TDA Progress Report 42-66

September and October 1981

Proper Frequencies of a Down-Looking Water-Vapor
Radiometer Over Sea Surface

S. C. Wu

Tracking Systems and Applications Section

Altimeter observation on board an Earth-orbiting satellite (e.g., TOPEX) over sea
surface is corrupted by, among others, the water vapor path delay. Such error can be
calibrated for by a down-looking microwave radiometer. This article studies the effects of
water vapor profile, sea surface temperature, wind speed and brightness temperature
measurement error on the calibration precision. Proper frequency combinations are

searched to minimize these effects.

l. Introduction

Tropospheric water vapor introduces path delay as large as
50 cm on radio propagation. The most effective calibration
method has been that making use of passive microwave radiom-
eters (Refs. 1-5). The thermal radiation of water vapor at fre-
quencies near the 22.235-GHz water absorption line, which
can be measured by a radiometer, is an accurate indication of
water vapor content along the line of sight.

On a clear day when no cloud (liquid water droplets) is
present, a ground-based single-frequency measurement of the
sky brightness temperature is sufficient for the estimation of
the water vapor content or the corresponding delay. When the
line of sight passes through clouds, the observed brightness
temperature increases rapidly even though the path delay is
hardly affected. The cloud effect can be separated from the
water vapor effect by making measurement at two different
frequencies. Such separation is possible owing to the difference
in radiation frequency spectra between water vapor and liquid
water droplets.

Another factor affecting the accuracy of water vapor mea-
surement is the variation of the water vapor vertical profile.
This is due to the fact that the thermal radiation from an
amount of tropospheric constituents (including water vapor)
farther away from the radiometer is continuously attenuated
(through absorption) by the nearer constituents along the line
of sight; the same amount of water vapor at a different height
will contribute to different brightness temperature at the radi-
ometer. Such profile dependence can be alleviated by the
selection of a proper frequency (Refs. 2, 6) or a combination
of frequencies (Refs. 3, 7) for the radiometer.

When the measurement is made on board an aircraft or an
Earth-orbiting satellite over asea surface, the problem becomes
more complicated than that of a ground-based measurement in
two respects. First, the brightness temperature is now the com-
bination of three components: the upward tropospheric radia-
tion, the reflected downward tropospheric radiation and the
sea surface radiation. Secondly, both the reflected and the
radiated components by the sea surface are strongly dependent




on sea surface emissivity which in turn is a function of sea sur-
face temperature and foam coverage. To achieve an accurate
estimation of water vapor path delay, the variations of sea sur-
face temperature and emissivity cannot be ignored.

In this article, we shall investigate whether sub-centimeter
water-vapor delay is achievable using a downdooking radiom-
eter with proper selection of two frequencies. The effects of
vertical profile, sea surface temperature and wind speed (related
to foam coverage), and brightness temperature measurement
error will be studied. The absence of precipitation will be
assumed.

l. Background

The quantity to be determined is the water vapor path
delay (Ref. 8)
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AR = kf —%dh, k= 1.723 X 1072 K/(gm®) (1)
0

where p, is the water vapor density and T is the atmospheric
temperature along the vertical ray path &; H is the altitude of
the radiometer. The quantity which is measured by a radiom-
eter is the brightness temperature
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Here, the first term is due to the upward tropospheric radia-
tion; the terms in the brackets are due to the sea surface
radiation and the sea surface reflections of the downward
tropospheric radiation and of the cosmic radiation. These
bracketed terms are attenuated by the tropospheric absorp-
tion 7 = [ « dh, with a =, + o, + &, being the combined
absorption coefficient of water vapor, cloud and oxygen along
the ray path. The sea surface emissivity is denoted by e, and
the sea surface temperature by T,. The cosmic radiation has a
value of T, & 2.9 K. From Eq. (2) the dependence of T on
€, T, and the vertical profile of & may be appreciated.

To measure the water vapor path delay by a radiometer a
calibration equation relating the two quantities, AR in (1) and
Ty in (2), needs to be established.

lll. Calibration Equation

The brightness temperature of Eq. (2) can be expressed as
the following approximation (Ref. 9: In Ref. 9 the cosmic
radiation T, has been omitted):

Ty 5T, +eTe(T,-T)-e (1~ )T,-T,) (3)

where T, is the effective temperature defined as
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The absorption 7, which is the algebraic sum of the contri-
butions from water vapor, cloud and oxygen, increases linearly
with the amount of water vapor content along the ray path.

Hence it is the logical quantity to be related to AR. Solving for
7 from (3) we have
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In the calculation of 7 using (5), the effective temperature
T, needs to be accurately estimated. To loosen the dependence
on the estimation of T, a quantity 7Y 7 is to be used instead
of 7. The exponent v is selected such that T 7 is insensitive to
the variation of T,. In other words, 3(T) 7)/0T, = 0. The deri-
vative is rather lengthy but straightforward. After calculating
the derivative and using the typical values T, = 290 K, T, =
275 K, Ty = 150 K and ¢, = 0.45 we have v £ 2. Therefore,
T2 7 is to be used as the parameter in the calibration equation.

It can be numerically shown that
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Since a, is proportional to f2 (Ref. 10) for microwave fre-
quencies <40 GHz, it can be eliminated for a dual-frequency
radiometer:
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A comparison of (1) and (7) indicates that a linear relation-
ship between AR and T2r at the two frequencies can be
established provided the weighting function w(k) be a constant,
independent of 4. Under such circumstances,
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For f < 40 GHz, the oxygen absorption coefficient o, also
increases with approximately f2. Hence T2, as defined by (9)
is a small residual oxygen effect. Furthermore, o, is propor-
tional to T—285 (Ref. 11); T2, is insensitive to the tempera-
ture T. Therefore, T2, is practically a constant. Note that a

constant w(#) implies the estimation of AR being independent

of the water vapor vertical profile. In the following section,
frequency pairs for which w(h) remains nearly constant will
be searched.

IV. Frequency Pairs for Constant w(h)

The procedure of Ref. 7 is to be followed in the search for
frequency pairs resulting in nearly constant w(h). In brief, the

single frequency contributions of w(#) in (8) are calculated
and plotted on the same graph, as depicted by Fig. 1; any pair
(e.g., b and ¢ in Fig. 1) having a wide and nearly constant
separation will result in a large and constant w(#) and can be
selected as a candidate for further consideration. The actual
calculation will be based on the radiosonde measurements of
the meteorology profiles at Point Mugu, California, on Febru-
ary 24, 1976. These profiles are shown in Fig. 2. It has been
shown in Ref. 7 that, for a ground-based radiometer with
specified frequencies, the shape of w(h) vs % is similar for
different profile shapes. Since the form of w(h) in (8) differs
only by a multiplicative factor T which normally has a small
fractional variation, the same can be said for a down-looking
radiometer. Hence the profile of Fig. 2 and the resulting w(#)
can be considered as typical. Note that we need to examine
w(h) only for & below about 5 km since there is little water
vapor content at higher altitudes.

Figure 3 shows the components of w(#) for frequencies
near the 22.235-GHz water absorption line. Two of the pairs
having wide and nearly constant separations are found to be
20.2 GHz/26.0 GHz and 24.3 GHz/32.0 GHz. The normalized
variations in w(#) of these frequency pairs are shown in Fig. 4.
Also shown are the 20.3 GHz/31.4 GHz optimum pair for a
ground-based radiometer (Ref. 7), the 22.235 GHz/31.4 GHz
pair selected by the Nimbus-6 Scanning Microwave Spectrom-
eter (SCAMS) (Ref. 9) and the pair 18.0 GHz/21.0 GHz
believed to be insensitive to sea surface temperaturel, Note
that the last two pairs have large w(h) variations. The pair for
the optimum ground-based radiometer (20.3 GHz/31.4 GHz)
is only slightly inferior to the remaining two at higher altitudes.
The pair with least variation in w(#)is found to be 24,3 GHz/
32.0 GHz.

The values of 72, in (9) and of w(k) in (8) at sea surface
(2 = 0) are calculated and shown in Table 1. The 24.3 GHz/
32.0 GHz pair not only has a reasonably large w(0) for small
sensitivity to 727 error when (10) is used to estimate the water
vapor path delay, it also has the lowest T2, which implies
being least affected by the variation in the residual oxygen
term.

V. Effects of Sea Surface Temperature
and Wind Speed

The variation in sea surface temperature affects the estima-
tion of the water vapor path delay in two respects. First, it
varies the values of the weighting function w, which in turn
varies the calibration equation coefficients (cf. Eq. 11). Sec-
ondly, it varies the observable T2t through T, and e, (cf.
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Eq. 5). The variation in sea surface wind speed has an effect
only through e,.

To study the effect of sea surface temperature and wind
speed through €, it is convenient to work out an empirical
mathematical expression for ¢, in terms of £, Ty and V', the
sea surface wind speed. Figure 5 shows the frequency depen-
dence of e; at T'= 293 K (Ref. 12). The effect of sea water
salinity is found to be negligibly small for f > 5 GHz. The
area which concerns us is the nadir ray path in the frequency
range of 15 to 35 GHz. Within this range €, is nearly linear
in frequency and can be represented by

€ = 0.34(1+0.017), T = 293K (12)

The temperature dependence of ¢, can be derived from
Fig. 6 (Ref. 12), where the change in T€; per change in 7 as a
function of fis shown. This figure applies to the temperature
range of 273 to 303 K, practically all possible sea surface
temperatures. Over the frequency range of interest, a close
approximate expression for the nadir observation is

AT e,)
AT

$

=146 ¢7%%% - 064

(13)

Wind over the sea surface increases the emissivity through
the amount of foam coverage. Nordberg et al. (Ref. 13) found
that, at = 19.35 GHz, there is no detectable effect for wind
speeds less than 7 m/sec while Tj¢, increases by 1 K per m/sec
above that, as shown in Fig. 7. The effect is nearly frequency-
independent, as has been discovered by Websteret al. (Ref, 14),
in the frequency range we are concerned with. This is shown in
Fig. 8. The effect of wind speed can be expressed as

(T €,)
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(14)

where 6_, (x) is the unit step function defined by

0
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Combining (12), (13) and (14) we arrive at the following
empirical expression for the sea surface emissivity :
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where §_, (x) is the unit ramp function defined by

0., x<0
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The sea surface value of the weighting function, w(0), varies
with the surface values of 73 and a,/p, (cf. Eq. 8). The varia-
tion in a,/p,, is small as compared to that in 73, Hence it isa
good approximation to assume w(0) as being dependent only
on 7'in the form

w(0) « T? (17)

VI. Numerical Results

In this section, we shall study the statistical uncertainty in
the estimation of water vapor path delay using the calibration
equation (10) with different frequency pairs. Five sets of
theoretical coefficients are calculated from the values of T2,
and w(0) in Table 1 of the typical meteorology profiles in
Fig. 2.

The test data are a set of 75 meteorology soundings derived
from expanding 25 measurements at Point Mugu, California,
from February 24 to March 17, 1976. The expansion is fur-
nished by simply adding -10 K and 10 K to the temperature
profiles, to simulate the worldwide coverage of temperature
range. The brightness temperatures that would be measured by
a radiometer ate calculated by (2). The measurements cover all
altitudes up to ~10 km, above which the water vapor content
is rare. These data are extrapolated to an altitude at which the
total pressure drops to 100 mbar (H = 16 km) to include
~99% of the oxygen contribution to T'g.

The theoretical coefficients derived from Table 1 and the
brightness temperatures calculated from the 75 soundings are
used to estimate the water vapor path delay by Eq. (10). The
effective temperature T, is found to be ~0.95 T, for all
frequencies. The estimated AR are to be compared with the
actual AR calculated from (1). The statistics of their dif-
ferences provide an estimate of the calibration equation
uncertainty.

Four different test cases are to be studied:

Case 1: No wind (V,, <7 m/sec)
Coefficients scaled by T3
7 calculated by correct T
Case 2: No wind

Coefficients fixed
7 calculated by fixed T (287.6 K from Fig. 2)




Case 3: 10 % 5 m/sec wind

Coefficients scaled by T3

7 calculated by ¥, = 10 m/sec and correct T
Case 4: 10 =5 m/sec wind

Coefficients fixed
7 calculated by V., = 10 m/sec and T, = 287.6 K

Table 2 summarizes the results of the comparison. The
following points are observed:

(1) When independent measurements of sea surface tem-
perature and wind speed are available and are applied
to the calculations of 7 and the calibration coefficients
(Case 1), the uncertainties are less than 1 cm for all
five frequency pairs.? The three having nearly constant
w(#) in Fig. 4 are 3-5 times better than the remaining
two. This verifies the reduction of profile dependence
of Eq. (10) with proper frequency pairs.

(2) When sea surface temperatures (having a standard
deviation o7, = 9.2 K) are not independently measured
(Case 2), the uncertainties increase by an appreciable
amount for the first four frequency pairs. The pair
18 GHz/21 GHz is nearly unchanged. Such insensitivity
to sea surface temperature is a result of compensation
between the change in w and the change in 727 due to
achangein T,.

(3) When the sea surface wind speed is mismodeled by
oy, = 5 m/sec (Case 3), the uncertainties in AR increase
by 0.8 - 1.4 cm. The pair 20.3 GHz/31.4 GHz has the
largest increase and the pair 22.235 GHz/31.4 GHz has
the least.

(4) When the mismodeling includes both oy, = 5 m/sec
and oy = 9.2 K (Case 4), the combined effects are
nearly the RSS of the two separate effects. The fre-
quency pair having the most constant w(h) — 24.3 GHz/
32,0 GHz — is still better than the other four, with an
uncertainty of ~1.5 cm.

The uncertainties above have been estimated using theoret-
ical coefficients in the calibration equation (10). These uncer-
tainties would have been lower had the coefficients been
derived from regression analysis with the 75 soundings. For
comparison, these estimates are summarized in Table 3. It is
believed that such “forced-fitting” may result in an optimistic

2The large biases for the last two frequency pairs are due to an under-
estimate of w by the surface values. Such biases can be reduced by
using w at an altitude above sea surface for the calculation of coef-
ficients in (11).

estimate. An ideal error estimation approagh would be such
that the calibration coefficients are derived from a regression
analysis with one set of data and are applied to another set of
data for AR error estimation.

Another error source not included in the above analysis is
in the brightness temperature measurement. The sensitivity to
such error can be estimated by omitting the term containing
e~7 in (3) and then substituting into (10) and taking partial
derivative with respect to T'p:

o7
AL =4l g P=12
B, B,
(18)
th T? )
= [T,~Tp,), *fori=1
2wf? cw ~ for i =2

Hence, the sensitivity is small for large wf? and small T ; (well
below saturation). For the typical meteorology profiles of
Fig. 2, the sensitivities are calculated and summarized in
Table 4. The frequency pair 22.235 GHz/31.4 GHz has the
lowest sensitivity, as expected for its large w (cf. Table 1). The
pair 18.0 GHz/21.0 GHz has a sensitivity a factor of 3 larger.

VIl. Conclusions

The analysis indicates that it is possible to achieve a sub-
centimeter estimate of water vapor path delay on nadir obser-
vation with an on-board microwave radiometer. To achieve
such precision we need (1) a radiometer with two propery
selected frequencies, (2) brightness temperature measurement
accurate to ~0.5 K, (3) knowledge of sea surface temperature
to ~3 K and (4) knowledge of sea surface wind speed to ~2
m/sec or knowledge of sea surface emissivity to ~0.01. Note
that the analysis does not apply when there is precipitation.

The frequency pair 24.3 GHz/32.0 GHz is found to be ideal
for a nadir water vapor radiometer. It is insensitive to profile
variation and has a moderate sensitivity to brightness tempera-
ture measurement error.

The frequency pair 18.0 GHz/21.0 GHz, though insensitive
to sea surface temperature uncertainty, has high sensitivities to
profile variation and to brightness temperature measurement
error. It can be considered only when no knowledge of sea sur-
face temperature is available and the brightness temperature
measurement error is highly correlated (and thus cancelled)
between the two frequencies.
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Table 1. Values of T, 2 and w(0) for typical meteorology profiles

fi 20.2 GHz 24.3 GHz 20.3 GHz 22.235 GHz 18.0 GHz
fa 26.0 GHz 32.0 GHz 31.4 GHz 31.4 GHz 21.0 GHz

T2, 0.579 0.189 0.659 0.394 0.565

103 w(0) 1.03 1.11 1.60 1.89 0.99

Table 2. Calibration uncertainty of AR (cm) using theoretical caefficients

derived from Table 1
1 20.2 GHz 24.3 GHz 20.3 GHz 22.235 GHz 18.0 GHz
fy 26.0 GHz 32.0 GHz 31.4 GHz 314 GHz 21.0 GHz
Case 1 —-0.06 £ 0.15 -0.24 + 0.18 -0.26 £ 0.18 1.19 £ 0.64 1.72 £ 0.77
Case 2 -0.07 £ 1.44 -0.26 £ 0.98 -0.28 +1.25 1.19 + 1.39 1.71 £ 0.80
Case 3 -0.06 £ 1.16 0.16 £1.13 0.28 +1.49 1.36 + 1.06 1.39 + 1,32
Case 4 -0.07 £ 1.94 0.13 £ 1.43 0.25 +1.85 1.37+ 1.67 1.36 £ 1.43

Table 3. Calibration uncertainty of AR (cm) using regression coefficients derived
from forced-fitting AR and the simulated r through Eq. (10)

f 20.2 GHz 24.3 GHz 20.3 GHz 22.235 GHz 18.0 GHz
0 26.0 GHz 32.0 GHz 31.4 GHz 314 GHz 21.0 GHz
Case 1 0.00 £ 0.15 0.00 = 0.15 0.00 £ 0.15 -0.02 £ 047 -0.02 £ 0.45
Case 2 0.00 = 1.32 0.00 = 0.96 0.00 £ 1.19 0.00+£1.13 0.00 = 0.51
Case 3 0.00 £ 0.99 0.01 £ 1.07 ~0.02 £ 1.21 -0.01 £ 0.71 0.01 = 0.92
Case 4 0.00 + 1.54 0.00 + 1.31 0.00 = 1.67 0.00 £ 1.22 0.00 = 0.98
Table 4. AR sensitivity to Tg measurement error

f 20.2 GHz 24.3 GHz 20.3 GHz 22,235 GHz 18.0 GHz
I 26.0 GHz 32.0GHz 31.4 GHz 314 GHz 21.0 GHz
ok 1.17 0.79 0.75 0.57 -142
8Tg,
2AR) -0.73 -0.47 -0.34 -0.29 1.16
aTB,2
Worst 1.90 1.26 1.09 0.86 2.58

case




COMPONENT OF WEIGHTING FUNCTION

ALTITUDE

Fig. 1. Descriptive examples of welghting function components at
three different frequencies; the pair combining b and ¢ has a con-
stant separation and will result in a constant weighting function
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Fig. 2. Typical profiles of atmospheric temperature, pressure and
water-vapor density
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Fig. 5. Emissivity of water at temperature Tg = 290 K (from Ref. 12)
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