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ABSTRACT

Nighttime microphysical retrievals can be obtained to a much lesser accuracy than those of the daytime,
because of lack of the solar radiation. However, a proper treatment of the brightness temperature difference
(BTD) between a thermal IR channel (11 wm) and a mid-IR channel (3.7 um) reveals information about the
microstructure and precipitation potential of clouds at nighttime. The two factors that contribute to large BTD
are the particle size at cloud top and the optical depth of the cloud layer. These two factors have contradictory
effects on precipitation. The respective contributions were simulated and compared with observations of the
Tropical Rainfall Measuring Mission. Based on that, a method was developed to use the distribution of BTD
with cloud-top temperature for retrieving cloud microstructure and precipitation properties.

1. Introduction

Rosenfeld and Lensky (1998) presented a method to
infer the precipitation formation processes in maritime
and continental convective clouds at daytime. The meth-
od was based on the retrieval of the cloud particle's
effective radius near cloud tops, which is done by using
the reflected sunlight at a mid-IR channel. This method
was later used to show local and large-scale impacts of
aerosol on precipitation in Lensky et al. (2000), Rosen-
feld (1999, 2000), Rosenfeld et al. (2001), and more.
These studies showed that precipitation processes were
more efficient in maritime clouds than in continental
clouds. Khain et al. (2001) and Reisin et a. (1996)
arrived to the same conclusions by doing simulations
with cloud models. In this paper, we present new in-
sights into the precipitation formation processes in mar-
itime and continental convective cloudsat nighttimeand
how to use them for detection of cloud microstructure
and precipitation potential. In this paper, we use the
terms ““maritime” and * continental’’ cloudsin their mi-
crophysical sense and not necessarily in their geograph-
ical sense.

The conditions for development of precipitation in
clouds are 1) sufficient water (thick cloud) and 2) an
effective mechanism of converting the small cloud drop-
lets suspended in the air into large precipitation particles.

Precipitation forms when the particles become large
enough to have terminal fall velocity of few meters per
second, so that they can get to the ground before evap-
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orating. Effective mechanisms of converting cloud wa-
ter into precipitation are coalescence of cloud droplets
(warm processes) and ice aggregation (cold processes).
Thick clouds with large particles are likely to have
enough column-integrated water and effective coales-
cence to develop precipitation. Albrecht (1989), Rosen-
feld and Gutman (1994), and Lensky and Rosenfeld
(1997) used an effectiveradius of 14—-15 um asathresh-
old for precipitation for both cold and warm processes
in the daytime. We demonstrate in this paper how the
brightness temperature (BT) difference (BTD) between
a thermal IR channel (11 wm) and a mid-IR channel
(3.7 um) isused at nighttime whereas the reflected sun-
light in the mid-IR is used in the daytime.

The next section examines some radiation consider-
ations. A radiative transfer model is used in section 3
to demonstrate the effect of particle size and cloud depth
on the BTD. The implementation of the radiation con-
siderations is given in section 4. Case studies for mar-
itime and continental clouds are given in section 5. Sum-
mary and conclusions are presented in section 6.

2. Radiation considerations

Inoue (1987) used the BTD between two thermal
channels (11 and 12 wm) as a measure for the deviation
from a classical blackbody (BB) behavior, where a
smaller BTD (closer to classical BB) istypical for thick-
er clouds. At nighttime, the BTD between a thermal IR
channel (11 wm) and amid-IR channel (3.7 um) is used
to check passing criteria that indicate that cloud depth
and particle size are large enough to be considered as
precipitating clouds.

If we use the subscript i to denote the channel, the
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Fic. 1. BTD as a function of optical depth (7,,). Cloud-top tem-
perature is 250 K, and ground temperature is 300 K. The thick line
is for T,,_,,, the dashed line is for T,,_,,, and the dotted line is the
same as T,,_,, but for clouds with small particles.

emissivity of clouds g, can be expressed in terms of
optical depth 7,

g =a(l —em),

@
where a; stands for the effect of scattering on the emis-
Sivity.

The single scattering albedo of cloud droplets at 11
or 12 um is nearly zero (a,; = 1), but scattering is not
negligible at 3.7 um (a;, < 1) and depends on the
particle size distribution. At nighttime, the scattering by
cloud droplets reduces the cloud emissivity and shields
some of the warmer radiation from the ground or lower
portions of the cloud itself. Rosenfeld et al. (2003)
showed that the cloud optical depth with a given water
content is greater by a factor of about 6 for clouds with
small (i.e, r, = 5 um) as compared with large (i.e., r,
= 30 um) droplets, where r, is effective radius.

The outgoing radiance R, for a completely cloud-cov-
ered scene will take the form

R = siBi(Tc) + (1 - 8i)Bgia (2)

where B,(T,) is the Plank function at cloud-top tem-
perature T, and Bis the cloud-free upwelling radiance
from the ground.

If we neglect atmospheric contribution, the BTD T
between channelsi and j will be

T = Bi*(R) — Bfl(Rj)v (3

where B;(R) is the inverse Plank function in kelvins.

Wu (1987) made some sensitivity studies using de-
tailed radiative transfer model and found large variations
of BTD between the 11- and 12-um channels (T,;_,,)
when assuming different particle size distributions (Fig.
6 in Wu 1987). In general, smaller T,,_,, was found for
clouds with larger particles.

Figure 1 shows a plot of the BTD as function of the
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optical depth 7, for a cloud with top temperature T, of
250 K and ground temperature of 300 K. The thick line
isfor T,,_.,, the thin lineis for T,,_,,, and the broken
line is the same as T,,_,, but for clouds with small
particles that reduce the 3.7-um emissivity and the 3.7-
um brightness temperature. For the clouds with small
particles, we decreased T, in Eq. (2) by 4 K to match
observations and results of radiative transfer model cal-
culations that will follow in section 3. Figure 1 shows
that for small optical depth in the 12-um channel (7,,)
al of the BTD curves increase with increasing 7,, up
to a maximum at 7,, of about 2. We are interested in
the precipitating clouds. Thin clouds (7, < 3) do not
precipitate; therefore, we will concentrate on clouds
with larger optical depth. In the range of 1, > 8, there
is no additional information from the T,, ,, curve on
cloud depth. Nevertheless, even for 7, 2 times aslarge,
the T,,_,, curvevarieswith cloud depth and, even more,
according to the microphysics of the cloud top: negative
Ts,_4, values for small particles near cloud top and
(small) positive or zero values for large particles near
cloud top. The negative T,,_,, isaresult of the effective
scattering of small particles at 3.7 wm, which decreases
the brightness temperature at 3.7 um. In contrast, the
same cloud would behave as blackbody at 11 or 12 um
if it were optically thick enough because of the low
scattering efficiency, resulting in negative T,,_,, for op-
tically thick clouds.

3. Radiative transfer model

A more comprehensive understanding of the T,;_,,
and T;,_,, behavior can be gained by using a detailed
radiative transfer (RT) code. The Santa Barbara discrete
ordinate radiative transfer (DISORT) atmospheric RT
(SBDART) was used for nighttime (no solar radiation),
with atmospheric profile type 2 (midlatitude summer 2.9
g vapor cm?), aerosol model 1 (rural), albedo model 6
(vegetation), cloud-layer altitudes of 4 km (cloud-top
temperature at 260 K), and an observation altitude at
100 km. A description of SBDART can be found in
Ricchiazzi et a. (1998), and the application was avail-
able online at http://arm.mrcsb.com/sbdart.

The results of 31 runs of the RT model for a cloud
with top temperature of 260 K, different optical thick-
ness at 0.55 um (7 from 0.01 to 100), and effective
radius of 5-35 um and one run for clear sky are pre-
sented in Fig. 2. Figure 2a showsthe T,;_,, and T,,_ .,
that correspond to cloud of optical depth and effective
radius as indicated in Fig. 2b. In the right-hand side of
Fig. 2a there is one calculation for clear sky (ground
temperature 290 K), with BTD resulting only from at-
mospheric effects, followed by a cloud layer with small
droplets (5 uwm) that becomes optically thicker (from
0.01 to 100) as one moves leftward. As one goes farther
to the left, the effective radius increases in a cloud of
constant optical depth of 100, until r, = 35 um. On the
left-hand side of Fig. 2a, the cloud optical depth de-
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Fic. 2. (a) The BTD for clouds with varying particle effective radii
r. and optical thickness 7, calculated by the RT model. (b) The
input to the RT model is schematically represented, where the cloud
droplet’s effective radii vary along the horizontal axis and the optical
thickness of the cloud varies along the vertical axis.

creases down to 0.01, with large particles, and finally
decreases to zero (clear sky).

The T,,_,, curve in both sides of the hypothetical
cloud (i.e., shalow cloud layer with small and large
particles) is nearly symmetric, with a strong influence
of the ground for the lower optical depth (7 < 0.1). As
the cloud optical depth increases, part of the upwelling
radiation interacts with the cloud layer, resulting in a
decrease of the indicated cloud-top temperature and an
increase of the BTD. The BTD reaches a peak when
the cloud is semitransparent (7 ~ 2), and the difference
in the emissivity between 3.7 and 11 wm becomes the
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largest. When the cloud becomes thicker (7 > 10), the
effect of the cloud particle size becomes dominant. The
3.7-um emissivity is much smaller for small particles
than for large particles, resulting in aBTD of —4 K for
re =5 pum.

The effect of particle size on the BTD for thicker
clouds (7 > 10) can be seen also for the T,,_,, curve,
but it is too small to be useful. For the thinner clouds
(7 < 10), there is an asymmetry in the T,,_,, curve,
where in, on the right-hand side of the T,,_,, curve, the
BTD of the smaller particles (r, = 5 wm) ismuch larger
than that of the larger particles (r, = 35 um) in the left-
hand side of Fig. 2a. This result is in agreement with
Fig. 6 in Wu (1987).

4. Implementation of the radiation considerations

Figure 3a presents a more realistic way to look at
Fig. 2b. The small particles on the right-hand side of
Fig. 2b are presented in Fig. 3a as undeveloped small
clouds. Particles with varying sizes at the center of Fig.
2b are presented in Fig. 3a as clouds with precipitating
formation processes in different stages. Last, large par-
ticles on the left-hand side of Fig. 2b are presented in
Fig. 3a as high-level cloud anvils with mainly large ice
particles. Two schematic T,,_,, curves are presented as
a function of the T,, temperature in Fig. 3b: one for
maritime clouds and one for continental clouds. Thesize
of water particles of maritime cloudsis larger then those
of continental clouds. Therefore, T,,_,, islarger for the
maritime clouds than for the continental clouds. We can
further divide the contributions of the effective radius
and optical depth to T,,_,,. Figure 3c shows the con-
tribution of optical depth to T,,_,, when the effective
radius is kept constant and the contribution of the par-
ticle size to T,,_,, when the optical depth is kept con-
stant. The effects of the particle size and optical depth
on T,,_,;, are summarized qualitatively in Table 1.
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Fic. 3. (&) A more realistic way to look at Fig. 2b. (b) The T,,_,, curve of Fig. 2a is presented schematically as function of the T,
temperature. The two T,,_,, curves represent maritime clouds with larger particle sizes and larger T,,_,, than those of continental clouds.

(c) The effect of the optical depth and particle size on T,,_,;.
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TaBLE 1. The effects of the effective radius and optical depth on
T3.7711'

Large 7 Small 7
Larger, Medium T;,_,, Largest T,,_y,
Smal r, Negative T, 4, Medium T, 4,
a. The data

The data for this study were obtained from two dif-
ferent instruments on the Tropical Rainfall Measuring
Mission (TRMM) satellite. Date from the visible and
infrared spectrometer (VIRS) were used for the study,
and direct measurements by the precipitation radar (PR)
were used for validation.

VIRS isaradiometer with five channelsin thevisible
and infrared wavelengths: 0.65, 1.6, 3.7, 11, and 12 um.
The radiance from the five channels is given in watts
per meter. During nighttime, BT is calculated for chan-
nels 3, 4, and 5. The operational rain algorithm of the
PR was used for validation of theinfrared rain formation
processes from VIRS.
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A total of 236 coincidence subsets of TRMM night-
time passes obtained during 1998 were used for this
study. Of these, 133 were obtained from the western
Pacific at Kwajalein (9°N, 167°E) and 103 were from
the east Mediterranean Sea and Israel (31°N, 35°E). A
total of over 5000 000 cloudy pixels were collected, in
both locations. All of the pixels used for this study were
in the PR’s range.

b. The BTD curves

Figure 4 shows the distribution of al the data on four
T,,_.,—T,; diagrams. On the ordinate are plotted per-
centiles of pixels with the same cloud-top temperature.
For a given cloudtop temperature (T,,), the T;,_,,
curves denote the percentile of the pixels to the left of
the curve. Data that were collected over Israel are plot-
ted in Figs. 4a and 4b, and data that were collected over
Kwajalein are plotted in Figs. 4c and 4d. Figures 4aand
4c show precipitating pixels, and Figs. 4b and 4d show
nonprecipitating pixels, according to the PR.

In the maritime clouds over Kwajalein, all clouds

-40

T, [C]

T [C]

3.7-11

3.7-11

Fic. 4. The T,,_,, curves as a function of the T,, temperature over (a), (b) Israel and (c), (d) Kwajalein; (a) and (c)
are for precipitating pixels and (b) and (d) are for nonprecipitating pixels, according to the PR. The percentile indicated
stands for the percent of (raining or nontraining) pixels to the left of the indicated line. For example, about 50% of
the pixels with T,; < —10°C in (c) have T,, ,; < 5°C, and in (d) only about 15% of the pixels with T,;, < —10°C

have T,,_,, < 5°C.
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Fic. 5. (8 TRMM image from 1704 UTC 28 Jul 1998 over Kwajalein. (b) TRMM image from 2015 UTC 28 Jan 1998 over the east
Mediterranean Sea (A), Israel, and Jordan (B). The red hatching marks the areas in which the TRMM radar detected precipitation. The RGB
composition is the following: inverse T,,_,, (red), inverse T,,_,, (green), and T,, (blue). Black clouds have high T,,_,, and T;,_,, and low
T,,; these are cirrus clouds. Yellow—brown clouds have low T,,_,,, T,; 4, and T,;; these clouds are more likely to rain. The brighter clouds
have low T,,_,, and T,,_,, and high T,,; these are warm clouds with small particles. The T,,_,, curves of boxes A, B, and C are analyzed

in Fig. 6.

have very large particles, even the youngest and non-
precipitating clouds. Only the optical thickness varies
between precipitating and nonprecipitating clouds. In
continental clouds, the particle size is smaller than that
of maritime clouds, with the smallest particle size for
the nonprecipitating clouds.

Following Table 1, we will look now in Fig. 4 for
the largest (item 1, below) and smallest (item 2, below)
T,,,, and then will compare maritime versus conti-
nental clouds (item 3, below) and precipitating versus
nonprecipitating clouds (item 4, below). As mentioned
above, Fig. 4 represents the whol e dataset; a closer ook
into two case studies will follow in the next section.

1) The two contributions to large T,,_,, are large par-
ticles and thin clouds. Figure 4d is of nonprecipi-
tating maritime clouds. These clouds both have large
particles and are opticaly thinner; therefore, these
clouds have the largest T,,_,,: about 85% of the
clouds have T,,_,, > 7°C at T,; < 0°C.

2) The smallest T,,_,; (—2.5°C) can be found in the
lower parts (T > —20°C) of thefifth-percentilecurve
of Fig. 4b. These are nonprecipitating continental
clouds with the smallest particle size. In the upper
parts (T < —20°C), this effect is masked by the large
T,,_q, Of the optically thin nonprecipitating anvils.

3) TheT,,_,, of the precipitating maritime clouds (Fig.
4c) islarger than that of the precipitating continental

clouds (Fig. 4a), and the T,,_,, of the nonprecipi-
tating maritime clouds (Fig. 4d) is larger than that
of the nonprecipitating continental clouds (Fig. 4b).
This result is due to the larger particles in the mar-
itime clouds versus continental clouds.

4) Maritime clouds over Kwajalein have very large par-
ticles; therefore, optically thinner nonprecipitating
cloudsof Fig. 4d havelarger T,,_,, thantheoptically
thicker precipitating clouds of Fig. 4c. The same
trend can be seen where the T,,_,; of nonprecipi-
tating continental clouds in Fig. 4b is larger than
those of precipitating continental clouds in Fig. 4a.

5. Case studies

Figure 5a shows clouds forming in pristine air over
Kwajalein. The cloud particles' effective radius is typ-
ically very large in these clouds, forming rain through
warm rain precipitation processes. These are extreme
maritime clouds. Continental clouds forming over the
Mediterranean Sea, Israel, and Jordan can be seen in
Fig. 5b. The cloud particles’ effective radius of these
clouds is typically much smaller than that of extreme
maritime clouds. The red—green-blue (RGB) composi-
tion chosen for Fig. 5 is the following: inverse T,,_,,
inred, inverse T,,_,, in green, and T,, in blue. The sea
surface temperature in Kwajalein iswarmer by 5°C than
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FiG. 6. Fifth-percentile T,,_,;, curves as function of the T,, tem-
perature of clouds from Fig. 5 over the east Mediterranean Sea (A),
Jordan (B), and Kwajalein (C).

in the Mediterranean Sea; therefore, the hue of the sea
in Fig. 5ais darker than in Fig. 5b, and the clouds are
more ‘“yellow.” Black clouds have high T,,_,, and
Ty, and low T,,; these are cirrus clouds. Yellow
clouds havelow T,,_,,, T5,_ 4, and T,,. Brighter clouds
in Fig. 5b have low T,,_,, and T;,_,, and high T,,;
these are warm clouds with small particles. Yellow—
brown clouds have middle T,,_,, and T,,_,, valuesand
low T,; these clouds are more likely to rain.

The analysis of the case studies is done on a group
of cloudy pixels that were selected in areas “*A,” “‘B,”
and “C"” of Fig. 5. These areas are of 50 X 50 pixels,
small enough so that cloudsinside each area can be seen
as belonging to one cloud cluster with the same cloud-
base temperature and dynamic and thermodynamic pa-
rameters. Therefore, smaller drops will be the main rea-
son for lower T,,_,, of clouds with the same cloud-top
temperature. Because the cloud drop size grows with
time, clouds with smaller particles can be regarded as
younger.

The lower fifth-percentile T, ,_,, of the cloudsin area
C of Fig. 5 as function of cloud-top temperature is an-
alyzedin Fig. 6. The signature of the upwelling radiation
from the ground through the thin low-level clouds can
be seen at point “G’” with T,,_,, of more than 4 K. As
the cloud layer becomes thicker, T,,_,, decreases to a
minimum of 0 K at point ““‘M,”" which is a combination
of relatively small particles with sufficiently thick cloud
to block the upwelling radiation from the ground. In the
interval G-M the cloud is not yet developed enough to
produce precipitation. We will be looking for precipi-
tation above the minimum point M. In the case of ex-
treme maritime clouds of Fig. 5a, precipitation ispresent
in curve C of Fig. 6 from point M, that is, clouds colder
than +10°C and with T,,_,, > O until point “‘T.” Pixels
with larger particles will be located to the right (larger
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Ts,_4,) Of the M—T line, but not too far, because thin
and broken clouds will produce even larger T,,_,, than
that of large particles.

Even the youngest clouds in the extreme maritime
environment of Fig. 5a have very large particle radii.
Typical precipitating continental clouds, such as those
over the Mediterranean Sea, have much smaller effec-
tiveradii. This can be seenin curve A, wherethe T,,_,
curves of clouds over the Mediterranean Sea are shifted
to smaller T,,_,, with respect to those of Kwajalein
(curve C), and even more so for clouds forming over
Jordan (curve B). Note the shift of point M to lower
T,, temperatures and smaller T,,_,, when shifting from
curve C to curve A with T,;, = —1°C and T,,_,;, =
—2°C, and then to curve Bwith T,; = —5°Cand T,,_,,
= —4°C. The clouds of box A and C precipitate, as can
be seen by the PR (the white dots), but those of box B
do not precipitate. Therefore, the optical thickness of
the clouds of box A is larger than the optical thickness
of clouds in box B, and the large T,,_,, of curve A as
compared with curve B can be attributed only to the
particle size.

The low T,;,_,, of curve B is of nonprecipitating
clouds; the largest T,,_,, of curve C is due to the
“black’ nonprecipitating anvils. Between these ex-
tremes existsa ' T,,_,, precipitation zone.” ThisT,;,_,,
precipitation zone depends on the type of clouds and
on T,, and is treated in a separate paper (Lensky and
Rosenfeld 2003).

6. Summary and conclusions

Dynamic, thermodynamic, and microphysical pro-
cesses on different scales affect the precipitation. As
was shown here, based on simple considerations, ra-
diative transfer model and TRMM satellite observa-
tions, the BTD is very sensitive to particle size at cloud
top and optical depth of the cloud layer. In the daytime,
using the effective radius is relatively simple, because
large effective radius indicates that the particle size is
large or that the phase of the particlesis ice, both con-
tributing to efficient precipitation formation processes.
At nighttime, the situation is more complex. Smaller
BTD of an optically thick cloud (7,5 > 10) is related
to smaller particle size and, therefore, less efficient pre-
cipitation processes. Larger BTD is related to larger
particle size or ice cloud and, therefore, more efficient
precipitation processes. However, very large BTD isre-
lated to semitransparent clouds (7, ~ 2), which are
obviously not precipitating. The application of these
principles was demonstrated on a large TRMM dataset
of precipitating and nonprecipitating clouds according
to the PR, in maritime and continental environments.
These insights were also applied to two case studies,
using a similar approach as reported by Rosenfeld and
Lensky (1998), showing clear distinction of cloud mi-
crostructure and precipitation potential of cloudsin spe-
cific areas residing in maritime and continental envi-
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ronments. The insights presented in this paper can be
readily applied to nighttime delineation of precipitation
and investigation of cloud—aerosols interaction.
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