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ABSTRACT

This paper investigates the feasibility of a quantitative estimation of precipitation from space, based on retrieval
of microphysical properties of cloud tops using Advanced Very High Resolution Radiometer data. The effective
radius r, of cloud particles is calculated for highly reflective clouds in the visible wavelength, assuming that
these are water clouds with infinite optical thickness at the 3.7-um channel. A large effective radius indicates
the presence of large droplets and/or ice in the clouds. The distinction between large droplets and ice is not
necessary because the existence of either near the tops of thick clouds is conducive to the precipitation formation
processes. In addition to the microphysical information, the fraction of rain cloud coverage and cloud spatial
structure (convective and stratiform) were used for the rain estimation algorithm.

The satellite estimates were compared to radar data. Encouraging results were obtained for winter precipitation
clouds in Israel with a wide range of cloud-top temperatures.

The method is not limited by temperature thresholds, resulting in estimates for rain intensity of clouds that
do not necessarily contain large amounts of ice. Reasonable rain intensity estimates for clouds with relatively
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Estimation of Precipitation Area and Rain Intensity Based on the Microphysical

warm tops have not yet been obtained by other passive radiation methods, especially over land.

1. Introduction

Estimates of precipitation areaand rain intensity from
satellite data have been made for the past 25 years, with
varying amounts of success. These methods can be di-
vided into two main groups. The first uses visible (vis)
reflected sunlight, and infrared (IR) radiation emitted
from cloud tops; the second uses the emitted microwave
(MW) radiation.

The vis-IR group consists of various methods with
different degrees of complexity, ranging from methods
using a single parameter, where the cloud area is the
most common, such as the GPI—GOES (Geostationary
Operational Environmental Satellite) precipitationindex
(Arkin and Meisner 1987)—to more complex tech-
niques such as the CST (convective-stratiform tech-
nique) (Adler and Negri 1988). These methods assume
that clouds with tops colder than a given threshold pre-
cipitate and the precipitation rate is a function of the
cloud type. The split-window method (Inoue 1987) has
remarkable success in classifying clouds, but does not
give rain rates. However, it can be used to improve
existing rain-rate estimation methods, by eliminating
nonprecipitating clouds.
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Rain-rate retrieval methods belonging to the passive
MW group depend on the difference between the bright-
ness temperature of raining clouds and the background
(land or sea) in several wave bands. The cold back-
ground brightness temperature of water causes the MW
rain estimates to perform well over water surfaces for
most cloud types. However, the warm brightness tem-
perature of land surfaces is similar to the rainfall sig-
nature in the MW. This leaves the ice signature as the
main source of information for the MW rain estimate
method over land. As a result, no current MW method
is capable of reasonably accurate rain estimates for
clouds with low ice content over land (Jones and VVonder
Haar 1990).

While precipitation processes develop in practically
all convective clouds with very cold tops, in cloudswith
warmer tops the precipitation processes are very sen-
sitive to the microphysical structure of the cloud tops—
that is, precipitation processes are more efficient when
the droplets are larger or in the presence of ice. The
main reason for the poor performance of vis-IR rain
estimation methods for clouds with relatively warm tops
isthat they ignore the large variability of microphysical
composition of clouds with temperatures warm enough
to allow prolonged existence of supercooled water—
that is, warmer than about 245 K.

The objective of this study is to show the feasibility
of rain estimates based on the microphysical structure
of cloud tops, retrieved from the reflected solar radiation
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at 3.7 um. This method is not limited by temperature
thresholds, and thusit isinherently capable of providing
rain estimates for clouds with relatively warm tops and
little or no ice.

The rain estimates are based on the following steps:

e division of the scene into subareas (windows) large
enough to contain a small convective cloud cluster
(about 2000 km?),

® exclusion of windows in which the potential rain
clouds are obscured by overlaying clouds, and

® classification of the windows into rain types, based
on the scale of inhomogeneity of the retrieved field
of cloud-top particle size.

Windows with inhomogeneous fields were considered
convective, and windows with relatively homogeneous
fields were considered stratiform. Altogether four cat-
egories of rain types were considered, and each was
treated separately.

2. The data

The data for this study were derived from the after-
noon scan of the NOAA-11 polar-orbiting satellite’'s Ad-
vanced Very High Resolution Radiometer (AVHRR) lo-
cal areacoverage over Israel and the east Mediterranean
Sea. The AVHRR has a resolution of 1.1 km at nadir.
The data were collected for February 1990 through
March 1993, 98 windows from 33 different days alto-
gether. All the data were used, without any meteoro-
logically based selection.

The following channels of the radiometer were used.

® Channel 1 (0.65 wum) is usualy utilized to estimate
cloud optical thickness in that wave band (e.g., Ark-
ing and Childs 1985), which depends mainly on the
vertically integrated amount of cloud condensates.

® Channel 3 (3.70 um) is very sensitive to the cloud
drop size distribution, to the thermodynamic phase,
and to the particles shape (Arking and Childs 1985).

® Channel 4 (10.8 um) provides the cloud-top black-
body brightness temperature, which approximatesthe
cloud-top temperature, assuming that the atmosphere
above the cloud is relatively dry.

® Channel 5 (12.0 wm), in conjunction with channel 4,
provides information on cloud thickness and the ver-
tically integrated water vapor in the atmosphere
above the cloud top (Inoue 1987).

The AVHRR rain-rate retrieval algorithm was cali-
brated using a weather radar located at Ben-Gurion In-
ternational Airport in Israel. The radar has a 5.4-cm
wavelength and 1.6° beamwidth. The collocation be-
tween the satellite and radar data was done using the
radar and satellite coordinates. The **window probabil-
ity matching method”” (Rosenfeld et al. 1994) was used
for the radar rainfall intensity estimates. The standard
error of the radar rain-rate measurements is under 15%.
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3. Parameters for the rain estimates

The area of precipitating clouds is a major parameter
used by most of the rain estimation algorithms. Rosen-
feld and Gutman (1994) have shown that precipitation
areas were well correlated with the area of cloud tops
having an effective radius larger than 14 um. Another
widely used parameter isthe classification of cloudsinto
convective and stratiform (Adler and Negri 1988). The
parameters used for the quantitative rain estimates in
this study are described in this section.

a. The effective radius

The cloud-top microphysical properties are derived
by comparing the radiance measured in channel 3 to the
theoretically calculated radiance (Nakajima and King
1990). The effective radius r,, is defined as follows.

J m r3n(r) dr

e — )

f r2n(r) dr
0

where n(r) is the number size distribution as a function
of particle radiusr.

The algorithm for retrieving the effective radius of
cloud droplets is that used by Rosenfeld and Gutman
(1994). It consists of detection of optically thick cloud
pixelsin the satellite image and application of the model
for retrieving the effective radius of cloud-top particles
in these pixels.

The first step is the selection of pixels filled with
clouds that are thick enough to be considered as poten-
tial precipitators. The selection was based on thresh-
olding the channel 1 visible reflectance, the channel 4
brightness temperature, and the brightness temperature
difference (BTD) of channels 4 and 5 asindications for
optically thick clouds in the far IR (Inoue 1987). The
following thresholds were selected for this study over
Israel: visible reflectance higher than 40% indicates that
the pixel is not partly filled with ground; temperatures
were lower than a selected ground temperature of T, =
7°C; and BTD lower than 1°C indicated that we were
not looking at optically thin clouds. These criteria are
site specific and are based on the surface albedo and
temperature. The parameters were empirically specified
so that even slightly ambiguous pixels were rejected.

The second step assigns an effective radius to the
selected pixel. The emitted 3.7-um thermal radiation
was eliminated, and then the effective radius was cal-
culated based on the assumption that the cloud is com-
posed exclusively of spherical water drops. In the case
of ice, the absorption coefficient is nearly double that
of water; in addition, ice crystalsare usually much larger
than cloud water droplets. Therefore, the 3.7-um re-
flectance will be very low for clouds containing either
ice crystals or very large water droplets near their tops.
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The effect of either large water droplets or ice crystals
is the same: initiation of the precipitation process.
Therefore, the effective radius is used in this study as
an index for the extent of precipitation formation pro-
cesses in the clouds.

The pixels having 3.7-um reflectance below 2% were
considered to be cloud tops consisting mostly of ice
particles. In this case no calculation of the effective
radius was done. Note that large radii (r, > 25 um)
typically coincide with very cold tops that can be as-
sumed to be glaciated. For the rest of the pixels, the
effective radius was cal culated using the assumption that
the cloud exclusively contained water droplets, while
theinterpretation of the results may involve any possible
ice/water ratio.

b. Division of the viewed area into windows

The area within the range interval of 18-77 km from
the radar was considered. This is the area for which
radar rainfall estimates were available, using the win-
dow probability matching method (Rosenfeld et al.
1994) in Isragl. This area was subdivided into several
regions with nearly equal area of 2000 AVHRR pixels,
equivalent to areas of 60 km X 40 km, depending on
the distance from the satellite nadir trajectory. Thisarea
islarge enough to contain several whole rain clouds and
was found to be meaningful in the following sense.
Rosenfeld and Gagin (1989) have shown that when the
area of aconvective cloud cluster increases, therainrate
from this cloud cluster increases, up to a critical area
of approximately 2000 km?2. Further increase of the
cloud cluster areawill not result in higher rain rate. The
increase of rain intensity in windows containing alarger
fraction of rainy area can be explained by the following
observation: isolated clouds produce smaller rain inten-
sities than clustered clouds reaching the same vertical
growth (Rosenfeld and Gagin 1989). The main reason
for this dependency is the fact that clouds in clusters
protect each other from the detrimental effectsof mixing
with dry, midlevel ambient air. Other dynamic inter-
actions between neighboring clouds may have effects
that mutually enhance precipitation (Simpson et al.
1993). In addition, cloud clusters that grew beyond ap-
proximately 2000 km? probably aready reached the
maximum degree of mutual protection and enhance-
ment, and the rain rate per unit area cannot be further
increased.

By doing area comparisons we avoid one-to-one pixel
matching problems such as

® needing exact navigation of radar coordinates to
AVHRR coordinates;

® having to match AVHRR cloud-top properties to
cloud-base properties seen by the radar, for clouds
under wind shear conditions where the cloud tops are
not exactly located over their rain shaft; and the fact
that because
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e full radar volume scan takes about 5 min, different
parts of the radar echo tops map are seen at different
times. A 3-min difference between satellite and radar
for agiven pixel can betranslated to a 10-km distance
difference (with 50 m s wind speed at cloud-top
altitude).

All parametersin this paper, unlessindicated otherwise,
refer to a window.

c. Multilayered clouds detection algorithm

In a situation where there is more than one layer of
clouds one on top of the other, their total visible optical
depth may be large, whereas the satellite IR sensors
detect only the top layer. In some cases there is no
connection between the two layers, and while the lower
layer precipitates, the upper layer is shallow and con-
tains relatively small droplets. In cases like this, there
is no correlation between the actual precipitation prop-
erties of the cloud and the indication of precipitation
processes observed from the satellite.

The following algorithm was found useful in detect-
ing areas of precipitating clouds under an incomplete
nonprecipitating upper cloud layer.

1) Identify all the fully cloudy pixels in the window.

2) Find the average temperature of all pixelswithr, >
14 pm.

3) Divide all the pixels with r, > 14 pum into two sub-
groups, ‘‘warm pixels’ and ‘‘cold pixels,” with re-
spect to the average temperature.

4) Calculate the mean of r, for the warm and cold sub-
groups.

5) Define the layer index as

(re(warm))
{r(cold))

When all cloud tops in the window belong to clouds
with the same vertical continuity, we expect (r(cold))
to be larger then (r(warm)). However, when arelatively
thin layer overlies lower precipitating clouds, the radii
of the upper-layer cloud droplets may be smaller than
the lower layer. Therefore, a layer index larger than 1
is indicative of such a situation. In practice, the value
of 1.02 was found to have the best discriminating power,
compared to subjective classification.

layer index =

2

d. “Convectivity” of clouds in the window

Cloud-top texture of stratiform clouds and large an-
vilsismuch more uniform than that of convective clouds
with overshooting tops. This property is measured by
the cloud radius parameter (CR,), which was con-
structed to be a quantitative index of the convectivity
of cloudsin the window; CR, isthe average horizontal
distance (km) for which the retrieved cloud-top droplet
radii changes by a given percentage (15% in this study)
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y=-11 +94x R=0.94 TABLE 1. Relationship between satellite- and radar-observed pre-
7 cipitation areas for different cloud categories. Given are the corre-
lation coefficient R, slope a, intercept b, and number of windows n
6 | for the different cloud categories.
Cloud Temper-
5 type ature Multilayers n R a b
~ Convective  All With 45 090 06 0.04
s4r All Without 40 0.94 06 0.03
~ T>245K Without 26 092 06 0.03
3 T<245K Without 14 096 06 0.01
Stratiform All With 53 085 08 011
s | All Without 42 090 09 0.01
T>245K Without 21 051 05 014
, ‘ ‘ | | T<245K Without 21 0.87 09 0.09
1
1.2 1.3 14 15 16 1.7 1.8 1.9

Cloud Depth/Cloud Radius

Fic. 1. Radar measurements of updraft velocity V., (m s™2) sradar-
measured aspect ratio (cloud depth/cloud radius) for convective rain
cells.

within the investigated window. A window with small
CR,, is interpreted as having convective clouds in it,
while a window with large CR, is interpreted as con-
taining stratiform clouds.

CRg, was calculated in the following way.

® CR_(i,j) was calculated for each cloudy pixel in the
window by averaging the ranges in which the effec-
tive radii of neighboring pixels had changed by more
than 15% in the four i,j directions, and

® CR,(i,j) values were averaged over the window to
give CR,.

Calculating CRg, for different percentages resultsin
different CR, values; however, this does not change its
ability to be a good quantitative index for the convec-
tivity of clouds in the window.

Rosenfeld (1986) studied various parameters of con-
vective clouds over Israel and South Africa using radar
data. Figure 1 was plotted using the radar data from his
Fig. 7. In this figure the radar-inferred updraft velocity
V.. Was plotted versus the aspect ratio of the precipi-
tation cell as seen by the radar:

. cloud depth _ D+ 2
™ cloud radius  (A/m)v?’

where cloud depth was taken to be D + 2; D is the
radar echo top height above freezing level in kilometers,
and adding 2 km gives the cloud depth, assuming that
freezing level is approximately 2 km higher than cloud
base. The radar cloud radius was taken to be (A/m)?,
where A is the precipitation cell area (km?).

Motivated by the high correlation between updraft
velocity and precipitation cell aspect ratio, we aim to
get an AVHRR updraft velocity estimate and to find a
criterion to distinguish between convective and strati-
form clouds. The first is achieved by using the cloud
radius (CR,,) parameter to estimate the mean horizontal
dimension of clouds in the window. The mean vertical

©)

dimension AZ can be estimated by subtracting of mean
height of cloud-top temperature in the window from the
height of cloud-base temperature. We assumed that
cloud-base temperature does not change significantly
within the range interval of 18-77 km from the radar.
Cloud-base temperature was taken to be the temperature
of the warmest cloudy pixel plus 2°C in that area, as-
suming that this pixel contains shallow undeveloped
clouds of about 300-m height.
The AVHRR updraft velocity estimate Vg, is

AZ

R
=" CR,

4)

A discriminating criterion for convective or stratiform
clouds was derived, assuming that the regression equa-
tion (5) for Fig. 1 represents convective clouds:

©)

loud depth
V=11 + 9.4(Cou = )

cloud radius

Clouds with zero vertical air velocity are definitely not
convective. Therefore, the maximum possible aspect ra-
tio for convective clouds is derived by setting V,,, = 0
in the regression equation (5) of Fig. 1:

cloud depth

cloud radius = ,
1.2

(6)

and rewriting (6) with AVHRR-derived parameters re-
sults in

AZ

CR. = —,
12

@)

where CR,,, is the maximum cloud radius (CRg,) for a
given cloud depth, which can still be called ‘“ convec-
tive.” Windows with CR, larger than CR,,, will be
regarded as windows with stratiform clouds.

Table 1 shows the number of windows in each class,
indicating multilayered clouds windows, cloud type, and
temperature.
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y=003+06x R=094
1
e T>245 CR <(CR
e} T<245 sat max
0.8 - +  multilayers

sat

rad

Fic. 2. Fraction of precipitating area, defined by the area with r,
> 14 um (Ay), as a function of the fraction of precipitating area
detected by the radar (A,,) for convective clouds (CRy, < CR,.)-
Windows with multilayered clouds are marked with crosses, windows
with cloud-top temperatures higher than 245 K are marked with solid
circles, and windows with cloud-top temperatures lower than 245 K
are marked with hollow circles.

4. Quantitative estimates
a. Precipitation area

Each window was assigned the following parameters:
cloud type (convective/stratiform); layer index; fraction
of the window covered with radar precipitation echoes;
and fraction of window covered with effective radii
greater than 14 um, which was found best correlated
with radar precipitation echoes (Rosenfeld and Gutman
1994).

Figure 2 displaysthe rel ationship between thefraction
of precipitating area, defined by the area with r, > 14
um (A,,), and the fraction of precipitating area detected
by the radar (A.;) for windows containing convective
clouds (CR,, < CR,..). The solid circles stand for win-
dows with cloud-top temperatures higher than 245 K,
and the hollow circles stand for windows with cloud-
top temperatures lower than 245 K. There are 45 win-
dows in this figure; 5 of them (marked by a cross) con-
tain multilayered clouds. A regression line for the win-
dows with no multilayered clouds is shown. The re-
gression lines of the two temperature subgroups were
almost identical (see Table 1).

The relationship between A, and A, for stratiform
clouds is given in Fig. 3. There are 53 windows in this
figure; 11 of them (marked by a cross) contain multi-
layered clouds. We can see that the warmer clouds (solid
circles) do not cover more than half of the window area
(A < 0.5), while the colder clouds (hollow circles)
may expand up to the full window area.

The correlation coefficient is higher when the mul-
tilayered windows are not included, although the total
number of windows decreases. Table 1 shows the re-
gression coefficients and number of windows for all the
data. The slope of the regression line is larger for win-
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y=001+09x R=0090

T>245
T<245
multilayers

+0 @

0.8 -

sat

Fig. 3. Asin Fig. 2 except for stratiform clouds (CRy, > CR,..)-

dows containing stratiform clouds (0.9) than for win-
dows containing convective clouds (0.6)—that is, A,
for given echo areais larger for stratiform clouds. This
means that a larger area of the cloud tops contains par-
ticles with r, > 14 um for the same precipitation area
(A..0)- This may be due to the longer time that is avail-
able for the growth and glaciation of cloud particlesin
stratiform clouds. Liou (1992) suggested a bimodal size
distribution for the description of data collected from
clouds such as nimbostratus and cumulus congestus. He
suggested a linear combination of two gamma distri-
bution functions with modes 4 and 7 um for cumulus
congestus and 4 and 10 um for nimbostratus. The larger
mode radii for the nimbostratus clouds support the find-
ing that the slope of the regression line of stratiform
clouds is larger than that of convective clouds.

b. Rainfall

Different rain formation processes are dominant in
convective and stratiform clouds, which resultsin large
differences between the cloud-top properties and the
rain intensities. This requires different approaches to
rain-rate estimation for the different rain types. There-
fore, the dataset was divided into subgroups. Rain-rate
estimates for convective clouds are based on the rela-
tionships between factors such as area, depth, duration,
and updraft velocity, as quantitatively shown by Ro-
senfeld and Gagin (1989). A simple water vapor flux
model was used for the rain-rate estimates of the strat-
iform clouds. As a first guess, the fraction of precipi-
tating area A, was plotted as a function of R in each
window, where R (mm h~?) is the average rain rate over
the raining area (see Fig. 4). The large variability in the
rain intensities, as evident in Fig. 4, precludes the pos-
sibility of using area—rainfall relationships, as used in
the GPI (Arkin and Meisner 1987) or in the area-time
integral (ATI) (Donneaud et al. 1984; Atlas et al. 1990;
Rosenfeld et. al. 1990). In addition to the area, the re-
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Fic. 4. Fraction of precipitating area, defined by the area with r,
> 14 um (Ay), as function of radar rain rate R in each window.
Windows with multilayered clouds are marked with crosses, windows
with cloud-top temperatures higher than 245 K are marked with solid
circles, and windows with cloud-top temperatures lower than 245 K
are marked with hollow circles.

trieved cloud-top properties must be used to obtain ad-
ditional information about the rain intensities.
Three different rain types are noted in Fig. 4.

1) The points on the line A, = 1 are due to fully
clouded windows, with large anvils or extensive
stratiform clouds.

2) The main group along the diagonal has the charac-
teristic features of convective clouds: therain rate R
increases with increasing cloud area.

3) Finally, there are clouds with small rain rates (0 <
R < 2 mm h=*) with variable fractions of the rainy

area (Ay).

To check whether these three subgroups are indeed re-
lated to the ** convectiveness,” we used the cloud radius
parameter (CR,). A histogram of CRg, for all windows
without multilayered clouds is plotted in Fig. 5. Note

no multilayers

T>245
O T<245

No. of windows

mHEiéIﬂﬂﬂ ﬂ” Hﬂﬂ

10 15 20 25 30 35

Cloud-Radius (CRM/

Fic. 5. Frequency distribution of the cloud radius parameter (CRy,),
the average distance (km) over which the retrieved effective radii of
cloud droplets near their tops change by 15%.

1 ©-
o]
CR >15km
sat
0.8 |-
- 0.6
(w1
o
< 0.4
0.2 -
0 1 | | | | |
0 2 4 6 8 10 12 14
Ny
R mm hr

FiG. 6. Same as Fig. 4 but only for windows in which CRy, > 15
km, which are interpreted as stratiform rain windows.

that in this figure the bigger CR, (>14 km) belong to
the colder clouds (T < 245 K); the warmer clouds (T
> 245 K) have smaller CR, (<12 km); and the colder
clouds' cloud radii are distributed in an amost even
way.

The partition between the three rain types was ex-
pected to be manifest aso in the values of CR,. The
windows with CRg, > 15 km were defined as extensive
stratiform clouds. Indeed, as can be seen in Fig. 6, all
of these windows had nearly 100% rain cloud coverage.
The windows with CR,, < 3.5 km show convective
behavior (see Fig. 7), by virtue of having higher rain
intensities for larger rain areas (Rosenfeld and Gagin
1989). Figure 8 shows the remaining intermediate val-
ues of CR_,. They areinterpreted as stratiform and weak
convective clouds, and are named here as precipitating
“intermediate’” (between convective and stratiform)
clouds. These three groups correspond to the three rain
types noted in Fig. 4.

y =004 + 0.05x R =0.83
1
P CR <3.5km
o T<245 sat
0.8 | +  multilayers

.8

. sato

4

0.2

0
0

FiG. 7. Same as Fig. 4 but only for windows in which CR, < 3.5
km, which are interpreted as convective rain windows.
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FiG. 8. Same as Fig. 4 but only for windows in which 3.5 < CR,
< 15 km, which are interpreted as transitional between weak con-
vective and stratiform rain windows. Triangles refer to 5.5 < CRg,
< 15 km and circles to 3.5 < CRy, < 5.5 km.

c. Convective clouds

To check the validity of CR., = 3.5 km as a separator
between convective and other cloud types, all windows
with CRy, < CR,,, were plotted in Fig. 9 in the same
manner asin Fig. 7. The fact that most points are com-
mon to both Figs. 7 and 9 can be considered to be a
verification of our findings by an independent approach.

It has been shown in Figs. 7 and 9 that

R A )
We wish to estimate the averaged rain rate over the full
window area ({R)). This parameter is connected to Rvia

(Ra) = RA.. )
Substituting (8) in (9) gives
(Ra * (A (10)

Based on (10), Fig. 10 presents the high correlation
between (R, and (A.)2 The correlation coefficient
reached 0.87 for the convective clouds rain-rate esti-
mation. The nearly even mix between the warmer and
the colder cloud windows suggests that for convective
cloudsthere is no fundamental difference betweenwarm
and cold clouds with respect to the 245-K threshold.
The common assumption, used by most vis-I R methods,
that precipitation exists only in clouds colder than a
specified threshold can be avoided by using the method
suggested here.

d. Precipitating intermediate clouds

Thisclass of cloudsistheintermediate group between
well-defined convective clouds and extensive stratiform
clouds. For this class of cloudswe used the simplewater
vapor flux model

Rsﬂ = (Wbase - Vvtop)thE(re)
(R = RaAwes

(11)
(12)
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e  T>245 CR <(CR
o) T<245 sat max
0.8 - +  multilayers
-
S
¥
|
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FiG. 9. Same as Fig. 4 but only for windows in which CR, <
CR,..» Which are interpreted as convective rain windows.

where (R,,) is the satellite estimate for average rain rate
over the window, W, is the water vapor mixing ratio
at the cloud base, W, is the water vapor mixing ratio
at the cloud top, and E(r.) is the conversion efficiency
of cloud condensatesto rainfall. The water vapor mixing
ratio was calculated from

e(T)

W, O'GZZPX (M)’
where x stands for cloud base or cloud top, T, (K) is
the temperature, P, (mb) is the air pressure, and e(T)
(mb) is the water vapor partial pressure.

Here e(T,) can be fitted within 0.1% over the tem-
perature range of —30°C < T < 35°C by the empirical
formula (Rogers and Yau 1991)

(13)

y =0.02 + 0.05x R =0.87

0.5
CR <35km
+ sat
0.4 |-
N
[c]
~ No.s—
N +
1Y
<¢ 0.2}
[0
0.1 [ ® T>245
O T<245
+  multilayers
0 | | | L |
0 1 2 3 4 5 ;7 8
<R > mmhr
rad

FiG. 10. Therelation between the averaged rain rate over the whole
window (R, and the square of the rainfall fractional coverage of
the window (A.,)? for convective clouds with CR,, < 3.5 km. Win-
dows with multilayered clouds are marked with crosses, windows
with cloud-top temperatures higher than 245 K are marked with solid
circles, and windows with cloud-top temperatures lower than 245 K
are marked with hollow circles.
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y= 0.1+48x R=097
o 35<CR_<55km
sat

® T>245
8 o T < 245
+  multilayers
A 5
S
w 4

<R

1 1.5 2 2.5 1 3 3.5

<R > mm hr
rad

Fic. 11. Therelation between the averaged rain rate over the whole
window (R, and the satellite estimation (R_,) for windows in which
3.5 < CRy < 5.5 km (weak convective to stratiform clouds). Win-
dows with multilayered clouds are marked with crosses, windows
with cloud-top temperatures higher than 245 K are marked with solid
circles, and windows with cloud-top temperatures lower than 245 K
are marked with hollow circles.

a

T + 2435 (14)
where e, isin millibars and T is in degrees Celsius.

The parameterization of the conversion efficiency of
cloud water to rain E(r,) was done in the belief that the
effective radius at cloud top is an indicator of the effi-
ciency of coalescence processes or the amount of ice in
the cloud. The range of values of the effective radius of
precipitating clouds is 14 < r, < 30 um, where 14 um
isthe threshold value for precipitating clouds and 30 um
is the “saturation”” value of the calculation of the effec-
tive radius. The parameterization took the form of

N fr,— 14\%°
2 (30 - 14)
N14 .

The summation is over all pixels with r, > 14 um in
awindow (N,,). The correlation coefficient in Figs. 11
and 12 was slightly higher when using a power of 0.3
than other powers in the (0,1) interval.

In (11), V, for the intermediate group was construct-
ed to be a linear function of the cloud aspect ratio, in
the same way that V, for convective clouds was con-
structed, but with different coefficients. The calculation
of the coefficients was based on the following assump-
tions.

e(T) = 6.112 exp( 17671 )

E(r) = (19)

® Clouds with zero aspect ratio have zero updraft ve-
locity.

® Thelower end of convective clouds should match the
upper end of the intermediate cloud group (aspect
ratio 1.33; V,, = 1.5in Fig. 1). The following equa-
tion was obtained: V,, = 1.1AZ/CR,.
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Fic. 12. The same as Fig. 11 but for windows in which 5.5 <
CR, < 15 km (stratiform clouds).
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Theintermediate cloud group wasfurther divided into
two subgroups: one with 3.5 < CRg, < 5.5 km, which
was found to contain mostly small anvil growing from
convective activity, and the second with 5.5 < CRg, <
15 km, which was found to contain larger stratiform
clouds. Figures 11 and 12 show the relations between
the satellite estimation for the rain rate (R,,) and the
radar estimation (R..,) for the two groups.

Note the difference between the slopes of the re-
gression curves in Figs. 11 and 12. The rain rates in
Fig. 11 are overestimated compared to Fig. 12 for the
same (R,,y). This relative overestimation of (R.,) can be
due to Vg, or E(r.). Both parameters are likely to be
higher for mature deep convective clouds than for most-
ly stratiform clouds. The small sample size is insuffi-
cient to determine to what extent thisis arepresentative
situation.

e. Extensive stratiform clouds

Since the extensive stratiform clouds typically fill the
whole window, no correlation can exist between therain
area and the rain rate (see Fig. 6). Rain-rate values de-
pend on cloud depth and cloud horizontal extent. Neither
could be retrieved from a fully clouded window.

For these situations the best that can be done is to
assign the average radar rain rates to these windows.
The average rain rate R for the extensive stratiform
clouds was 3 mm h-1, with a standard deviation of 2.3
mm h-%, in agreement with the well-established GPI
method rain rate (Arkin and Meisner 1987).

Most of the extensive stratiform clouds have very
cold tops; therefore, no additional information is ex-
pected to be gained by the effective radius derived from
channel 3, and the method then degenerates to the GPI.

5. Summary and conclusions

A new algorithm is suggested for estimating rain area
and rain rates from multispectral data (National Oceanic



242

and Atmospheric Administration AVHRR and GOES
today). The main steps of the algorithm are as follows.

1) Detect fully clouded pixels.

2) Assign an effective radius of cloud-top particles to
these pixels.

3) Dividetheareainto windows of 2000 AVHRR pixels
each.

4) Assign each window one of the four convective to
stratiform cloud types by the cloud radius parameter.

5) Assign rain area and rain rate to each of the cloud

types.

Most methods assume that all clouds with top tem-
peratures lower than a given threshold precipitate (ex-
cluding cirrus clouds). These methods assumeimplicitly
that the other clouds do not precipitate. Thisstudy shows
that it is possible to identify precipitating clouds with
relatively warm tops by multispectral analysis and that
clouds with top temperatures higher than 245 K show
large variability of rain rate. The temperature, therefore,
isnot useful for retrieving therain rate from such clouds.
Oncethe precipitating clouds were delineated, they were
divided into different types and assigned rain rates, ir-
respective of the cloud-top temperatures.

In addition to the microphysical information, it was
found that the organization of convective cloudsisvery
useful for the quantitative rain estimates. It was dem-
onstrated that the area of convective cloud clusters that
are smaller than the window (about 2000 km?) is cor-
related with the rain rate. Therefore, for convective
clouds the rain rate in the window (R) is proportional
to the square of the fractional coverage by precipitation.
It is likely, therefore, that the use of the area of precip-
itating clouds (A,) hasthe potential to improvetherain-
rate estimates of the existing methods.

In addition to the visible and IR wave bands, micro-
wave frequencies are widely used for rain estimation
from satellites. The existing microwave methods are,
for the most part, successful in monitoring global pre-
cipitation (Grody 1991). However, rain from clouds
without large ice particles is not easily detected over
land due to the high surface emissivity. In addition,
microwave sensors do not presently allow resolution of
the convective cloud scale, thus introducing bias errors.
Nearly one-third of therainfall is precipitated from such
clouds in Israel (Rosenfeld and Gutman 1994).
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APPENDIX
List of Symbols

cloud area divided by window area measured by the radar
An cloud areadivided by window areameasured by the satellite

CR, maximal cloud radius for convective clouds

CR, radar-retrieved cloud radius

CRg, satellite-retrieved cloud radius

AZ satellite-retrieved cloud depth

E(r,) conversion efficiency of cloud water to rain

[\ number of pixels with r, > 14 um in the window
averaged rain rate (mm h=2) over the raining area

lo effective radius of cloud-top particles

(R averaged rain rate over the window measured by the satellite

(R averaged rain rate over the window measured by the radar
Vg updraft velocity measured by the radar
Ve updraft velocity measured by the satellite
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