cloud
liquid. Also produces estimate of L
which is used to set rain flag.

g 1280 Ice Flag Sets probable ice flag for altimeter

footprint.

si 015 Height Acceleration Estimates height acceleration (due to
Computation orbit eccentricity and sea surface height

changes associated with geoid and
dynamic sea surface topography) for use
in height corrections. Also outputs
Blunder Point Flag.

s1019 s Data Compression - SWH

si 022 Net Instrument Correction
Height (Range) Processing

Converts 10 per frame significant wave
height-related quantity, VSWH, data to
1 per frame V_SWH and SWH data for
both Ku- and C-band. Uncompressed
V_SWH data are compared with lower
and upper limits to determine the setting
of the flags nocomprs_SWH_K and
no_comprs_SWH_C.

Applies corrections to the measured
altimeter ranges. Also outputs K_FLAG
and C_FLAG.



si 036 Doppler Shift Correction
to Height

si 037 Pointing Angle Seastate
Correction to Height
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Produces Ku- and C-band corrections to
altimeter heights for bias due to Doppler
shift in frequency of return signal. Also
outputs FLAG_DS.

Produces Ku- and C-band altimeter
range corrections depending on seastate
and pointing angle. Also outputs flags
FLG_RNQK and FLG_RNG_C.

si 038 Center of Gravity Correction Produces correction for variable distance
to Range between center of gravity of satellite and

zero reference point of antenna. Also
outputs FLAG_CG.

s 1039 Acceleration Correction Produces altimeter height correction to
to Height compensate for errors induced by

vertical acceleration of the satellite. Also
outputs flag FLAG_AC.

s1045

s1051

s5134

t1068

Pointing Angle Seastate Produces Ku- and C-band altimeter
Correction to AGC AGC corrections depending on seastate

and pointing angle. Also outputs flags
FLG_AGCK and FLGAGC_C.

Pointing Angle Seastate Produces Ku- and C-band altimeter
Correction to SWH SWH corrections depending on pointing

angle. Also outputs flags FLG_SWH_K
and FLG_SWL.C.

Altimeter Off-Nadir Angle Produces equivalent Ku- and C-band
(Waveform) attitude-related voltages based on

spacecraft control system attitude
estimate. Also estimates attitude angle
based on waveform-based attitude-
related voltage. Also outputs flags
FLG_VAU_K and FLG_VAU_C.

Mode Flag Flags "non-tracking" altimeter data.
Also outputs TFLAG which indicates
whether or not altimeter was in normal
ocean tracking mode.
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t 1310 Interpolate Spacecraft Data Interpolates spacecraft data such as

to Altimeter Time Tag attitude (roll, pitch, yaw) to altimeter
times. Also outputs Interpolation Flags.

t3 117 Altimeter Science EU Converts telemetry data numbers to
Conversion engineering units (volts, 'C, etc.). This

algorithm has a large number of outputs,
including TRACK, MODE, KU_ON,
and C_ON.

t5 135 Wavefomi-based Attitude- Produces Ku- and C-band waveform-
related Quantity, V_Att based attitude-related voltages called

V_AYI'_K_WF and V_ATI'_C_WF.
Also outputs flags FLG_VATF_K and
FLG_VATF_C.

t71 10 Surface Type Flag Produces surface type flags for both
altimeter and radiometer footprints to
indicate land/sea or deep water.
LAND_WATER_ALT is one of these
output flags.

A.2 Descriptions of Various Ouantities and Flags

In the list that follows, certain quantities or flags appearing in the previous

section or in Figures 3.4 and 3.5 are defined.

Ouantitv/Fiag Description

AGC Altimeter Automatic Gain Control. The AGC
represents the amount of attenuation needed to
reduce the altimeter return signal to a fixed level
required for on board processing and is thus a
measure of the return power.

ARRAY TEMP Solar array temperatures. The solar array bends
as a function of temperature distribution thus
affecting the center of gravity of the satellite.

BLUNDER FLAG The s1015 Blunder (Point) Flag is set if (1) the
satellite height acceleration model fails a
goodness-of-fit test, or (2) the height acceleration
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exceeds preset limits, or (3) the height velocity
error exceeds preset limits, or (4) there is
insufficient data.

FLAG_AC The s1039 Bad Acceleration Correction Flag is
set if (1) the height lag correction for acceleration
exceeds preset limits, or (2) the s101S Blunder
Flag is set.

FLA.GCG The s1038 Center of Gravity Correction Flag is
set if (1) satellite roll angle, pitch angle, or solar
array temperatures exceed preset limits, or (2) any
satellite roll angle, pitch angle, or solar array
temperature Interpolation Flags from t1310 are
set.

FLAG_DS The s1036 Doppler Correction Flag is set if
(1) the rate of change of satellite height (Height
Rate from s1015) exceeds preset limits, or (2) the
BLUNDER FLAG from s1015 is set.

FLG_AGC_K(C) The si1045 Ku(C)-band AGC Correction
Reliability Flag is set by a number of inputs as
indicated in Figure 3.5. This flag is different
from the reliability flags FLG_RNG_K(C) and
FLU_S WH_K(C) in that it can be set by
SigmaO_K(C)_OOL.

FLG_RNG_K(C) The s1037 Ku(C)-band Range Correction
Reliability Flag is set by a number of inputs as
indicated in Figures 3.4 and 3.5.

FLG_SWH_K(C) The s1051 Ku(C)-band Significant Wave Height
Correction Reliability Flag is set by a number of
inputs as indicated in Figure 3.5. It is sensitive to
the same inputs as FLG_RNG_K(C).

FLG_VATTK(C) Flag from either algorithm s5134 or t5135
indicating if the Ku(C)-band attitude-related
quantity, V_ATT_K(C), was out of range.
Source of flag depends on whether V_ATT_K(C)
is waveform- or spacecraft-based.

ICE FLAG If an altimeter measurement is over water at a
latitude exceeding boundaries set by month and
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longitude, the probable ice flag is set if one of the
following conditions holds: (1) MODE and
TRACK not fine track, EML, or (2) Ku-band
a0> 18dB, or (3) the RMS ofACiC and SWH
obtained during compression exceed set limits or
compression flags set.

INTERPOLATION FLAGS Flags from 11310 indicating quality of
interpolation for a given quantity. The quality
flag can take on the "values': INTP, PROX, and
FAIL. INTP indicates normal interpolation or
extrapolation or that the interpolation point was
sufficiently close to a data point. PROX indicates
either that only one data point was available but
within a specified interval of the interpolation
point or that the nearest data point was too far
away for extrapolation but within the specified
interval. FAIL indicates that either no data was
available or normal interpolation/extrapolation
could not be carried out and the conditions in
PROX were not satisfied.

lono_Bad Flag from g1047 consisting of 2 bytes, of which
10 bits (0-7 of byte 1 and 0-1 of byte 2) are used
to indicate status of 10 per frame ionospheric
range corrections.

K(C)_FLAG The s1022 Total Ku(C) Altimeter Range
Correction Flag. This flag is the sum of
FLAG_CG, FLAG_AC, FLAG_DS, and
FLG_RNG_K(C).

KU(C)_ON Indicator of Ku(C)-band altimeter on/off status
from t3117.

LANDWATER_ALT The t7110 Surface Type Flag which indicates the
presence of land in the altimeter footprint.

MODE The Cunent_Mode bytes (2 per data record) come
directly from telemetry and indicate the operating
state of the altimeter. Bits 0-3 indicate the MODE
and for the normal, fine track state have a value of
1111.
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no_comprs_SWH_K(C) The s1019s Ku(C)-band SWH Data Compression
Flag is set to indicate (1) no compressed value
obtained, (2) noisy data, or (3) insufficient data.

SigmaO_K(C)_OOL The g1050 Ku(C)-band SigmaO Out of Limit
Flag is set if Ku(C)-band a calculated from
Ku(C)-band AGC lies outside preset limits.

SWH Significant Wave Height. Defined as the average
crest-to-trough height of the largest 1/3 of all
waves occurring in a given time period or within a
given field of view. SWH is approximately equal
to four times the standard deviation of sea surface
elevation and can be estimated from the slope of
the leading edge of the altimeter return waveform.

TRACK The Current_Mode bytes (2 per data record) come
dimctly from telemetry and indicate the operating
state of the altimeter. Bit 4 indicates the TRACK
status (=1 for Threshold Tracking or =0 for EML
(Early/Middle/Late) Tracking). It is unclear from
the algorithm sheets available whether there are
one or two values of TRACK per data record
checked by the various algorithms indicated in
Figures 3.4 and 3.5, but, the normal operating
state is EML Tracking.
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APPENDIX B COLLOCATION PROCEDURE

To form a useful data set, it was necessary to match up TOPEX GDR and

SSMJI-2 observations which corresponded in both time and location. Since the TMR

and SSMJI sampling characteristics differed considerably, the number of such

collocations was a small fraction of the total data. To extract these special collocated

data records from the mix, a collocation procedure was adopted which concentrated on

eliminating as many unqualified data records as possible before engaging in detailed

comparisons of individual records. The collocation procedure was carned out in four

distinct steps as illustrated in Figure B.1. First, the TOPEX Intermediate Data File data

were binned into one minute intervals, and, for each minute, information relevant to the

collocation tests was written to the TOPEX Index File. Similarly, an SSM/I Index File

was generated from the SSMJI-2 data. The two index files were then compared in order

to generate a Crude Collocation File which contained minutes during which a collocation

might have occurred. Using the Crude Collocation File, all possible collocations were

checked. For each collocation found, both TOPEX and SSMJI data were written to the

Collocation File. Details of the collocation procedure are discussed in Sections B. 1

through B.4.

B.1 Generation of the TOPEX Index File

For each minute of TOPEX data in the Intermediate Data Files (cycles 26-61), a

record was created in the TOPEX Index File which included the minute and the

coordinates (latitude and longitude) of the corners of the rectangle containing all data for

that minute. The corners of the rectangle were first determined by minimum and

maximum latitudes and longitudes in the minute's worth of data. These minima and

maxima were determined only by data which passed the first stage of the data editing
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Figure B .1 Schematic of TOPEX,SSMII-2 collocation procedure.
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process, i.e., both the Ice Flag (Geo_Bad bit 7) and the PAISS Flag (AIt_Bad2) had to

be zero. If the rectangle lay completely in either hemisphere, the high latitude side of the

rectangle was extended in length to equal the low latitude side (see Figure B .2a). If the

rectangle lay in both hemispheres, i.e., if it crossed the equator, no extension was

performed. Contents of the TOPEX Index File included minute (referenced to the start

of May 29, 1993), start record number for that minute, end record number for that

minute, and rectangle corner coordinates (latitudes and longitudes).

11.2 Generation of the SSMJI Index File

For each minute of SSMJI-2 data from June 1993 through May 1994, a record

was created in the SSMJI Index File. The minimum and maximum latitudes and

longitudes obtained for each minute de.fine.d the sides of a rectangle (see Figure B .2b).

To allow for possible collocations occurring near the edges of this rectangle, each side

was extended by roughly 150 km. The contents of the SSMJI Index File included the

minute (referenced to the start of May 29, 1993), start SSMII-2 record number for that

minute, end SSMII-2 record number for that minute, and the sides of the corresponding

SSMJI rectangle as defined by minimum and maximum latitudes and longitudes.

B.3 Generation of the Crude Collocation File

The generation of the Crude Collocation File was a simple process. The TOPEX

Index File records were read in sequentially. For each TOPEX Index File record read,

all SSM1I Index File records within +1- 60 minutes of the TOPEX Index File record

minute were tested. The test determined whether or not any of the corners of the

rectangle specified by the TOPEX Index File record fell within any of the rectangles

from the candidate SSMJJ Index File records (see Figure B.2c). If such a crude

collocation was found, a record was written to the Crude Collocation File. The records
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in the Crude Collocation File included the contents of the TOPEX Index File record plus

the start and end record numbers corresponding to all SSMJI rectangles which passed

the crude collocation test.

B.4 Generation of the Collocation File

Each TOPEX, SSMJI record pair indicated by the Crude Collocation File was

subsequently tested for collocation based on a time window of +1- 30 minutes and a

distance window of 50 km. If multiple collocations were found for a given TOPEX

record, only the nearest-in-time match was retained (see Figure B .2d). For each of the

approximately 630,000 record pairs which satisfied the above collocation criteria, a

record was written to the Collocation File. Each such record contained the contents of

the corresponding TOPEX Intermediate Data File record and SSMJI-2 data record.



282

APPENDIX C PASSIVE MICROWAVE RADIOMETRY

The purpose of this section is to serve as a brief introduction for those unfamiliar

with satellite passive microwave radiometry. For more thorough coverage of the

subject, the reader should refer to, for example, Ulaby et al. (1981) or Stewart (1985).

We begin by. noting that all substances at temperatures above 0 K emit

electromagnetic radiation due to internal atomic and molecular interactions. In passive

microwave radiometry, this thermal or incoherent radiation is measured by a radiometer,

and the measurements are used to infer information about the viewed scene.

Investigators have found that satellite-borne multi-channel microwave radiometers can

be. used to estimate, for example, columnar water vapor, V, and columnar liquid water,

L, in the atmosphere (Wilheit and Chang, 1980). Such measurements depend on a

choice of microwave frequencies which allows differentiation of the various geophysical

quantities contributing to the radiometer signal. Section C. 1 presents some basic

concepts used in the quantitative description of thermal radiation. Section C.2 then

describes the radiative transfer equation which is used to predict satellite radiometer

measurements based on the various elements which make up a scene.

C.1 Blackbodies and Brightness Temperatures

Central to the study of passive microwave radiometry is the concept of a

blackbody. A blackbody is a hypothetical object or material which is a perfect absorber,

converting all incident electromagnetic radiation into internal energy (Ulaby,1981;

Stewart, 1985). In addition, a blackbody is a perfect emtter, meaning that it emits at the

maximum possible rate for a body at a given temperature independent of direction. In

practice, the interior of a blackened metal cone is often used to approximate a blackbody.

On a larger scale, investigators attempting to calibrate the TOPEX radiometer have
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assumed that regions of the Amazon rain forest approximate a blackbody at microwave

frequencies (Ruf et al., 1994).

Planck' s Radiation Law states that a blackbody radiates uniformly in all

directions with spectral radiance Lx,bb dA given by

2h

exp[hc/(kTh)J 1
(C.1)

where L,bb is the blackbody spectral radiance per unit wavelength (W Sr' rn-3), X is the

wavelength (m), h is Planck's constant (6.63x10-34 J s), k is Boltzmann's constant

(1.38x1023 3 K-l), and T is the temperature (K). Blackbody spectral radiances for

various temperatures are plotted in Figure C. 1. These curves illustrate two general

features of Planck's Radiation Law. First, wanner blackbodies will emit more radiation

than cooler blackbodies at all wavelengths. Second, the peak in the blackbody spectral

radiance curve shifts to shorter wavelength with increasing temperature. For a

blackbody at a given temperature, the wavelength of maximum blackbody emission is

given by Wien's Displacement Law,

2898
Xmax

T
microns. (C.2)

Actual substances may or may not radiate as much as a blackbody at the same

temperature. The ratio of the actual emittance of a body to the eniittance of a blackbody

is called the emissivity, E, and generally depends on wavelength (X), temperature (T),

polarization (p), and direction (8,4):
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Figure C.1 Blackbody spectral radiance per micron versus wavelength for various
temperatures. Typical temperatures for Earth and Sun are 300 K and 6000 °K,
respectively.
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E(A,T,p,G,Ø) L(?.,T,p,0,4)
Lbb(A,T)

(C.3)

Emissivity can take on values between 0 (perfect reflector) and 1 (blackbody).

Typically, calm ocean surfaces viewed at nadir have microwave emissivities in the range

of 0.3 to 0.5 (Wilheit and Chang, 1980). On the other hand, sea ice can have

microwave einissivities exceeding 0.9 (Stewart, 1985). Because different substances

have different characteristic emissivities they can be distinguished radiometrically

(Wilheit et al., 1980; TJIaby et al., 1986). Substituting Equation C.3 into Equation C. 1

yields an expression for the spectral radiance of an object with eTnissivity B:

2hc2 B(X,T,p,O,) d. (C.4)L(?,T,p,O,)
exp[hc/(kTX)} 1

Note that sometimes the spectral radiance, L, is reserved for describing radiation

emitted from a surface while the corresponding quantity for irradiation is called the

spectral brightness, BA. Thus, when discussing the flux of thennal radiation from the

sea surface one uses the term radiance, and, when discussing the flux of radiation

incident on, for example, a satellite radiometer antenna, one uses the term brightness

(Stewart, 1985).

For hc/kTX << 1, a condition satisfied by microwave radiation at normal

terrestrial temperatures, the exponential term in the denominator of Equation C.4 can be

approximated by the first two terms of a Taylor series expansion (Ulaby et aL, 1981),

i.e.,



2he)
e= hc kTX hc

1+ + + =1+ (C.5)
(kTXJ 2 kTX

Substituting Equation C.5 into Equation C.4 yields

LX2T d). (C.6)

This is referred to as the Rayleigh-Jeans approximation and, in the present context, tells

us that spectral radiance from an object is linearly related to the product of its emissivity

and its physical temperature. In the microwave literature, measurements are commonly

expressed in terms of brightness temperature instead of radiance or brightness. The

brightness temperature, TB, corresponds to the temperature a blackbody must possess to

produce the observed radiance. If the radiometer were viewing an object with

temperature T and emissivity E through a lossless atmosphere and measured a brightness

temperature TB, the two temperatures would be related by

TB=ET. (C.7)

Thus, there is a natural connection between brightness temperature and radiance. Since

emissivity can take on a value from 0 to 1, the brightness temperature of the object will

always be less than or equal to its physical temperature (TJlaby et al, 1981).

Of course, real-world satellite radiometry is more complicated. The radiometer

does not just see the thermal radiation from the earth's surface. Instead, it views a

"scene" or hodgepodge of radiation from various sources, including the earth's surface,
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radiation upwelled from the atmosphere, and downward propagating radiation from

atmosphere and outer space which is reflected from the earth towards the satellite. In

addition, all of this radiation undergoes atmospheric attenuation. Thus, the relationship

between the measured brightness temperature (or apparent temperature) and the

blackbody equivalent temperature of the earth's surface may not be as simple as

suggested by Equation C.7 (Ulaby et al., 1981).

C.2 Radiative Transfer

Prediction of the brightness temperature measured by a satellite radiometer,

given the conditions of both earth and atmosphere, requires the use of a microwave

radiative transfer equation. The radiative transfer equation is simply a conservation

equation in which all important sources and sinks of radiation are taken into account.

For the present application, atmosphenc scattering will be ignored, and we will assume

that there are four significant contributions to the radiometer-measured brightness

temperature (Stewart, 1985):

1) Thermal radiation from the ocean surface which has been attenuated in its
passage through the intervening atmosphere to the satellite.

2) Radiation from outside the planetary atmosphere (solar, galactic, and
cosmic) which is reflected from the sea surface towards the satellite and
which undergoes atmospheric attenuation during both downward and
upward propagation.

3) Radiation emitted by the atmosphere towards the earth (downwelled
radiation) which is subsequently attenuated by the atmosphere, reflected
from the sea surface, and further attenuated on its upward path to the
satellite.

4) Radiation emitted by the atmosphere towards the satellite (upwelled
radiation) which is attenuated by the atmosphere along its path.



The radiative transfer equation which assumes the above contributions can be

written as (Stewart, 1985)

TB =ti5T+Tu +tlps[TD+tlTextl. (C.8)

The first term on the right-hand side of Equation C.8 represents the contribution due to

thermal radiation from the ocean surface. is the sea surface emissivity, T is the sea

surface temperature, and t1 is the one-way transmittance of the atmosphere:

tsecO
t1 =e (C.9)

'r was defined in Section 2.1. Tu represents the contribution due to upwelled radiation

emitted by the atmosphere and is expressed as

H

Tu = 5T(z) K(z)
-t(z,H)sece

e secOdz. (C.1O)

0

Here z is the height above the earth's surface, H is the height of the satellite, 0 is the

radiometer angle of incidence with respect to the sea surface, T(z) and ic(z) are,

respectively, the atmospheric temperature and atmospheric absorption coefficient at a

height z, and t(z,H) is the optical thickness between the height at which the atmospheric

radiation is emitted and the height of the satellite. In general, the optical thickness of a

layer of atmosphere between heights z1 and z, is defined to be



c(zi,z2)=JK(z)cIz (Cdl)

Thus, Tu is simply a summation of radiation emitted at each height z and attenuated by

the intervening atmosphere between that height and the satellite. Similarly, TD

represents the brightness temperature at the sea surface due to downwelled radiation

emitted by the atmosphere and is given by

H

TD = JT(z)K(z)
-t(O,z)sece

e sec9dz.
0

(C.12)

Text is the brightness temperature at the sea surface due to extratenestrial sources of

radiation (galactic, cosmic, and solar):

Text = Tgai + T0 + - (C.13)

T5 is approximately 6000 K for frequencies above 30 GHz and can be even hotter for

lower frequencies (Stewart, 1985). Thus, radiometers must avoid viewing reflected

sunlight. Assuming this has been accomplished, can be omitted. The galactic

contribution is less than 1 K for frequencies greater than 3 6Hz and is a maximum in the

direction of the galactic center (Stewart, 1985). Cosmic microwave background

emissions have been experimentally determined to fit a blackbody temperature of

2.75 K. Note that at such a low temperature the Rayleigh-Jeans approximation breaks

down. In the TOPEX brightness temperature algorithm, the relationship between



brightness temperatuxe and radiance is maintained by effectively reducing T0 an

appropriate amount at each TMR frequency (Janssen, 1990).

Radiation incident on an interface win be partially reflected, partially transmitted,

and partially absorbed (Stewart, 1985). The fraction of incident radiation which

undergoes reflection at the sea surface is called the reflectance or power reflectivity, PS.

Similarly, the fractions of incident radiation which undergo transmission .and absorption

at the sea surface are refeffed to as the transmittance (T) and absorptance (a5).

Conservation of energy dictates that

(C.14)

As indicated, all three coefficients generally depend on wavelength. They will also vary

with polarization, incidence angle, and the specific nature and conditions of the

interface. Further, they all can take on values between 0 and 1 as governed by Equation

C. 14. For the ocean at microwave frequencies, the transmittance is effectively zero.

Further, under conditions of thermal equilibrium, Kirchoff s Law states that the spectral

absorptance and spectral emissivity are equal (Stewart, 1985):

= (C.15)

Thus, the reflectance of the sea surface can be expressed directly in terms of the

emissivity:

(C.16)
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Sea surface ernissivity is often expressed as a combination of a specular term and

a term due to wind-roughening (e.g., Wentz, 1983; Keihm et a]., 1995). The specular

term represents the emissivity of a perfectly calm ocean surface and can be calculated

from the complex dielectric constant of sea water. The wind-roughening term takes into

account both roughness effects and foam. Although the wind-induced roughening has

only a small effect on eniissivity for nadir viewing, the presence of sea foam can cause

significant increases. Sea foam has an emissivity near 1 at microwave frequencies (thus

the term "blackbody foam"), and its coverage of the sea surface increases with

increasing wind speed.

Given the temperature and emissivity of the sea surface, profiles of atmospheric

temperature and absorption, and the effective extraterrestrial temperature, the radiative

transfer equation will predict the brightness temperature seen by the satellite. The

inverse problem of obtaining geophysical quantities from measured brightness

temperatures is more difficult and will not in general yield a unique solution (Stewart,

1985). A common approach in this circumstance is to construct a statistical model

which will predict the desired geophysical quantity given brightness temperature

measurements at a number of frequencies. In Chapter 6, such an approach was

followed to obtain a model for columnar cloud liquid in terms of the TMR brightness

temperatures at 18, 21, and 37 GHz.
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