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[1] Satellite remote sensing studies on the microphysical and optical properties of clouds
have constructed an active research field in the last decades. Clouds are observed over a
wide spectral range from the visible/infrared to the microwave, and either shortwave or
microwave measurement is used to evaluate the liquid water path (LWP). On the other
hand, to date, there have been few cloud studies based on combined measurement by a
visible/infrared imager and a microwave radiometer aboard the same platform. In this paper
a physical inversion algorithm for the combined use of visible/infrared and microwave
sensors is proposed to retrieve the cloud physical quantities such as LWP and the effective
droplet radius, each of which is determined in two different ways. The current version of the
algorithm has been developed for application to the Tropical Rainfall Measurement
Mission (TRMM) sensors, i.e., Visible and Infrared Scanner (VIRS) and TRMM
Microwave Imager (TMI). The cloud top temperature obtained from the VIRS analysis is
used as an input to the TMI analysis to reduce uncertainties in estimation of LWP. Total
errors in LWP are estimated to range from 11 to 30 g/m?. In the algorithm the beam-filling
efficiency of clouds for TMI footprints is corrected by the cloud fraction evaluated from the
VIRS measurements. For application, global analysis is performed with 3-monthly data
from January to March 2000. The scatter diagram of the shortwave-retrieved LWP
(LWPy;,,) versus the microwave-retrieved LWP (LWP,,;.,) shows characteristic trends

for both precipitating and nonprecipitating clouds. Vertical inhomogeneity of the cloud
droplet size accounts for small excess of LWPg,, over LWP ;.. for nonprecipitating clouds,
while precipitating clouds produce LWP ;. larger than LWPy,,, owing to the presence of
raindrops. These tendencies are reinforced by examination of the global distributions of the
shortwave-retrieved droplet radius R, v, and the microwave counterpart defined by LWP
divided by the cloud optical thickness R .q1v). The result implies that difference in those effective
radii reflects a microphysical mechanism to expedite or suppress the conversion of the cloud
water into rainfall.  INDEX TERMS: 0320 Atmospheric Composition and Structure: Cloud physics and
chemistry; 1610 Global Change: Atmosphere (0315, 0325); 1640 Global Change: Remote sensing; 1694 Global
Change: Instruments and techniques; KEYWORDS: low clouds, effective radius, algorithm, TRMM

1. Introduction

[2] Clouds are known to play significant roles in Earth’s
radiation budget, and it is necessary to clarify the global
characteristics of clouds for climate system studies. Inves-
tigation of the microphysical and optical properties of
clouds by means of satellite remote sensing has been an
important subject in the last decades. An established
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scheme to retrieve the effective droplet radius and the
optical thickness of clouds employs a pair of shortwave
channels, where combination of a water-absorbing channel
in the near-infrared wavelength region and a nonabsorbing
channel in the visible yields the effective droplet radius
and the optical thickness through a well-behaving inver-
sion algorithm [Nakajima and King, 1990; Han et al.,
1994; Nakajima and Nakajima, 1995; Kawamoto et al.,
2001]. The cloud optical thickness at an optical wave-
length 7., along with the effective droplet radius R,,
provides the shortwave-retrieved liquid water path LWP,
of clouds according to the well-known formula
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where R, is defined by
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under a given droplet size distribution n(r). The mass
density of liquid water p,, is constant at 10® g/m>. The
correction factor vy, to relate the shortwave-retrieved R,
with the vertically averaged value (R,), accounts for the
vertical inhomogeneity of R, [Nakajima and King, 1990;
Brenguier et al., 2000]. If R, increases with the altitude as
typically observed in nonprecipitating cumulus clouds, vy
exceeds unity because R, retrieved from satellite remote
sensing is biased toward the value near the cloud top due
to the large absorption of near-infrared radiation by cloud
droplets.

[3] LWP can be retrieved from microwave brightness
temperatures as well as from shortwave radiances. A large
number of algorithms have been developed to derive LWP
over oceanic environment by means of microwave radio-
meters [Chang and Wilheit, 1979; Wilheit and Chang, 1980;
Takeda and Liu, 1987, Petty, 1990; Greenwald et al., 1993,
Lin et al., 1998a). Comparison of the microwave-retrieved
liquid water path LWP,;;. with LWPg,, obtained by space-
borne sensors has been made by some authors. Greenwald
et al. [1993] confirmed at a local observation site that LWP
retrieved by Special Sensor Microwave/Imager (SSM/I)
measurement is consistent with that by advanced very high
resolution radiometer (AVHRR). Lojou et al. [1991]
improved a regression formula for LWP ;.. using LWPg,
to eliminate a bias between scanning multichannel micro-
wave radiometer (SMMR) and visible and infrared spin-
scan radiometer (VISSR) measurements. Lin and Rossow
[1994] revealed that LWP;., and LWPg,, are in good
agreement for warm nonprecipitating clouds on the basis
of global analysis of SSM/I and International Satellite
Cloud Climatology Project (ISCCP) data.

[4] Zuidema and Hartmann [1995] and Greenwald et al.
[1995] compiled data from SSM/I, ISCCP, and the Earth
Radiation Budget Experiment (ERBE) to derive LWP,
cloudiness, and effective droplet radius of liquid water
clouds. Combined measurements by shortwave and micro-
wave radiometers can also be made to detect the cloud
overlapping, as demonstrated by Lin et al. [1998a, 1998b]
in the use of SSM/I and ISCCP retrievals.

[s] There are some difficulties with the combined use of
multiple sensors onboard different satellites. One of the
problems arises if the data are not matched in space and
time. Furthermore, the criterion for the presence of clouds
is clearly defined in the shortwave retrieval algorithms in
terms of significantly larger reflectance and/or substantially
lower temperature than the ground, whereas the cloud
emission in the microwave is much less distinct from the
surface radiation. Lin and Rossow [1994] implied that the
arbitration in the cloud detection threshold is responsible
for a large dispersion in LWP provided by past investi-
gators. Microwave observations synchronized by short-
wave measurement of clouds are expected to avoid such
ambiguities in estimation of LWP.

[6] The difference in the spatial resolution between the
shortwave and microwave radiometers is another obstacle to
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comparison of LWP ;.. and LWPg,,. The typical footprint
size is 1 or 2 km for shortwave imagers, while it extends up
to a few tens of kilometers for passive microwave sensors.
Therefore LWP;.. would be smoothed out within a field of
view to produce significantly smaller values than LWPgy
when the cloud fraction is small. The beam-filling efficiency
in microwave measurement should be corrected before
comparing LWP,;.r and LWPg,.

[71 Combined use of a visible/infrared imager and a
microwave radiometer onboard the same platform over-
comes these difficulties. Moreover, the combined use also
has the advantage that the cloud top temperature, whose
uncertainty is known to produce serious errors in evalua-
tion of LWP [Greenwald et al., 1993], is determined
precisely from the visible/infrared measurement. In this
paper we propose an algorithm to retrieve the cloud
properties by the combined measurements. We apply our
algorithm to global analysis using the Tropical Rainfall
Measurement Mission (TRMM) data. The present algo-
rithm also has potential for application to future satellite
programs with multiple sensors onboard such as the Aqua
project directed by NASA, Advanced Earth Observation
Satellite (ADEOS) II by the National Space Development
Agency of Japan (NASDA), and some future programs in
planning stages.

[8] The retrieval algorithm is described and verified in
section 2. In section 3 we introduce the satellite and
ancillary data that are used in the analysis. Section 4 shows
results of the data analysis, and conclusions are summarized
in section 5.

2. Retrieval Method

[9] In this section we describe the algorithm used to
derive the cloud physical properties from visible/infrared
radiances and microwave brightness temperatures, which is
designed for application to the TRMM data. The TRMM
satellite has the Visible/Infrared Scanner (VIRS) and TRMM
Microwave Imager (TMI) on board, as well as precipitation
radar (PR). VIRS is an AVHRR-like imager with the five
channels at the wavelengths of 0.63, 1.6, 3.75, 10.8, and
12 pm. TMI is similar to SSM/I but has two additional low-
frequency channels at 10.65 GHz (V and H), 19.35 GHz
(Vand H), 21.3 GHz (V), 37.0 GHz (V and H), and 85.5 GHz
(V and H), where V and H designate vertical and horizontal
polarizations, respectively. The frequency of the water vapor
channel at 21.3 GHz has been shifted from the line-centered
position at 22.235 GHz as specified by SSM/I in order to
avoid saturation in the tropics.

[10] The visible/infrared technique and microwave
scheme for our analysis are introduced separately, followed
by the description on the overall flow of the combined
analysis. Table 1 summarizes the retrieved products in our
algorithm.

2.1. Retrieval Scheme for Visible/Infrared
Measurement

[11] Nakajima and Nakajima [1995] described a method
for determining the microphysical properties of water
clouds by visible and infrared measurements using AVHRR
data. The original version of the Nakajima and Nakajima
algorithm used a fixed water vapor profile to correct the
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Table 1. Summary of the Retrieved Products®

Sensor Channels in Use Retrievals Algorithm
VIRS 0.63, 3.75, Te GLI algorithm®
and 10.8 pm R.avwvy
T,
LWPshn
Je
T™I 10.65 GHz (V), Cwv this paper
19.35 GHz (V, H), and LWP,icr
37.0 GHz (H) Reemvy’

2 Definitions are as follows: VIRS, Visible/Infrared Scanner; GLI, Global
Imager; TMI, Tropical Rainfall Measurement Mission Microwave Imager;
CWYV, columnar water vapor.

YFrom Nakajima andNakajima [1995] and Kawamoto [2001].

“With the help of T...

atmospheric component in the thermal emission, which is
justified only for regional experiments. Kawamoto et al.
[2001] improved the Nakajima and Nakajima algorithm to
make it applicable to global analysis by AVHRR with the
help of the objective analysis archives to evaluate the
equivalent water vapor amount. The latest version of
the algorithm, which has been improved in technical aspects
of the numerical scheme, is incorporated in the standard
analysis system for Global Imager (GLI) to be onboard the
ADEOS 1II satellite. We adopt the latest GLI algorithm for
VIRS analysis in the present work with modification due to
differences in the channel specifications.

[12] The visible/infrared algorithm is briefly outlined as
follows. Lookup tables are made in advance on the basis
of a set of atmospheric radiative transfer simulations using
the numerical scheme presented by Nakajima and Tanaka
[1986, 1988] and Stamnes et al. [1988]. The optical
thickness, the effective droplet radius, and the cloud top
temperature are determined by the Newton-Raphson iter-
ation from channel 1 (0.6 pm), channel 3 (3.75 pm), and
channel 4 (10.8 pum) radiances. The retrieval scheme is
designed to properly subtract the ground components in
the channel 1 and channel 3 radiances and the thermal
component in the channel 3 for the solar radiation meas-
urement to obtain the optical thickness and the effective
radius of clouds. In this procedure we simultaneously
evaluate the cloud top temperature from the channel 4
brightness temperature with given ancillary data for the
surface temperature, taking into account the cloud optical
thickness and the water vapor correction. Although the
GLI algorithm is applicable to clouds over both ocean and
land, we restrict current analysis into the marine environ-
ment for the purpose of the data matching with TMI
measurement. Nakajima and Nakajima [1995] and Kawa-
moto et al. [2001] present a more detailed description of
the visible/infrared algorithm.

2.2. Retrieval Scheme for Microwave Measurement

[13] We have recently developed a numerical code for
atmospheric radiative transfer to make a lookup table for
microwave brightness temperatures. Fundamental strategy
of the numerical scheme follows its precursor developed for
visible/infrared radiative transfer [Nakajima and Tanaka,
1983, 1986, 1988; Stamnes et al., 1988]. In order to apply
the original scheme to the microwave version we have made
some modifications, as described below.
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[14] Microwave brightness temperature is sensitive to the
variation of the atmospheric water vapor. We specify the
vertical profile of the water vapor content WVC(z) as

Cwy z
e (-2), ®

where H,, is the scale height of the water vapor profile and
CWYV is columnar water vapor. In our algorithm, H,, can be
treated as an input parameter in the lookup table to take into
account the regional variation of the water vapor profile. We
tentatively set a constant value of H, = 2.3 km in the
present analysis. The gas absorption coefficients are from
Liebe and Layton [1987].

[15] It is known that in oceanic environment the surface
emissivity and reflectivity for microwaves vary with the
near-surface wind speed through the surface roughness,
coverage of foam, and diffraction effects, in addition to
change in the dielectric constant of seawater depending on
sea surface temperature and salinity. See Nakajima and
Tanaka [1983] for the formalism of the surface roughness
effect, substituting a value of the mean square slope o> =
0.00534u,, with a microwave counterpart proposed by
Wentz and Meissner [1999]:

WVC(z) =

o2 = 0.00522u10 v > 37GHz
02 = 0.00522(1 - 0.00748(37 — )" |wi v < 37GHz, ()

where u;o is wind speed (m/s) measured 10 m above the
surface. The effects of sea foam and diffraction are taken
into account according to the empirical formula derived by
Wentz and Meissner [1999] with interpolation of the data
table onto the TMI channel frequencies.

[16] Some authors have made use of specific combina-
tions of brightness temperatures to reduce uncertainties in
the surface emissivity originally developed for the CWV
retrieval. Chang and Wilheit [1979] used the ratio of (T%,y
— T)Tyoy — T,) for the retrieval of atmospheric parameters
since it is insensitive to the surface emissivity, where Tygv
and T,,y designate the brightness temperatures in vertical
polarization at 19.35 and 22.235 GHz, respectively, and T
is the surface temperature. Prabhakara et al. [1982] found
that the brightness temperature difference between the 18-
and 21-GHz channels on SMMR is useful to derive CWV
because of insensitivity to the surface emissivity. Tjemkes
et al. [1991] pointed out that both of these two methods
suffer from saturation for large values of CWV and alter-
natively proposed a semianalytic formula in terms of
the brightness temperature difference at 19.35 GHz and
(Twou — T)(Tyoy — T), with T approximated by the
climatological sea surface temperature.

[17] Greenwald et al. [1993] derived a couple of analytic
formulae to obtain CWV and LWP, extending the formula-
tion of Tjemkes et al. [1991] to the 37.0-GHz brightness
temperatures in addition to the 19.35-GHz brightness tem-
peratures. They found that the largest source of error in
derivation of LWP is uncertainty in the cloud temperature.
Lin et al. [1998a] showed that the combined use of 737y and
Tgsv clearly discriminates LWP from the contribution of the
cloud water temperature to the brightness temperatures.
They found that uncertainties in CWV are the most impor-
tant sources of error in estimation of LWP.
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Figure 1. Calculated brightness temperatures as functions of columnar water vapor (CWV) or liquid
water path (LWP) (a) Tz]v — T19v and T19v - T19H as functions of (left) CWVand T37v - T37H and T37H
of as functions of (right) LWP. (b) 9y — Tjovand Tioy — Tyoy as functions of (left) CWV and of (right)

LWP. (C) T37V - T19V and T37H - T19H as functions
dotted lines correspond to wind speeds (WS) of 1,

[18] Our algorithm appropriately takes into account the
global variation of the surface conditions such as sea surface
temperature and near-surface wind speed by adopting the
ancillary data (see section 3). Nevertheless, ambiguities in

of (left) CWV and (right) of LWP. Solid, dashed, and
7, and 16 m /s, respectively.

the dependence on near-surface wind speed are still not
negligible in estimation of LWP. Intrinsic uncertainties in
near-surface wind speed are difficult to remove partly
because of our limited knowledge of the dielectric proper-
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ties of foam-covered water and partly because there is no
global-scale validation of the archived data for near-surface
wind speed.

[19] Figure 1 demonstrates the calculated brightness
temperatures in various combinations to examine their
sensitivities to CWV, LWP, and near-surface wind speed,
where other variables are fixed as H,, = 2 km, sea surface
temperature is 288.5 K, cloud top temperature is 282 K, and
cloud base temperature is 285.25 K. Figure 1a shows some
arbitrary combinations of brightness temperatures for refer-
ence. As Tjemkes et al. [1991] pointed out, Tp;y — Tyov is
insensitive to the surface emissivity, and thus to near-sur-
face wind speed but is saturated when CWV is >50 kg/m>.
The brightness temperature difference in a dual-polarization
channel such as T19v - T19H and T37V — T34 is a gOOd
tracer for CWV or LWP but depends greatly on near-surface
wind speed [see also Tjemkes et al., 1991; Greenwald et al.,
1993]. A single brightness temperature such as T37y also
has a large dependence on both LWP and near-surface wind
speed, especially in horizontal polarization.

[20] Figures 1b and lc propose alternative combinations
of brightness temperatures. The brightness temperature
difference between the 19- and 10-GHz channels (AT)o_
10, shown in Figure 1b) is found to have sufficiently small
dependence on near-surface wind speed, in particular for the
vertical polarization, without saturation over the whole
realistic range of CWV. In contrast, AT9_jo is almost
independent of LWP. The brightness temperature difference
between the 37- and 19-GHz channels (AT37_19) is also
insensitive to near-surface wind speed with satisfactory
sensitivity to LWP for the horizontal polarization as
delineated in Figure 1c, while the dependence of AT3;_;9
on CWV is weak. As a consequence, we conclude that
combined use of T19V - TIOV and T37H - T|9H is suitable to
retriecve CWV and LWP, taking advantage of their insensi-
tivity to near-surface wind speed and orthogonality with
respect to CWV and LWP.

[21] The inversion algorithm is based on a lookup table
method, where a set of calculated brightness temperatures
is tabulated in seven dimensions including five inputs,
i.e., water vapor scale height, sea surface temperature,
near-surface wind speed, cloud top temperature, and cloud
base temperature. The remaining two dimensions are
retrievals, i.e, CWV and LWP, to be determined by
Newton-Raphson iteration in terms of Tigy — Tjov and
T374 — Tion. To obtain a set of microwave brightness
temperatures in forward simulations, the atmospheric
temperature is assumed to decrease linearly with increas-
ing altitude at the lapse rate of 6.5 K/km from sea surface
temperature as the lower boundary. The cosmic back-
ground radiation of 2.7 K incident through the top of
the atmosphere is included. The droplet size distribution of
clouds is assumed to be the lognormal distribution with the
mode radius of 10 pm, but the calculated results are
equally applicable to the whole range of variations in the
droplet size distributions for nonprecipitating clouds
because the brightness temperatures are insensitive to the
size distribution in the microwave frequencies considered
here. This presumption would be invalid if clouds are
associated with heavy rainfall, so that scattering by large
raindrops dominates the 37-GHz brightness temperature.
The present analysis, however, is focused on low clouds,
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Figure 2. Overall flow of the combined algorithm is
illustrated. VIRS and TMI denote the Visible and Infrared
Scanner and TRMM Microwave imager, repectively. R,
is the cloud effective radius retrieved from near-infrared and
visible radiances, and R.qvv, is that which is retrieved from
the microwave and the visible. TMISST as the TMI-
retrieved sea surface temperature, which is provided by the
Earth Observation Research Center (EORC) of the National
Space Development Agency of Japan (NADSA). See
section 2.3 for more detail.

which are not precipitating or are associated with warm
rain, and in general, warm rain is not frequently so heavy.
Note that our radiative transfer code includes multiple
scattering and is readily applicable to heavily precipitating
clouds as well if precipitating drops are incorporated in the
model assumptions.

2.3. Combined Algorithm

[22] Overall flow of the algorithm for combined meas-
urements by VIRS and TMI is outlined in Figure 2. First,
we perform VIRS analysis to retrieve the cloud optical
thickness, the effective droplet radius, the cloud top tem-
perature, and the cloud fraction (described below in this
section). The TMI analysis algorithm is applied to cloudy
pixels identified by the VIRS algorithm, with cloud top
temperature given by VIRS outputs to specify the cloud top
height and water temperature. This procedure eliminates
ambiguity in the cloud water temperature (see section 2.4),
which would produce large uncertainties in estimation of
LWP,ir using only microwave channels at frequencies
lower than 37 GHz [Greenwald et al., 1993; Lin et al.,
1998a]. The cloud base temperature is specified by the
atmospheric temperature at the lifting condensation level
derived from the objective analysis archives.
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Figure 3.

Scatterplot for the TRMM Microwave Imager (TMI)-retrieved CWV (ordinate) versus CWV

calculated from global analysis (GANAL) (abscissa).

[23] Cold clouds with the top temperatures <273 K are
omitted because we restrict our target to liquid water clouds
in the present analysis. Our lack of knowledge in the optical
properties of ice crystals, especially in the near infrared,
prevents us from precise estimation of the effective radius
for ice clouds by remote-sensing technique to date. Ice
clouds, moreover, are not detectable by microwave radio-
meters unless the channel frequency is so large that scatter-
ing of ice crystals dominates brightness temperature.

[24] As mentioned in section 1, the beam-filling problem
arising from the different spatial resolutions between VIRS
and TMI should be properly taken into account before the
data matching. In our combined algorithm the cloud
fraction f, is determined by the ratio of the number of
cloudy pixels to the total pixel number (9%) within a
VIRS data segment (compare section 3). This cloud
fraction is considered as the beam-filling efficiency for
LWP,,ir within the corresponding TMI footprint. The
simulated brightness temperatures tabulated in the lookup
table are then modified as

T4 (LWP) = £ T, (LWP) + (1 — £)Ty®(CS),  (5)

where 75" and T8 are modified and original brightness
temperatures, respectively, and CS is clear sky. Current
retrieval schemes for LWP,,;.; yield an averaged quantity
over a footprint without correction of the beam-filling
efficiency. Using (5) requires caution when f; is very small
because it could enlarge noise associated with the surface
emissivity to severely degrade cloud signals. We therefore
exclude the data with £, < 1/3 from analysis. Impact of the

cloud fraction correction on estimation of LWP;. is
demonstrated in section 4.

[25] LWPc, in combination with the optical thickness,
defines the effective droplet radius R.pav), i.€.,

I 3LWPhjcr

Re(MV) = 2p T (6)

in the different way from another effective radius estimated
from visible and near-infrared measurements R.qv,). Lin
et al. [1998b] also estimated R.apvy using T. from the
ISCCP database, where T, is retrieved under the assump-
tion that R, is constant at 10 pm. On the other hand, our
algorithm yields 7. and R,y self-consistently by the two-
channel method from shortwave measurement (section
2.1). We will discuss an intercomparison of R,q, and
R.ov) in section 4.

2.4. Validation and Error Analysis

[26] Here we concentrate the validation study on the
microwave retrievals since the shortwave part of our
retrieval algorithm has been examined in detail by Nakajima
and Nakajima [1995]. For validation of CWV we examine
the correlation of the microwave-retrieved CWV with the
vertically integrated water vapor content taken from global
analysis (GANAL) data. On the other hand, ground truth
data to validate satellite-retrieved LWP are very limited.
Although Greenwald et al. [1993] compared ground and
shipborne radiometer measurements with satellite retrievals
in the use of histograms, sampling errors in LWP are not
negligible for more quantitative validation. We therefore do
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Figure 4. Frequency distribution of microwave-retrieved LWP (LWP,;,) for clouds with the optical
thickness <3. The ordinate is the relative frequency in the unit of percent, and the abscissa is
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not demonstrate that ground measurement validates LWP,
but the frequency distribution of LWP is presented under the
nearly clear-sky condition to check if there is any bias in the
retrieved LWP;;.,. Comparison between LWP ;.. and
LWPy,; is performed in section 4 as an interconsistency
check of both the LWPs.

[27] Figure 3 shows a scatter diagram for CWV esti-
mated from microwave measurement and GANAL data.
TMI-CWYV is in reasonable agreement with the GANAL
product although data points are scattered around the y = x
line, where the RMS error in retrieved CWYV is estimated
to be 4.8 kg/m’. One of the possible reasons for the
scatter is contamination of LWP associated with heavy
precipitation. Precipitation water would enhance bright-
ness temperatures even in the low-frequency channels,
while scattering by large precipitating hydrometeors
would influence brightness temperatures in the 37-GHz
and higher-frequency channels. In such cases our current
algorithm could produce misestimation of CWV and LWP.
The water cloud criterion (see section 2.3) saves our
retrievals from significant contamination of large frozen
hydrometeors. Mismatches in space and time between
TMI-CWV and GANAL-CWV would also produce, in
part, the scatter in Figure 3 as well as intrinsic errors in
GANAL-CWV.

[28] The frequency distribution of LWP,,;., is shown in
Figure 4 under the clear-sky condition in order to check
possible bias in estimation of LWP,;.. according to Lin
and Rossow [1994]. Retrieved LWP,.,;,; might not be
exactly zero even in cloud-free areas because of instru-

mental calibration problems and/or ambiguities in the
model assumptions as to the surface emissivity. The
distribution function of LWP,;.; under the clear-sky con-
dition is expected to be centered at LWP = 0, if no bias
exists, with a finite deviation due to the ambiguities. We
consider the clear-sky criterion as the regions where the
cloud optical thickness is <3 instead of cloud-free areas, in
a strict sense, since cloud top temperature is required as an
input to our microwave algorithm. Figure 4 shows no
significant bias in the peak position of the distribution
function. The retrieved LWP;.. therefore is assured to
suffer from no considerable bias without any artificial
adjustment in the algorithm.

[29] We evaluate error sensitivities in estimation of LWP
to various sources of uncertainties according to Greenwald
et al. [1993]. Major sources of errors are incorporated in the
error estimation as

3 . SLWP)? SLWP)?
9101 ¥ | 98T 555 | T\ 7SV Bsw
SLWP
+(°" 6Tc> ( T 5T )
2
+(0cwv 3CWV) s (7)

where osst, Osw; 07, 07,, and ocwy are RMS errors in sea
surface temperature, near-surface wind speed, cloud top
temperature, cloud base temperature, and CWYV, respec-
tively, and oot is the resultant RMS error in LWP.
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Table 2. Estimated Errors in Liquid Water Path (LWP) of 50, 100,
150, and 200 g/m? with CWV of 26 and 52 kg/m*®

Relative
LWP SST WS T. T, CWV __ Total  Emor, %
CWV = 26 kg/m*
50 150 878 029 263 1745 1978  39.55
100 153 895 039 346 2078 2294 2294
150 156 896 049 427 2426 2626 1751
200 159 881 057 506 2792 2976  14.88
CWV = 52 kg/m*
50 155 9.05 050 543 3.19 115 2230
100 158 871 059 625 6.36 1258  12.58
150 161 825 068 7.05 9.71 14.66 9.78
200 164 767 075 784 1324  17.29 8.64

#See equation (7). Other independent variables are fixed. Water vapor
scale height H,, = 2.3 km, sea surface temperature SST = 295 K, near-
surface wind speed WS = 5 my/s, cloud top temperature T, = 275.5 K, and
cloud base temperature T, = 285.25 K.

[30] Derivatives in the right-hand side of (7) are esti-
mated as, for example,

_( OLWP \ (9ATs_1
~ \8ATs7_19 8SST )’

where AT37_19 = T35y — Thoy is supposed here to be
exclusively responsible for evaluation of LWP, which is a
reasonable approximation to our algorithm (section 2.2).

[31] Results of error analysis are summarized in Table 2.
The square root of each term m (7) is tabulated for LWPs of
50, 100, 150, and 200 g/m?, which cover majority of
nonprecipitating clouds, with CWV of 26 and 52 kg/m>.
Here we assume that osst, osw, or.,071,, and ocwy are
0.68 K, 2 m/s, 1°, 5°, and 4.8 kg/mﬁ (see section 2.4) in
RMS errors, respectively. Although all of these values
except osst and ocwy are only crude estimates, they are
considered to be plausible representatives. The largest source
of error is attributed to CWV for the smaller CWV case, but
uncertainty in near-surface wind speed makes a comparable
contribution in more moist atmospheres, particularly for
small values of LWP. The decreasing tendency of the error
due to CWV with increasing CWV is clearly demonstrated in
Figure Ic (leﬂ) of Figure 1 where |0T37_19/0CWV|
decreases with increasing CWV to reach ~0 for CWV >
40 kg/m® (see equation (8)). Amblgultles in the cloud
temperature become significant with increasing LWP as also
found by Greenwald et al. [1993). Uncertainties in cloud
base temperature are not negligible for large values of LWP
under a possibly pessimistic assumption of o7, = 5°. On the
other hand, cloud top temperature, determined precisely by
VIRS analysis, is found to provide no senous errors. The
total error ranges from 20 to 30 g/m? for relatively dry
atmospheres, whereas it decreases down to the range 11-18
g/m? for more moist atmospheres.

OLWP
OSST

®)

3. Data

[32] We adopt the TRMM level 1 products (version 5) for
VIRS radiances (1B01) and for TMI brightness temperature
(1B11). VIRS radiance data are selectively arrayed into data
segments, each of which is assigned on the global grid of
0.25° x 0.25°, where a segment consists of 9 x 9

MASUNAGA ET AL.: PHYSICAL PROPERTIES OF MARITIME LOW CLOUDS

neighboring pixels. TMI brightness temperatures are
assigned on the common grid after the uncovered data with
the narrower VIRS swath are omitted. Observational time
difference measured at a certain ground point caused by
difference in the scan geometry between VIRS and TMI,
~1 min, is negligibly small.

[33] AVIRS footprint size is 2.1 km, and hence the 9 x 9
segment covers a 19 km x 19 km area. On the other hand,
the effective field of view (EFOV) of TMI is 63.2 km
(down track) x 9.1 km (cross track) for the 10.65-GHz
channel, 30.4 km x 9.1 km for the 19.35-GHz channel, and
16.0 km x 9.1 km for the 37.0-GHz channel [Kummerow
et al., 1998].

[34] Difference in spatial resolution between VIRS and
TMI channels, which can be a factor of 10 or more, could
produce large bias when combining the retrievals by these
two sensors unless proper correction is made. In our
algorithm the cloud fraction correction is made to reduce
errors as described in section 2.3.

[3s] Discrepancy in spatial resolution between 37- and
19-GHz channels, which are mainly responsible for retriev-
ing LWP, would be significant if observed cloud system
has considerable spatial variation in the scale of ~30 km
(the resolution of 19-GHz channel) or less. The climato-
logical interest, however, in the present series of our study
is focused on low clouds, e.g., stratocumulus and stratus,
which are typically extended to a much larger scale
showing relatively homogeneous features. We therefore
consider that the discrepancy between 37- and 19-GHz
channels would not cause serious errors in estimation of
LWP for our purpose.

[36] Analogous discussion can be made for discrepancy
in spatial resolution between 19- and 10-GHz channels,
which are mainly responsible for CWV. That is, estimated
CWYV would not suffer from large errors if water vapor
shows no great spatial fluctuation within ~60-km scale (the
resolution of 10-GHz channel). In general, this assumption
is not severely ruled out.

[37] Our algorithm requires some ancillary data. We
adopt the daily mean data of TMI-retrieved sea surface
temperature (TMISST) [Shibata et al., 1999; M. Kachi et
al., Sea surface temperatures retrieved from TRMM Micro-
wave Imager and Visible Infrared Scanner, submitted to
Journal of the Meteorological Society of Japan, 2001] for
the sea surface temperature for both visible/infrared and
microwave analyses. The use of TMISST has some advan-
tages compared with previous studies. In the current algo-
rithms the ground surface temperature has been obtained
often by objective analysis archives, infrared radiometric
measurement, or climatological data. Objective analysis
archives, however, interpolate local meteorological data
acquired by ground-based measurements in space and time,
and the infrared-retrieved surface temperature is restricted
into cloud-free areas. Climatological data do not include
regional or temporal variations. Sea surface temperature
retrieved by a spaceborne microwave radiometer does not
suffer from these difficulties and in particular, TMISST
minimizes sampling errors for our TRMM analysis.

[38] The water vapor correction required for the VIRS
analysis and the near-surface wind speed and lifting con-
densation level for the TMI analysis are determined by
the GANAL data, which are 6-hourly objective analysis



MASUNAGA ET AL.: PHYSICAL PROPERTIES OF MARITIME LOW CLOUDS

—— NN (NN

SN
ON
oN
ON
oN
ON
EN
0%
29
05
3S

NANINI——

== NINI NN

QIONOUNIOUIMUIOUIOUIOUT
VNUONNWUVNOZZZZZZZ

CNANIN——

0

40

60

= NINIANCN

QOO UIOVIMUNIOUIOUIOUT
DNNVNVNDOZZZZZZZ

CNCANIN ——

0.5 0.6

AAC

100 125

150
Liquid Water Path [g/m2] (Jan—Mar 2000)

0.7

0.8
Cloud Fraction (Jan—Mar 2000)

0.9

Figure 5. Three-monthly mean LWP,,;. (a) without the cloud fraction correction, (b) with the
correction, and (c) the cloud fraction for January to March 2000.

archives provided by the Japanese Meteorological Agency.
The GANAL data, assigned on the 1.25° x 1.25° grid, are
linearly interpolated onto the 0.25 x 0.25 grid for matching
satellite data. The CWV estimated from GANAL data is
used as well for validation of the TMI-retrieved CWV
(section 2.4).

4. Results

[39] In this section we show the results of global analysis
to obtain the cloud physical properties, applying the
algorithm to TRMM data during January to March 2000.
The global distributions of LWP,,;., in a 3-monthly mean

are illustrated in Figure 5. Figure 5a shows LWPc;
derived without the cloud fraction correction (section
2.3), i.e., assuming f, = 1 anywhere for reference. The
spatial structure of LWP;., in Figure 5a has been
smoothed out within the scale of 16—30 km, which is
limited by the resolution of TMI footprints of the 19.35-
and 37.0-GHz channels. LWP,,;.; without the cloud fraction
correction is comparable with the current definition of LWP
derived by microwave measurement, but it could largely
underestimate the actual mixing ratio of the cloud liquid
water when the cloud fraction is small. The global distri-
bution of the cloud fraction (Figure 5c) has characteristic
features, showing small values corresponding to the fre-
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Figure 6. Scatterplots between LWP ;.. (abscissa) and shortwave-retrieved LWP (LWPg,; ordinate)
over the globe. Each plot and the associated error bars correspond to the average and the standard
deviations, respectively, within a grid box of 2.5° x 2.5°. The solid line delineates the linear fitting curve,
given by LWPg,; = 31 + 0.75SLWP e, g/mz. The correlation coefficient is 0.61.

quent appearance of shallow convective clouds over the
tropical and subtropical oceans (note that our cloud fraction
is that of low clouds, so that information on high clouds and
deep convective clouds is not included). Figure 5b shows
LWP ;. With the cloud fraction correction, where heavily
precipitating regions such as the Intertropical Convergence
Zone (ITCZ) and the Southern Pacific Convergence Zone
(SPCZ) are clearly traced by large values of LWP, ;.. While
LWP, ;.. without the cloud fraction correction holds infor-
mation on the total amount of the atmospheric liquid water
over the globe, LWP,;.. with the correction reflects more
directly the physical properties of individual clouds. In
particular, the cloud fraction correction is inevitable for
evaluating R, v, by (6).

[40] One may wonder at the apparent inverse correlation
between cloud fraction and LWP observed in Figure 5. This
trend is explained by the fact that shallow convective
clouds over the tropical and subtropical oceans account
for smaller cloud fractions, whereas coastal stratus and
stratocumulus account for larger cloud fractions. Oceanic
shallow convective clouds, often associated with warm rain,
typically have considerably larger LWP than nonprecipitat-
ing stratiform clouds such as stratus and stratocumulus. The
inverse correlation therefore reflects the regional variation
in low-cloud properties. This tendency, however, could be
inverted if some specific types of clouds are of interest.
Positive correlation between cloud fraction and LWP was
found for stratus clouds [Zuidema and Hartmann, 1995]
and for the North Pacific clouds which are dominated by
northern midlatitude storms [Greenwald et al., 1995].

[41] Equation (1), where R, = R.v) in combination with
(6), implies that LWPg;,; is connected with LWP ;.. in terms
of the effective droplet radius, i.e.,

LWPshﬂ s Re(NV) ks ’Y(RC) (9)
LWPnic:  Remv)  Requv)

As mentioned in section 1, y in (9) represents vertical
inhomogeneity in the spatial distribution of the effective
droplet radius. Considering that LWP ;.. and T, represent
the entire physical condition throughout the vertical
extent of clouds, we may substitute (R.) by R.av) in
(9) to find

LWPgprt
L WPm icr

R.nv)
= =. 10
e Y (10)

[42] Brenguier et al. [2000] showed that (R,) is smaller
by the factor of 5/6 than the cloud top value on the basis
of the adiabatic model describing the microphysical evo-
lution of a convective closed parcel of moist air. Nakajima
and King [1990] demonstrated that R.wv, approaches to
the cloud top value in optically thick clouds, and in this
case we may replace y by 6/5 in (10). Nonprecipitating
clouds therefore are expected to show LWPg,, slightly
larger than LWP,ie;. On the other hand, LWPg,; would be
exceeded by LWP,;., if a large number of cloud droplets
grow to raindrops and disappear from the cloud top as
they fall down to below the cloud base since raindrops
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Figure 7. Same as Figure 6, but with the target area a rectangular region of 15°S—30°S and 75°W—
85°W in western Chile. The linear fitting curve is given by LWPg, = 22 + 1.26 LWP i, (g /m?) with a

correlation coefficient of 0.91.

below a cloud layer are detectable for microwave measure-
ment but not for shortwave.

[43] The scatter diagram of LWPg,, versus LWP, ;. over
the globe is shown in Figure 6, where each plot and the
associated error bars correspond to the average and the
standard deviations, respectively, within a grid box of 2.5°
x 2.5°. The linear fitting curve is given by LWPg,, = 31 +
0.75LWP icr g/mz, and the correlation coefficient between
LWPg,; and LWP,;.. is 0.62. One finds that data plots are
largely scattered around the fitting curve, the slope of which
(0.75) is considerably smaller than 6/5. This implies that
such clouds as represented by the adiabatic model, e.g.,
nonprecipitating cumuli, are contaminated by other types of
clouds having LWP;.. larger than LWPg,,. A plausible
interpretation is that Figure 6 includes precipitating clouds
along with nonprecipitating ones.

[44] Figure 7 is same as Figure 6 but only in a rectangular
area of 15°S—30°S and 75°W-85°W in western Chile,
where stratus clouds in the boundary layer are frequently
observed. The linear fitting curve for Figure 7 is given by
LWPgy = 22 + 1.26LWPicr g/m2 with the correlation
coefficient of 0.91, which indicates that the adiabatic model
is a much better representative of low clouds in this area
than in the global average (Figure 6). This result is con-
sistent with the fact that clouds in this area rarely provide
heavy rainfall.

[ss] The global trend of both R.wvy and R.mmvy is
presented in Figure 8 (top). In the upper panel, Ry in
the tropics and subtropics shows very large values exceed-
ing 50 pm, which are considered as the contribution of

raindrops. Surrounding areas, on the contrary, show much
smaller R.qvy below 10 pm. Areas with large R.nv) also
trace precipitating regions (Figure 8, bottom) but are less
pronounced than for R,av,. Careful examination of Figure 8
reveals that R,qrv) is smaller than R.qv), i.€., Reaqvvy/Revvy
=+ > 1, in the areas with little precipitation, such as western
California, Chile, and southern Africa.

[46] A probable implication inferred from these results is
summarized as follows. Characteristic difference between
LWPyg,; and LWP,;, closely reflects vertical inhomogene-
ity of the effective droplet radius within or below a cloud
layer, which causes discrepancy between R,y and R.qv).
Clouds with LWPg, larger than LWP . (or Ry larger
than R.av)) are not precipitating. In contrast, clouds are
expected to be associated with rainfall if LWPg,; (or R.nv))
is significantly smaller than LWPy;c, (or R.auvy). Further-
more, the intermediate stage, at which clouds are drizzling
near the cloud top but are not producing considerable
amount of raindrops, would be identified as well by closer
examination of R.qv) and R.amv)-

[47] We therefore presume that the relation between
LWPg,: and LWPy;;, or more directly, between R.qv)
and R.nv), reflects a microphysical mechanism to expe-
dite or suppress the conversion of the cloud water into
rainfall. X. Masunaga et al. (Physical properties of mar-
itime low clouds as retrieved by combined use of Tropical
Rainfall Measurement Mission Microwave Imager and
Visible/Infrared Scanner, 2, Warm clouds and rain, sub-
mitted to Journal of Geophysical Research, 2001) will
investigate the microphysical evolution of low clouds in
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Figure 8. Three-monthly mean (top) R. v, and (bottom) R, v, for January to March 2000.

terms of the relation and difference between R.nvy and
R.wv), along with other possible interpretations such as
nonadiabicity of clouds.

5. Summary

[48] In this paper a physical inversion algorithm is
presented in the combined use of visible/infrared and
microwave sensors to retrieve the cloud physical quantities
such as LWP and the effective droplet radius. LWP is
defined in two separate ways: where shortwave measure-
ment yields LWPg,, according to (1) and the microwave
retrieval directly provides LWP;... Correspondingly,
Reomvy is determined by (6) in a different way from the
shortwave-retrieved effective radius R.qv)-

[49] Our current algorithm is based on the sensor
specifications of VIRS and TMI aboard the TRMM
satellite. To analyze VIRS measurements, we follow a
two-channel method as incorporated in the GLI algorithm,
which was originally developed by Nakajima and Naka-
Jjima [1995] and Kawamoto et al. [2001]. The retrieval
method for TMI measurement makes combined use of
Tiov —Tiov and T374 — Tyoy to evaluate CWV and LWP
by means of a lookup table based on radiative transfer
simulations performed under a set of the free parameters of
sea surface temperature, near-surface wind speed, cloud
top temperature, and cloud base temperature. The cloud
top temperature required for the TMI analysis is taken

from the VIRS retrieval, which substantially reduces
uncertainties in estimation of LWP. Total errors in estima-
tion of LWP are within 11-30 g/m? for realistic ranges of
LWP and CWV. The beam-filling efficiency of clouds for
the TMI footprints is corrected by the cloud fraction
evaluated from the VIRS measurements.

[s0] For application, global analysis is performed with
3-monthly data from January to March 2000. The cloud
fraction correction is demonstrated to have a large impact on
estimation of LWP,;., in particular, in the low-latitude
regions (Figure 5).

[51] The scatter diagram of LWPg,, versus LWP ;.. for
clouds in western Chili, which are typically nonprecipitating
stratus clouds, shows a high linear correlation with the slope
of the fitting curve of ~6/5. This is explained, through the
close relation between the LWPs and the effective radii (10),
by the vertical inhomogeneity of droplet size in a cloud
layer, as derived by Brenguier et al. [2000] on the basis of
the adiabatic cloud model. In contrast, the fitting curve has
the slope <6/5 for the global average with worse correlation
mainly because of contamination of clouds with LWP .,
larger than LWPy,.. Precipitating clouds account for this
excess of LWP, ;.. over LWPg,, due to the presence of
raindrops below the cloud base.

[52] These tendencies are more widely recognized by
examination of the global distributions of R, and
R.v), where R.av largely exceeds R.qvy in precipitat-
ing regions such as ITCZ and SPCZ, but the relation is
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inverted in the areas with little precipitation, e.g., western
California, Chile, and southern Africa. The result implies
that the difference between R.quv) and R.qvy reflects a
microphysical mechanism to expedite or suppress the
conversion of the cloud water into rainfall. X. Masunaga
et al. (manuscript in preparation, 2001) will be dedicated
to clarify the origin of the discrepancy between R.qvv) and
R.mv), along with other possible interpretations such as
nonadiabicity of clouds.
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