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A Satellite Technique for Quantitatively Mapping
Rainfall Rates cver the Oceans
by
T. T. Wilheit, M. 8. V. Rao, T. C. Chang,

E. B, Rodgers, and J, S, Theon

Abstract

A theoretical model for calculatiny microwave radiative transfer in raining
atmospheres is developed. These calculations are vompared with microwave
brightness temperatures ata wvavelengthof 1.55 cm measured by the Electrically
Scarning Microwave Radiometer (ESMR) on the Nimbus-5 satellite and rain rates
derived from WSR-57 meteorological radar measurements. A specially designed
ground based verification experiment was also performed wherein upward view-
ing microwave brightness temperature measurements at wavelengths of 1.55 ecm
and 0.81 cm were compared with directly measured rain rates. It is shown that
over ocean areas, brightness temperature measurements from ESMR may be
interpreted in terms of rain rate with a minimum accuracy of a fuctor of two over

the range 2 to 25 mm hr~! rain rate.



Introduction

Since man's survival virtually depends upon favorable rainfall for the pro-
duction of food, rainfall is one of the most widely observed meteorological param-
eters. Dating from the time of the earliest weather records, the measurement of
rainfall over land surfaces has been a primary meteorological observation since
this measurement requires only simple instrumentation. However, rainfall can
be a sharply discontinuous process so that the rainfall measured at a point in

space may not necessarily be representative of the larger scale rainfall pattern.

Perhaps even more important is the fact that the rainfall occurring over the
oceans, which cover three-iourths of the Earth's surface, is very poorly known.
Ship observations, as is well known, are unsatisfactory owing to platfora in-
stability and sea-spray problems. Island reports are not representative of the
surrounding ocean because (a) there are vast oceanic areas where there are few
islands and (b) even in regions with a fair number of islands, orographic effects

modify the flow and rainfall patterns, especially in the tropics.

Radar has, to a limited degree, provided some insight into the complex
nature of rainfall structure and vrriability. The advantage of radar, unlike the
peint measurements of a raingauge network, resu’'s from its ability to sense a
volume of the atmosphere and translate this into rainfall rates over a given
location. Serious problems with atteniation and calibration limit the accuracy

of radar for the determination of rainfail, and its fixed location and limited



coverage make it unsu.table for global-scale measurements over the oceans,
Thus, our knowledge .f the total global rainfail and the water budget of the
atmosphere is extremely limited. Whether the total rainfall u»ser normal,
drought, and wet years for a given geographical region is merely the result of
redistribution of the rainfall, or the result of fluctuations in the global rainfall,

or both, has been impoussible to determine,

Many ingenious schemes for indirect estimation of rainfall have been de-
vised, some of which may be mentioned. Barrett (1970) worked out a rainfall
coefficient based on cloud cover and cloud type. Follansbee (1973) modified
Barrett's areal statistics technique, concentrating upon rain-producing clouds
{Ch, Ns and Cu congestus) to the exclusion of others. Another upproach that
has been develuped relies upon the relationship between the reflected solar
brightness of satellite pictures and rainfall rates. Martin and Suomi (1971,
1972) found that brightness regions correlate well with large achoes.
Similarly, Woodley, Sancho, and Miller, (1972) concluded that the relationship
of brightness area with precipitation depends upon whether the cloud system is
young and vigorous, or old and decaying. (It is also worthwhile to remember
that the brightness enhancement technique suffers from the dependence of
brightness on sun angle and viewing geometry as well as from signal saturation
and sensor degradation.) In the infrared techniques developed by Scherer and
Hudlow (1971), cloud height and area derived from High Resolution Infrared

Radiometer(HRIR) data were utilizedto estimate precipitation, cirrus contamination



being ignored. Another indirect method adopted by Tucker (1961), and followed
by Reed and Elliott (1973) to estimate precipitation in the northern Pacific, in-
volves developing quantitative ~elations between current weather (ww) and rain-
fall amounts (RR) in the present weather reports from land stations and extending

these relations to infer rainfall from ship weather reports.

The Electrically Scanning Microwave Radiometer (ESMR) system provides
a more nearly direct approach. The greatest advantage of the system (which will
be outlined in brief presently) is its selective response to liquid water. Although
admittedly there are certain limitations, ESMR seems to be a better tool than

any other available at present.

The ESMR System

The ESMR System carried on Nimbus 5 (Wilheit 1972; Wilheit, et al., 1973)
receiver radiation emitted by the earth and its atmosphere in a band of width
250 MHz centered at 19,35 GHz. The antenna beam scans perpendicular to the
direction of satellite motion in an arc of 100 degrees every 4 secs, the resolu-
tion being a 25 km circle near nadir degrading to an oval 45 km downtrack x
160 km cross track at the ends of the scan. The brightness temperature as
observed from the satellite is dependent upon the emission from the earth's
surface modified by the intervening atmosphere. The emissivity, being a func-
tion of the uielectric constant, is variable over land surfaces (depending on

vegetation, soil type, etc.) and generally large (ca. 0.9), but over oceans, the
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emissivity is more or less uniform at the ESMR wavelength (1.55 ¢m) and has a
low vaiue (ca. 0.4). Furthermore, at the ESMR frequency, emissivity of water
(¢,) varies almost inversely as its thermod namic temperature (T, ), with the
result that the brightness temperature (¢ T ) of a smooth water surface is
virtually independent of temperature. Salinity has no consequential effect on the
19.35 GHz radiance from the surfacc of the ocean. The wind at the surface of
the ocean does affect the emissivity (Nordberg et al, 1971; Hollinger, 1971),
However, this effect is not strong enough to be a significant source of error in

the present context,

It has been shown that the ESMR data may be qualitatively interpreted as
indicating the presence or abscnce of rain above an unspecified threshold in-
tensity (Wilheit, et al, 1973), and that ihe rain rate could be at least crudely
estimated (Allison et al, 1974). This qualitative relationship between ESMi
brightness temperature and rainfall has been exploited by Allison, et 8l (1975)
in a study of tropical cyclones. In the present paper, this relationship will be
established on a quantitative basis, theoretically supported, and independently

confirmed.
The equation of radiative transfer (Chandrashekar 1960) may be written:

dT, (6)
dz

YexeTp(6) = ¥y fT'(B.) F(6, 6,) sin 6,d6, +7,,,T(2)
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for an axially symmetric distribution of the »'s and T, an axially symmetric
scattering process, and using the Rayleigh-Jeans approximation. Here Ty (") is
the radiance in the direction specified by the polar angle (V) expressed as an
equivalent blackbody temperature or brighiness temperature. The coordinate

z is distance along a ray path, ¢ the scattering angle, 5 _  the total attenua-
tion due to scattering and absorption, 7, ., the scattering coefficient, and 7,
the absorptivity. F(¢,6,) is the angular distribution of the scattering integrated
azimuthally and normalized to 1; T(z) is the thermodynamic temperature of the
absorbing medium. Physically, the first term on the left hand side of the equa-
tion expresses the change in the radiance in a particular direction. The second

term (v Ty(9)) gives the contribution to this change due to both absorption

ext
and scattering away from the specifiad angle. The integral term on the right
hand side expresses the increase in radiance in the ¢ direction due to scatter-
ing from other angles, =ud the last term (y,, = T(z)) represents the thermal

emissiun of the medium,

In an atmosphere with rain, three constituents contribute significantly to the
absorption: molecular oxygen, water vapor, and liquid water droplets. At these
frequencies, ice crystals are essentially transparent. Water droplets are the
sole source of scattering of microwave radiation considered here. The oxygen
contribution consists of a large number of resonances between 50 and 70 GHz
which blend into a continuum at sea level pressures and a single isolated line

at 118.7 GHz. The effect at the frequencies considered here (19.35 and 37.0 Hz)



is only about 2K; the model used is that of Meeks and Lilley (1963) as modified
by Lenoir (1968). The effect of water vapor is due to ¢ weak resonance at
22.235 GHz and a number of strong ones at 183 GHz and higher frequencies.
The model for the absorption coefficient of water vapor used here is that given

by Staelin (1966),

The interaction of a dielectric sphere with a plane electromagnetic wave
was first solved by Mie (1908), and was discussed in the context of clouds and
rain dropiets by Gunn and East (1954), The extinction (absorption and scatter-
ing) cross sectior of a ligquid water droplet is given by:

2 x
Cuxt T=zRe ) @04 1) (3, 4 b))

n=1

and the scattering cross section by:

L J
A2 ‘
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where the magnetic and electric 2" pole coefficients a_and b are from ex-
pressions given by Stratton (1956) using the dielectric data of Lane and Saxton
(1952). The angular distribution of amplitude of the scattered electromagnetic
radiation is the sum of the radiation from the magnetic and electric 2" poles,

In the limit of small droplet, of radius less than about 100 u for the frequencies
considered here, only the electric dipole term b; need be considered. In this
case the scattering is insignificant and the extinction cross section, which is

then equivalent to the absorption cross section, reduces to:
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where o is the radius of the droplet and k is the dielectric constant of water at
the appropriate frequency. The absorption cross section is thus proportional to
the volume of the droplet. The absorptivity can be related to the absorption

cross section of a single droplet by:
7.},. =) N(P) C’.h.(ﬁ) dp

where N(p) is the number density per unit size interval of droplets of radius o.
Thus, the absorptivity is proportional to the mass density of the water droplet
distribution, independent of the droplet size distribution as long as there are no
particles with radius greater than about 100 » m. This condition is quite valid
for non-raining clouds. The distribution of precipitating articles in a rainstorm
is given by the Marshall-Palmer distribution:

N(P) a Noe'll-SO.ﬂl-o':l

where N(p) is the number density of particles per unit size interval, o is in cm,
R is the rain rate in millimeters per hour, and the proportionality constant N,
has the value 8 ¥ 10"2¢m™* for any intensity of rainfall. This distribution was
derived from physical meagurements on rain drops at the surface and has been
found to predict the radar returns from rain storms fairly well (Marshall, et al,

1947; Marshall and Palmer, 1948),



When the scattering and extinction cross sections with the dielectric proper-
ties appropriate for a frequency of 19.35 GHz and temperatures of 273K and 293K
are numerically integrated over the Marshall- Palmer distribution, the coefficients
of extinction and scattering shown in Figure 1 result, In Figure 2, the azimuthally
averaged relative angular distributions of the scattering are shown for rain rates
of 1 mm hr™' and 25 mm hr~', In the low rain rate case, the droplets scatter
like electric dipoles oriented in the direction of the incoming electric field vector;
thus the forward and backward scattering components are roughly »qual and twice
as large as the scattering perpendicular to the direction of incidence, In the
25 wm hr™! case, the larger particle size permits other multipole components
to contribute, and the backward scattering is much larger than the forward
scattering due primarily to interference between the electric and magnetic dipole

components,

For purposes of calculation, the atmosphere is divided into many optically
thin layers. A Marshall-Palmer distribution of rain droplets and 1007 relative
humidity are assumed from the freezing level to the surface. Since the Marshail-
Palmer aistribution does not include the cloud water droplets, a cloud with a net
density of 25 mg cm~? is distributed through the 1/2 km beneath the freezing
level. The ocean surface is assumed to have the reflectivity given by the Fresnel
relations (Jackson 1962), based on the Lane and Saxton (1952) dielectric data. A
lapse rate of 6.5°C km ' is assumed and the surface temperature (or equivalently,

freezing level) is adjusted as a parameter of the calculation. Above the freezing



level, the relative humidity given by the 1962 U, S, Standard Atmosphere for that
altitude is assumed. Water droplets are described by the using of Lane and
Saxton (1952) dielectric data, The angular distribution of reflection from the

ocean surface is assumed to be Lambertian (Peake et al, 1966),

Using this model, the up-and -downwelling brightness temperatures are then
computed, first ignoring the scattering so that the brightness temperatures may
be c¢rm ~uted for a number of angles independently. The brightness temperatures
. ¢ then recomputed iteratively using the brightness temperatures of the previous
iteration for the scattering ter:a until satisfactory convergence (to better than 1K)

is obtained.

Brightness temperatures for a set of five atmospheres and a range of rain-
fall rates were calculated for a frequency cf 19.35 GHz. The surface tempera-
tures were 279.6, 286.1, 292.6, 299.1, and 305.6K, giving freezing levels of 1, 2,
3, 4, and 5 km, respectively. The Marshall- Paimer distribution of rain particles
appropriate to each rain rate was acsumed from the freezing level to the surface.
The results of this calculation are shown in Figure 3. Note that there is no con-
sequential effect of rain at rates less than 1 mm hr™', but above that, the bright-
ness temperature increases sharply with increasing rain rate to 2 maxin.um of
about 255K around 50 mm hr~! rain rate. At higher rain rates, the very strong
backscattering of the larger droplets actually decr:ases the brightness temper-
ature. The dependence on freezing level is about 50% in rain rate per km change

in the freezing level at a given brightness temperature.
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To demonstrate the effect of scattering, the brightnese temperatures were
calculated for the 4 km freezing level case with the scattering term artificially
suppressed in the calculation. The results of this calculation are compared to
the full calculation in Figure 4. Up to 10 mm hr™?, there is little effect due to
the scattering, but above this value, the elfect is to significantly lower the bright-
ness temperature and to cause a maximum to appear in the brighiness tempera-
ture calculated with scattering, whereac the no-scattering case approaches 273K

asymptotically.

Nimbus-5 Observations

To confirm this theoretical model, simultaneous measurements of rain rate
and microwave brightness temperature over ocean areas were needed. Four
cases were found where data were taken by the WSR-57 meteorological radar at
Miami, Florida coincident with Nimbus-5 overpasses (to within 5 minutes), The
dates and times of these are given in Table I. In all cases, a trohical maritime

atmosphere with the freezing level at 4 km was assumed.

The WSR-57 meteorological radar measures the backscattered microwave
signal at a wavelength of 10.3 ¢m (2.91 GHz). The range resolution is 1.2 km
out to a maximum of 120 km. The azimuthal resolution is 2 degrees. The
return signal in ear’ range-azimutb pin is digitally converted to rain rate
through a statistically derived relationship; this rain rate is expressed iu

tenths of millimeters per hour. Further description of the WSR-57 radar and

10
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the means by which radar r<turn may be interpreted as rain rate can be found

in Wiggert and Ostlund (1975).

In order to compare the data. the WSR-57 data were first plotted on a map
base; the ESMR data were ther overlaid using the image of the Florida coast
line and Lake Okeechobee visible in ths ESMR data as a guide to insure regis-
tration. Figure 5 is an image of the WSR-L7 data for the pass, the crosses (+)
show the location of the beam centers for the corresponding ESMR data. The
two ovals show the approximate 3 dB (half power) and 1,5 dB antenna gain con-
tours for a typical ESMR beam poeition. Since the ESMR resolution is much
coarser than that of the WSR~-57, the radar data must be averaged over the
radiometer resolution element. To approximate the effect of the antenna pattern,
the radar data within the 1.5 dB gain contour were given full weight while those
between the 1.5 dB and 3.0 dB contours were given half weight in the averaging.
Only those beam positions with cemers more than 50 km from the coast and with
scan .ngles of less than 40 degrees were included. The greatest rain rate ob-
gerved was 79 mm hr™! in the June 25, 1974 case. However when averaged to
the ESMR resolution, the maximum observed was 16.6 mm hr~', In Figure 6, the
results of this comparison are shown s solid points. The solid line is the bright-
ness temperature computed for the 4 km freezing level. The two dashed lines
represent departures of the larger of a factor of two in rain rate or 2 mm hr™',
Note that virtually all the points are within or verv near this envelope. The
crosses (+) are inferred from the ground based measurements discussed in the

next section.
11
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Ground Based Verification

As further verification of the theoretical model, two microwave gadiomuters
with center frequencies of 19.35 and 37,0 GHz were mounted viewing upward at a
45 degree zenith angle. The relevant parameters of each are summarized in
Table 2. The rectangular cross section, horn-type antennas were mounted with
the electric field vector horizontal so that the E-plane antenna gain pattern, hav-
ing larger sidelobes than the H-plane gain pattern, caused a minimum variation
in elevation throughout the field of view. The antenna horns were shielded from
direct rain by a wooden housing open on one side. They were protected against
wetting from blowing rain by using a plastic wrapping across their apertures and
a blower which directed a stream of dry air across the plastic wrap, The re-
ceivers were connected in turn for a period of 15 seconds each (a) to their
respective antennas, (b) to a reference crld load, and (¢) to a reference warm
lcad. The output from this radiometer system was fed to a small computer
which calculated both of the mean brightness temperatures for the 15 seconds
when the radiometers were sensing the radiation from the antennas (separately

at 19,35 and 37.0 GHz) and printed out the results at intervals of 0,8 minutes,

Two rain gauges of different types were used to measure the rainfall in-
tensities simultaneously with the radiometer observations. The first was «
conventional tipping bucket rain gauge located adjacent to the antenna housings.
The number of times the bucket tipped was registered by a counter and recorded

on the computer print-out alongside the radiometer readings. The second was

12
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the recently developed (Raymond andWilson, 1974) electronic rain intensity gauge
with a 1 second response time, located at a horizuntal distance of 23.5 meters
away from the radiometers in the direction of the antenna beams. In this type of
rain gauge, measurement i8 made of the ratio of the resistance of rain water
flowing in a trough between two electrodes spaced along the trough (R, ), to the
resistance of the same rain water in a chamber of fixed geometry (Rz). Since

R, varies as the resistivity divided by the cross sectional area of the flowing
water while R, vari.s only as the resistivity, R,/R, is independent of resistivity
and is proportional to the cross section area, i.e., it is related only to the rate of
flow. Both rain gauges were calibrated against directly measured flow rates and

both had 91 ¢m funnel apertures.

Data were collected with this arr: ement from June through September
1974, at Goddard Space Flight Center. On all occasions on which data were taken,
the freezing level was 4 + 0.5 km. With the aid of the lal.oratory calibration curve,
the voltage records on chart paper were translated to rainfall rates. The bright-
ness temperatures of the 19,35 and 37.0 GHz radiometer systems were tabulated
against rainfall intensities. For this purpose, only those occasions when the rain
rate and temperatures were sensibly steady for two minutes or more were con-
sidered, in order to avoid excessive scatter in the data. The observations were
then grouped under 18 catogories according to rainfall rate intervals (10 cate-
gories at 1 mm hr™! intervals from 0 to 10 mm hr -}, 5 at 2 mm hr~' intervals

from 10 to 20 mm hr~!, 2 at 10 mm hr ! intervals from 20 to 40 mm hr} , and

13
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one final ca jory greater than 40 mm hr™'). In each category the mean and
standard deviation were calculated separately with respect to brightness tem-
perature (fa and o, ) and rainfall (R and o, ). The diagram in Figure 7 shows
the result frr 19,35 GHz and the diagram in Figure 8 those for 37,0 GHz, In both
diagrams, the vertical lines and horizontal lines are equal in length to 2 stand-
ard deviations, The solid curve, in each case, represents the corresponding

theoretical calculation,

If one approximates the radiometric effect in this case by an isothermal,
non-scattering layer of absoiber at a temperature of 273K, these upward view-
ing data can be converted to what would have been observed by the ESMR if this
atmosphere were over water. These data are included in Figure 6 and are quite

consistent with the satellite observations and the theoretice' calculations.

Conclusions

There are many weaknesses inherent to a study of this type. The most
obvious is that there is much uncertainty in interpretation of radar returns in
terms of rain rate. There is also some uncertainty in registering the ESMR
data to the radar data; and having registered the two, it is not feasible to use
an exact antenna pattern in averaging the rain rate over the instantaneous field
of view of the ESMR. The non-linearity of the rain rate/brightness temperature
relationship reduces the validity of such an average still further. There are

other variable factors which have been ignored; water vapor, wind speed and

14
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viewing angle, to name a few. All these factors contribute to the considerable
scatter in the observed relationship between ESMR brightness and radar derived
rain rates. Nevertheless, the data show clearly that in the dynamic range 2-20
mm hr™! rain rate, brightness temperature at 19.55 GHz can be related to rain
rate to within a factor of two. Considering the difficulty of any rain rate measure-
ment over an area, this is quite a usefr! measurement. The upward viewing data
agree well with the theoretical model over a wide range of rain rates and at two
different frequencies (19.35 and 37 GHz) so that by using this model, the micro-
wave response to rain may be predicted for other frequencies and viewing geom-
etries. Since global data are now available from the Nimbus-5 ESMR, it is pos-

sible to measure the oceanic component of the atmospheric water budget.
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Figure 1.

Figure 2,

Figure 3.

Figure 4,

Figure 5.

FIGURE CAPTIONS
Volume scattering coefficient and volume extinction coefficient at
A = 1,656 em for a Marshall-Palmer distribution of raindrops at the
indicated rain rate. The solid lines are based on an assumption of 20°C
and the dashed lines are based on 0°C for the temperature of the

raindrops.

Relative, azimuthally averaged, angular distribution of scattering
of 1.55 em radiation by a Marshall-Palmer distribution of raindrops
at 1 mm hr ' (inner curve) and 25 mm hr-! (outer curve). The two

curves are not to the same scale,

Calculated brightness temperature at 1.55 ¢cm as a function of

rain rate for freezing levels of 1, 2, 3, 4 and 5 km.,

Calculated brightness temperature at 1.55 cm as a function of rain
rate with scattering inclu ed in the model (solid line) and excluded
from the model (dashed line). In both cases, the assumed freezing

level is 4 km.

A portion of the WSR-57 radar data for the June 25, 1973 case. The
cross hatching shows the range and azimuth resolution of the radar,
Isopleths of 0, 5, 10, and 50 mm hr™' rain rate are indicated. The
crosses (+) indicate the locations of the beam centers of the corre-
sponding Nimbus-5 ESMR data. The 1.5 dB (inner oval) and 3 db

(outer oval) contour are shown for a typical ESMR beam position.
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Figure 6.

Figure 7.

Figure 8.

22

Brightness Temperature as a function of rain rate:

® Nimbus~5 ESMR vs, WSR-57 Radar

+ Inferred from ground based measurements of brightness tempera-
ture and direct measurements of rain rate,

The solid line is the calculated brightness temperature for a4 km freezing

level. The dashed lines represent deyarture of 2 mm hr™' or a factor

of two in rain rate (whichever is greater) from the calculated curve.

Brightness temperature » = 1,556 cm at a viewing anglc of 45 degrees
with respect to the zenith as a function of directly measured rain rate.
At each point, the height and width of the cross represent two standard
deviations in the corresponding dimensions. The solid line is the

theoretically calculated curve.

Brightness temperature A = 0.81 cm at a viewing angle of 45 degrees
with respect to the zenith as a function of directly measured rain rate.
At each point, the height and width of the cross represent two standard
deviations in the corresponding dimensions. The solid line is the

theoretically calculated curve.
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Figure 1. Volume scattering coefficient and volume extinction
coefficient at A = 1 55 ¢cm for a Marshall- Palmer distribution
of raindrops at the indicated rain rate. The solid lines are
based on a assumption of 20°C and the dashed lines are
based on 0°C for the temperature of the raindrops.
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Figure 7. Brightness temperature A = 1.55 ¢cm at a viewing angle of
45 degrees with respect to the zenith as a function of directly
measured rain rate. At each point, the height and width of the
cross represent two standard deviations in the corresponding
dimensions. The solid line is the theoretically calculated curve.
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Figure 8. Brightness temperature » = 0.81 ¢cm at a viewing angle of
45 degrees with respect to the zenith as a function of directly
measured rain rate. At each point, the height and width of the
cross represent two standard deviations in the corresponding
dimensions. The solid line is the theoretically calculated curve.

27



Table 1
Times and Dates of the WSR-57

Radar Observations

Date Time
20 June 1973 1632 GMT
7 July 1973 1610 GMT
24 June 1974 1605 GMT
25 June 1974 1705 GMT

Table 2
Radiometer Parameters

Radiometer 1 Radiometer 2
Frequency 19.35 GHz 37.0 GHz
Wavelength 1.55 em 0.81 cm
Bandwidth 400 MHz 400 MHz
E plane Beamwidth 6.5 degrees 6.5 degrees
H plane Beamwidth 9.0 degrees 9.0 degrees
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