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ABSTRACT

Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) brightness temperature

measurements in the 21 and 18 GHz channels are used to sense the precipitable water in the
atmosphere over oceans. The difference in the brightness temperature (T,,-T,g), both in the
horizontal and vertical polarization, is found to t - essentially a function of the precipitable
water in the atmosghere. An equation, based on the physical considerations of the radiative
transfer in the microwave region, is developed to relate the precipitable water to (TZI‘TIS)' It
is shown from theoretical calculations that the signal (T,,-T,g) does not suffer severely from
the noise introduced by variations in the sea surface temperature, surface winds, and liquid water
content in non-raining clouds. The rms deviation between the estimated precipitable water from

SMMR data and that given by the closely coincident ship radiosondes is about 0.25 g/cm?.

Global maps of precipitable water over oceans derived from SMMR data reveal several
salient features associated with ocean currents and the large scale general circulation in the atmo-

sphere.

¢ Computer Sciences Corporation, Silver Spring, Md.



REMOTE SENSING OF PRECIPITABLE WATER OVER THE OCEANS FROM
NIMBUS-7 MICROWAVE MEASUREMENTS

INTRODUCTION

Water vapor in the atmosphere is an important constituent because it plays a significant
role in the absorption and emission of radiative energy, and in the development of fog, clouds,
and precipitation. Remote sensing of this constituent on a global basis can be of aid in the
understanding and prediction of weather and climate processes. Because of the low vertical res-
olution (~3 km) obtainable with present passive remote sensing techniques, the accuracy of the
derived vertical profile of water vapor is poor (Conrath, 1969; Smith and Woolf, 1976). How-
ever, the vertically integrated water vapor amount (precipitable water), particularly over water

bodies, can be determined fairly accurately.

Precipitable water in the atmosphere over the oceans is a useful paramcter which indicates
the dynamic state of the atmospheric boundary layer. When low level convergence is present in
the atmosphere, a deep convective layer is formed resulting in a relatively large amount of pre-
cipitable water. On the other hand, when stable conditions, prevail, such as those associated with
low level inversions, a dry layer above the inversion is formed and the precipitable water in the
atmosphere is consequently reduced. In a recent study using the Nimbus-4 Infrared Interfero-
mecer Spectral measurements Prabhakara et al., (1979) have derived piecipitable water over the
global oceans for each season, and thereby inferred the structure of the atmospheric boundary

layer.

In the remote sensing of sea surface temperatures from infrared window radiance measure-
ments, it is necessary to apply a correction for atmospheric water vapor absorption. Satellite
sensing of the precipitable water can thus help improve the accuracy of the sea surface tempera-

ture measurement.



Remote scnsing of the precipitable water over the global oceans utilizing microwave measure-
ments from Nimbus-5 and -6 has been demonstrated, amongst other by Staclin et al., (1976),
Chang and Wilheit (1979), and Grody et al,, (1980). The capability of microwave remote sensing
through non-precipitating clouds is particularly valuable in getting global information on time
scale of about a weck or less. The retrieval techniques used in thsee studies depend cither on
multiple regression, or on an approximation to the radiative transfer formalism. These methods

have yiclded an rms error in the estimated precipitable water of about 0.45 g/ cmz.

The Nimbus-7 SMMR has two channels closely spaced in the spectrum, at 18 and 21 GHz
(see Fig. 2), located on one side of the weak water vapor line centered at 22.235 GHz. The
difference between the brightness temperature in these two channels yields a measure of the
absorption strength of this weak water vapor line. Since the absorption strength of a weak line
is proportional to the amount of absorbing gas (Plass, 1960), we can relate the brightness temper-
ature difference to the precipitable water in the atmosphere. The retrieval technique developed
in this study differs from the previous ones in this respect. This method is applied to the Nimbus
-7 SMMR observations made over ship stations (see Table 1) that had radiosonde measurements.
The satellite sensed precipitable water agrees with that given by the radiosonde measurements

to within an rms error of 0.25 glcmz.

Table 1

Comparison of remotely sensed precipitable water vs. ship
radiosonde measurements

®
CASE DATE LAT NG T22TieV  wemiem?) AW
oK
NO. sMMR  RADIO
SONDE
1 10/25/78 36°N 22.9°W 314 360 329 0.31
2 10/25/78 52.8°N 35.5°W 306 348 343 0.05
3 10/25/78 29°N 13S°E 3:5 348 334 0.14
4 10/26/78 SO°N 145°W 159 117 1.04 0.13
2
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Table 1 (cont.)

CASE DATE LAT N T2 TieV  wigmiemd) Aw
NO. K sMMR  RADIO
SONDE
5 10/26/78  528°N 35.5°wW 249 258 3.02 -0.44
. 6 10/26/718  36°N 21.8°W 30.1 339 343 -0.04
7 10/28/78  66°N 2°E 10.1 054 0.67 <0.13
8 10/31/78  528°N 35.5°W 118 076 084 -0.08
9 11/05/78  SO°N 145°W 214 207 234 027
10 11/05/78  388°N 134.7°E 148 115 136 -0.21
n 11/06/78  66°N 2°E 102 0.56  0.55 “0.01
12 02/15/79  47°N 17°W 159 13 115 0.15
13 02/15/19  66°N 2°E 115 074 07 0.04
14 02/15/19  SO°N 145°W 108 0.63 0.2 0.01
15 02/15/79  S7T°N 20°W 123 082 11 -0.29
16 02/17/19  S°N 20°wW 222 218 194 0.24
17 0217/79  46.5°S 203°E 18.5 1.65 118 0.
18 02/19/19  5.5° 65.3°E kYK 4.66 4.69 -0.03
19 02/19/79  S0°N 1A45°w 16.0 131 13 0.01
20 02/21/79  11.8°S 65.2°E 38.2 46 484 -0.24
21 02/23/79  ST°N 20°W 184 164 137 0.27
p) 02/23/79  37°s 155.3°E 226 224 215 6.09
23 02/23/79  38.2°S 24.1°E 24.5 253 237 0.16
24 02/23/79  9.I°N 110.1°E 317 365 386 <0.21
=5 02/25/19  4.9°N 30°w 343 4.09 49 -0.61
2 02/25/19  471°N 17°W 193 1.76  1.58 0.18
27 02/25/18  23° 66.3°E 39.4 5.02 488 0.14
28 02/25/7¢  324°S 37.1°E 313 36 289 o7
¢ After removal of 8.5°K systematic bias.
3
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TIEORETICAL BACKGROUND:

In the microwave region, spanning the SMMR frequencies from about 6 to 37 GHz, the
principal absorber in the atmosphere is water vapor. In addition liquid water droplets contained
in non-raining clouds, smaller than ~100 um in radius, produce some absorption which increases
apprc;ximatcly as the square of the frequency. This Rayleigh approximation which holds well
for droplets smaller than ~100 um starts to break down for large rain drops and Mie scattering
gains importance (Gunn and East, 1954). The wind at the surface of the ocean changes the
roughness of the water and thereby the surface emissivity, and, in addition, at wind speeds above
about 7 m/sec white caps are formed which markedly affect the sea surface emissivity. These
physical effects have been discussed in the earlier studies of Wilheit et al., (1975), Wilheit (1978),
Chang and Wilheit (1979), and Staelin et al., (1976). In this study an attempt is made to take

advantage of the known physics and arrive at an algorithm that improves the estimation of pre-

cipitable water over the oceans.

The radiative transfer formalism presented by Chang and Wilheit (1979) is adopted in this
investigation. In this treatment the emissivity of the smooth sea surface has been calculated from
the dielectric constant using the Fresnel relations (Jackson, 1962). The dielectric constant data
of Lane and Saxton (1952) are used in these calculations. Inasmuch as the dielectric constant
depends on the wavelength of the radiation and the temperature of the water, the microwave

emissivity of the sea surface changes as a fi'nction of these variables.

In Figure 1 the emissivity, in the vertical and horizontal polarization of the smooth sea

surface, calculated as a function of temperature, at different frequencies of SMMR is shown.
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The approach taken by Gaut (1968) for the absorption cocfficicnt of watcr vapor is adopted.
Weak absorption due to molecular oxygen in the atmosphere at frequencies below 45 GHz is also
taken into account. The radiative transfer equation in the microwave region can be written as

| f°v

. Tg, = To ¢y To, * / T(®) d 7,(P) + R, 7o f TP d 1,' (@)

T
o

¢))

where » is the frequency

Tnv is the brightness temperature at the top of the atmosphere measured by the satellite sensor.
P is the pressure, T, and T(P) are the temperature at surf_aﬁe and at pressure level P, respectively;
fov and 7,,(P) are the transmission of the atmosphere from the surface and from any pressure
level P to the satellite respectively, along a direction 50° with respect to the local vertical.

€, is the surface emissivity, R, is the reflectivity of the surface

Furthermore, ¢, + R, = |

The first term in the transfer equation represents the surface emission, the second term the atmo-
spheric emission, and the third term corresponds 1o the atmospheric radiation reflected at the
surface and then transmitted to the satellite sensor. This last term is calculated assuming that the -

surface is rough on the scale of the microwave wavelengths and, furthermore, the surface acts like

a Lambertian reflector.

Using Eq. (1), the brightness temperature spectrum between 6.6 GHz and 37 GHz, of the vertical
polarized component of the radiation for a tropical atmosphere over the oceans with 3.42 g/m2
of precipitable water is shown in Figure 2. This spectrum clearly reveals the shape of the weak
water vapor line at 22.235 GHz. The spectral position of the various SMMR channels is shown.
Shown in the same figure is a spectrum produced by the addition of a cioud between 1 and 2
km above the surface and containing S0 m g/m,2 of liquid water droplets (smaller than 100 um
in size). From this figure one can see that the brightness temperatures in all of the SMMR chan-

nels, 6.6, 10.7, 18, 21, and 37 GHz, are affected by the liquid water in clouds. In this case, the



absorption due to liquid water is weak at 18 and 21 GHz in comparison with that due to water
vapor. Furthermore, the liquid water absorption increases by 36% (using the Rayleigh approxi-
mation) in going from 18 to 21 GHz, while the absorption due to water vapor increases by a fac-
tor of 4. Mainly because of this reason, as will be shown in more detail later, the difference in
brightness temperature, T,, - T g, remains approximately the same in the presence of a typical
fair weather cloud containing less than 100 m g/m2 of liquid water in a column (Stephens, 1978).
In addition, by taking the difference Tzl = T,g we can practically eliminate the dependence on the
surface temperature. This is illustrated in Figure 3 where the variation in brightness temperature
T,; and T,g as a function of the surface temperature is shown. These brightness temperatures
were computed by choosing one particular model atmosphere in which only the surface tempera-
ture was changed over a range of 20°C. The signal T,; - T;g changes by only 0.6°C over this

wide range of surface temperatures.
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Figure 2. Brightness temperature spectra between 6 and 37 GHz for l No atmosphere
(solid line); 2. A tropical model atmosphere with 3.42 glcm of precipitable
water (solid curve); and 3. Addition of SO m s/c:m2 of cloud liquid water to
case 2 (dashed curve).
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Figure 3. Brightness temperature variation at 18 and 21 GHz
in the vertical polarization as a function of sea sur-
face temperature, based on theoretical calculations.
On account of the reasons mentioned above and for its simplicity the signal Ty - Tls is
examined in detail for water vapor sensing. Wilheit and Chang (1980), in their multiple regres-
sion analysis, also find that the information contained in the brightness temperature measure-

ments at 18 and 21 GHz is optimal for water vapor sensing. The reason for this is made clear in

the following discussion.

With the radiative transfer equation we can express the brightness temperature difference
Tz] - Tl 8 as
1
T2 =Tig) = To (€31 7o) —€1575,) + ] T(P) diryy (P) - 7,3 (P))

Yo o To
)
1 |




In this equation the first and the last terms depend upon the surface propertics. When ap-
propriate values of the parameters are introduced the terms have opposite sign and tend to can-
cel one another. The second term which represents the atmospheric emission thus makes the
largest contribution to Ty, - T 4. Since we are interested in obtaining the information on water
vapor :ontained in the atmosphere this is a very desirable condition. In order to demonstrate
this interesting behavior we have calculated the brightness temperatures, using detailed radiative
transfer formalism, for SO atmospheric cases ranging from high latitudes to the equator. These
atmospheric cases correspond to radiosonde measurements made by ship stations. In Figure 4,
calculations of T,; = T, g, are shown as a function of the precipitable water in the atmosphere,
for both vertical and horizontal polarization. Also shown is the atmospheric emission term,
which is common to both the vertical and horizontal polarizations. The atmospheric term lies
between the curves for the two polarizations and accounts for a substantial part of T,y - Tyg.
The small scatter in the neighboring values of the atmospheric emission and Ty, - T g in both
polarizations shown in Figure 4 suggests that these quantities depend principally on the precipi-
table water and only in a secondary way on the sea surface temperature and vertical profiles of

temperature and water vapor.
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Figure 4. Theoretical relationship between (‘l'z - Tyg), in the ve:tical and horizontal
polanubon. and precipitable water 1n the atmosphere Atmospheric emis-
sion is calculated according to second term in equation (2) of the text.




At this point it is helpful to simplify equation (2) for the purposes of recmote scnsing. This
can be done by approximating the integrals in the cquation by choosing equivalent radiative tem-
perature of the atmosphere. Further since the emissivity at 18 and 21 GHz differs only slightly

(see Fig. 1) we can choose a mean emissivity € for both the channels. With these approximations
we get
(T -Tyg) =€ T, (foy, = To,q) = T (T, = To,)

+ U= (g, - 10, ) 11 = (0, +75 )] ®)

where T and T' are equivalent radiative temperatures of the upwelling and downwelling radiation.
As the vertical distribution of water vapor is heavily weighied by the lower layers of the atmo-

sphere we may approximate
T, & TeT “)
Substituting the approximations (4) into equation (3) we get

Ty -Typ = {01 -DT (1, + 70 )} (1, -7, (5)
(a) (®)
The quantity (a) on the right hand side of the equation remains l_mrly a constant, from equator
to high latitudes (excluding sea ice), for realistic values of € (see Fig. 1), 7,4 and 7, (sce Fig. 5)
and T. The reason for this is (1 - €) T decreases from equator to pole while (‘ro21 + r‘,“);im

creases by about the same proportion.

This result suggests that one may seck a direct relationship between TZI - Tygand the dif-

ference in the transmission, "’u - f°2l' of the water vapor w in the atmosphere as follows:

Ty - Tyg = Co *+ €y ¢ Fox ™ (cig™ - *2™%) ()

where Cq and C; are constnats to be determined from the theoretical calculations shown in Figure

4. K, is the effective absorption coefficient of oxygen at the central frequency of 19.5 GHz.

..
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K;g and K,, are effective absorption coefficicnts for water vapor at 18 and 21 GHz, m is the

path length of molecular oxygen in the atmosphere, x = Sec 8 where € = 50° costesponds to the
viewing geometry of SMMR on Nimbus-7. These k values are determined from transmission com-
putations made for the 5O ship radiosonde soundings that were mentioned earlier. The transmis-
sions as a function of w for the 21 and 18 GHz are shown in Figure 5. The values of K;g and Kj,
estimated from Figure S are equal to 0.0116 and 0.0438 cm2/gm respectively. A value of e"kox™
= 0.98 is obtained from calculations. With these estimates we get the following equations to fit

the calculated Ty, - T,g shown in Figure 4 for the horizontal and vertical polarizations.

(Tyy =Tpg), = 5.7 + 169 X .98 (¢ 18" _ ¢ *u™, ©

wX K49 WX
-e 2

(Ty; - Tyg), = 6.1 +289 X .98 (¢ 18 ) ™

Equations (6) and (7) fit the data shown in Figure 4 to within 1°K over the range of 0.5 to

5 g/mz of precipitable water.

From the Equations (6) and (7) one notices that the precipitable water signal (Ty) - T,g)
in the horizontal polarization is about 1.7 times larger than that in the vertical polarization
essentially because of the difference in the surface emissivity for the two polarizations. One can
take a lincar combination of the two cquations in an attempt to utilize the horizontal and verti-

cal polarization measurements jointly.
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Figure 5. Transmissivity as a function of precipitable water in the atmcsphere at 18 and 21 GHz.
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Sources of Error in the Precipitable Water Estimation:

The rms error in the SMMR 18 and 21 GHz brightness temperature measurement, in a field
of vicw of 156 km, is estimated to be 0.5°K (Gloersen et al., 1978). This will lead to an error
of 0.7°K in T - Tyg which corresponds to an error of 0.1 g/cm2 of precipitable water. In or-
der t'o estimate the error introduced by liquid water in the clouds we have calculated the bright-
ness temperatures T,; and T;g for the set of 50 radiosonde profiles mentioned earlier, including
liquid water clouds, containing 0, 25, and 50 m g/cm2 of the liquid distributed between ] and 2
km above the surface. In Figure 6 :he calculated (T,; - T;g) obtained from such calculations is
shown as a function of the liquid water in the cloud. The isopleths of precipitable water, w,
shown in the figure reveal the sensitivity of the estimated w to (TZI -T)g)in the presence of
liquid water droplets. It is seen from the figure that below 2.7 g/cm2 W is overestimated in the
presence of clouds. The opposite effect is seen above about 2.7 g/cmz. This error could be as

large as 0.3 glcm2 when the cloud liquid water content is SO m g/ cmz.
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Figure 6. Variation of (Ty; - T, ), in the vertical polarization, for a given precipitable
water, in the presence of cloud liquid water content.
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The winds at the surface increase the surface emissivity of the ocean and thus affect the
satellite measured brightness tempcratures. Taking Wilheit’s (1979) model of the surface bright-
ness change produced by wind at different wavelengths, we find that (T,; - T;g) will be system-
atically reduced by the surface winds. This results in a systematic underestimation of precipitable
water. A surface wind of 30 m/sec results in an underestimation of precipitable water by about

10%. Further, this effect is almost linearly proportional to the wind speed.

From the discussion of these errors we see that the error introduced by substantial liquid
water in the clouds and high winds could be appreciable. However, the errors introduced under
average conditions of wind (10 m/sec) and clouds (assumed to contain less than 30 m g/cmz)
should lead to an error of about 0.2 g/ cmz. Now if we consider all the sources of error, (instru-

ment noise, surface winds and clouds) one can expect an error of about 0.3 g/ cmz'
Comparison with radiosonde measurements:

For the purposes of comparison an independent sample of 28 coincident ship radiosonde
measurements and Nimbus-7 SMMR observations were obtained. Coincidence is assumed when
the center of the satellite field of view is within 1° latitude and longitude of the ship location

and when the time difference between the ship and the satellite observations does not exceed one

day. The satellite data used in this study have a foot print size of 156 km. The Nimbus-7 SMMR - — S—

data have some systematic calibration bias. We find the bias in the vertical polarization measure-
ments to be considerably smaller than that in the horizontal polarization. In order to assess this
systematic bias the brightness temperatures are calculated at the SMMR frequencies utilizing the
detailed radiative transfer formalism described earlier. Ship-radiosonde measured temperature, .
and water vapor profiles are used in thece radiative transfer calculations. Winds at the surface
and liquid water in the cloud, if any, are not considered. When (TZI - Tyg) computed in this
fashion is compared with that observed by SMMR it is found that the satellite measurements

yield a value that is large systematically by 8.5°K. After removing this bias, precipitable water

13
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is cstimated from SMMR data with the help of Equation (6). In Table 1 the relcvant data ob-

scrved from the satellites and ship radiosonde measurements is presented.

In Figure 7 these estimates of w from SMMR are compared with those of radiosondes. The
agreement between the two sets of data is good yielding an rms error of 0.25 g/cmz. This error
is no; inconsistent with the error analysis presented in the previous section. Wilheit and Chang
(1980) developed a multiple regression relationship between the precipitable water in the atmo-
sphere and the brightness temperatures in the vertical and horizontal polarizations at 18 and 21
GHz. A test of their method with the present sample of radiosonde data yields an rms error in
the precipitable water of 0.3 g/‘:m2 which is not significantly larger than the value obtained in
the present study. Inclusion of horizontal polarization components, which are more susceptable

to variability of sea surface state, in Wilheit and Chang’s regression technique could result in

slightly larger errors.
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Figure 7. Comparison of ship radiosonde measured precipitable water
with that estimated from Nimbus-7 SMMR data.
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The regression method of Grody et al. (1980) bascd on the measurements of Scanning Micro-
wave Spectrometer (SCAMS) on Nimbus-6 at 22 and 31 GHz yielded an error of about 0.4Sg/cm2.
This somewhat larger error is attributed to the use of different spectral measurements in their

investigation.
Global maps of precipitable water:

Utilizing the Nimbus-7 SMMR measurements for a period of two months: Oct. 25 - Nov.
25, 1978, and Feb. 15 - Mar. 17, 1979, we have derived global maps of precipitable water on
a weekly basis (see Figures 8 - 15). The (sz - T;g) y observed by SMMR in the vertical polari-
zation is used for this purpose. Two monthly mean global maps, one for Oct. 25 - Nov. 25,

1978, and another for Feb. 15 - Mar. 17, 1979, are also generated (Figures 16 and 17).
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: Figure 8. Distribution of precipitable water in the atmosphere, over the
" global oceans, derived from Nimbus-7 SMMR data for the per-
iod Oct. 25 - 31, 1978.
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Figure 9. Distribution of precipitable water in the atmosphere, over the
global oceans, derived from Nimbus-7 SMMR data for the per-
iod Oct. 31 ~ Nov. 9, 1978.
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Figure 10. Distribution of precipitable water in the atmosphere, over the

global oceans, derived from Nimbus-7 SMMR data for the per-
iod Nov. 9 - 17, 1978.

16




oA
4 86 88 88 3503808

PRECIPITABLE WATER (gm/em”)

¥

2 8 88 8 Y% 5 ©° 8

Figure 11. Distribution of precipitable water in the atmosphere, over the
global oceans, derived from Nimbus-7 SMMR data for the per-
iod Nov. 17 - 25, 1978.

PRECIPITABLE WATER {gm/cm®)

3868 88y 5 ° 8

Figure 12. Distribution of precipitable water in the atmosphere, over the
global oceans, derived from Nimbus-7 SMMR data for the per-
iod Feb. 15 - 21, 1979.
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Figure 14. Distribution of precipitable water in the atmosphere, over the
global oceans, derived from Nimbus-7 SMMR data for the per-
jod Feb. 21 - 27, 1979.
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Figure 15. Distribution of precipitable water in the atmosphere, over the
global oceans, derived from Nimbus-7 SMMR data for the per-
jod Mar. 1 - 9, 1979._
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Figure 15. Distribution of precipitable water in the atmosphere, over the
global oceans, derived from Nimbus-7 SMMR data for the per-
iod Mar. 9 - 17, 1979.
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Figure 16. Distribution of precipitable water in the atmosphere, over the
global oceans, derived from Nimbus-7 SMMR data for the per-
jod of Oct. 25 - Nov. 25, 1978.
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Figure 17. Distribution of precipitable water in the atmosphere, over the
global oceans, derived from Nimbus-7 SMMR data for the per-
iod of Feb. 15 - Mar. 17, 1979.

The SMMR data have enabled us to use a field of view of 156 km which is significantly bet-
ter t. ;. 250 m field of view of the Nimbus 6 NEMS used in the earlier microwave water vapor . -
sensing studies (Grody, 1977, and Grody, et al., 1980). Also the rms error of the present method
is ~ 0.25 g/cm? compared to ~ 0.45 g/cm? of the earlier microwave methods. On account of
these reasons we are able to obtain finer information on the global distribution of precipitable

water.

An examination of the maps of precipitable water reveals minima in the castern parts of sub-
tropical Atlantic and Pacific oceans in the northern and southern hemispheres. These are regions
of large scale subsidence. The relatively dry tongue associated with _thg subsidence motion (Bjerk-
nes, 1969) in the eastern equatorial Pacific is clearly revealed. The maxima of precipitable water

associated with the Intertropical Convergence Zone (ITCZ) can be noticed both to the north and
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south of the equator. The progressive movement of ITCZ can be followed from these maps.

Most of these characteristics were revealed in the earlier studies using the microwave and infrared

satellite data.

Pecause of the improved spatial resolution and ac~iracy we are able to derive some finer in-
formation in the present analysis. The isopleths of the precipitable water show a marked orienta-
tion along the direction of flow of warm ocean currents such as the Gulf Stream and Kuroshio.
The gradient of precipitable water is in a direction normal to such warm ocean currents, suggesting
an increase in precipitable water accompanies an increase in the sea surface temperature. This is
observed generally on the east coast of the continents. Similarly the influence of the cold ocean

currents, such as the California current and the Peruvian current, on the west coast of the con-

tinents can be appreciated.

Water vapor maps are also useful in some synoptic studies. Particularly the influence of the

cold air outbreak over the warm waters can be examined. An episode of cold air outbreak, that
took place off of the northeast U.S.A. onto Atlantic Ocean, during Feb. 1979 is examined here.
The global water vapor map of the Feb. 15 to 21, 1979, shows the distribution of the precipi-
table water to the east of U.S.A. when there was a cold air outbreak onto the warm w'aters of
Gulfstream. The map for the following week, shows the modified distribution of precipitable
water after the cold air outbreak had subsided. The change in the precipitable water between

the two weekly maps is shown in Fig. 18 which reveals striking increase in w adjacent to the north
cast U.S. This implies that cold air flow had advected away from the coastal waters significant
amount of water vapor. This in turn means significant amount of latent heat is transferred from
the ocean surface to the atmosphere. This follows from the following reasoning. Let us con-

sider the conservation equation for water vapor.

OV .\ Vuw + wVy -V = EVAPORATION - PRECIPITATION (6)
N H H

where w is the precipitable water, bulk of which is contained in the boundary layer.
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\V is the mean wind in the boundary layer
VW is the horizontal gradient of w

Vi W is the horizontal divergence of mean wind

Now if we neglect Vg ‘W and precipitation in the vicinity of N.E./U.S. when the cold air

was blowing strongly and assume a quasi steady state, during cold air outbreak we get

V:Vy w = EVAPORATION )

This permits us to estimate the evzporation or the latent heat input into the atmosphere if

we have wind information together with the horizontal gradient of w.

90w 60W 30W
S0 )

10

Figure 18. Change in precipitable water (g/cm2) from the week of Feb.
21 - 27, 1979.
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It is possible to get the wind speed and precipitation information from SMMR data (Wilheit.
1978). The wind velocity could be obtained from microwave scatterometer data (Halberstam,
19803, Thus it appears that one can attempt to estimate over the global oceans fluxes of latent

heat input into the atmosphere from microwave measurements using equation (6).

Conclusions:

Nimbus-7 SMMR microwave brightness teinperature measurements in the 18 and 21 GHz
channels are found to be very useful for remote sensing of precipitable water in the atmosphere
over the oceans. The signal obtained by taking the difference between the measured brightness
temperature in two channels, Ty; - T,q. greatly reduces the noise introduced by the variations in
surface temperature, and the atmo:s.heric profiles of the temperature and water vapor. Non-
raining clouds containing liquid water droplets amounting to iess than 30 m g/m2 and light
winds at the surface, less than 10 m/s, constitute a source of error of about 0.3 g/cmz. However,
heavy winds and clouds containing substantial amounts of liquid water can introduce substantial
error. With the exception of the surface winds, the infrared remote sensing methods to estimate
precipitable water in the atmosphere depend sensitively on the sea surface temperature, tempera-
ture and water vapor profiles, and clouds of all kinds. Incorrect specification of these variables
can lead to significant errors in the infrared methods. Thus, considering the merits of the infrared
and microwave remote sensing techniques to retrieve precipitable water in the atmosphere, over
the oceans, it appears that the microwave approach is preferable for both accuracy and spatial
coverage. As the precipitable water is a 200d tracer of the dynamics of lowest layers in the at-
mosphere over the oceans, these microwave measurements will be valuable for weather and

climate studies.
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