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ABSTRACT

An over-ocean ice water path (IWP) algorithm, using satellite Special Sensor Microwave Water VVapor Sounder
(SSM/T-2) data, is presented for clouds during the Tropical Oceans Global Atmosphere Coupled Ocean—-At-
mosphere Response Experiment. In developing the retrieval algorithm, clouds are first divided into 10 classes
based on their top temperatures and microwave radiative properties. Radiative transfer model simulations are
then performed for the different classes to establish a relation between IWP and the depression of 150-GHz
brightness temperature. Correction to the effect of supercooled liquid water is done by incorporating data of
liquid water path (LWP) retrievals from Special Sensor Microwave/lmager (SSM/I) and relative humidity profiles
from the European Centre for Medium-Range Weather Forecasts analyses. The algorithm retrievals are compared
with the analyses in the International Satellite Cloud Climatology Project (ISCCP) dataset. By using collocated
SSM/T-2, SSM/I, and ISCCP data, the relations among IWP and other atmospheric hydrological properties
including cloud-top temperature, LWR rainfall rate, and precipitable water are investigated. The results indicate
that IWP tends to increase with the decrease of cloud-top temperature and this correlation is particularly evident
for precipitating clouds. LWP retrieved for nonprecipitating clouds has a similar tendency but only for those
with top temperatures warmer than 0°C. There is no clear relation between IWP and LWP The ratio of IWP to
total condensed water (IWP + LWP) for nonprecipitating clouds seems to be negatively correlated with cloud-
top temperature on an average of alarge data volume, but this relationship differs substantially among individual
cases. Rainfall rate has a strong correlation with IWP. High values of IWP and LWP are always associated with
high precipitable water although high precipitable water does not automatically correspond to high IWP or high

LWP.

1. Introduction

A better understanding of cloud ice water content is
important to climate research for improving our knowl-
edge of cloud and precipitation processes and for val-
idating global climate models (GCMs). The initiation
and growth of ice particles are key microphysical pro-
cesses in determining rainfall intensity (e.g., Rutledge
and Hobbs 1983). For climate modeling purposes, cloud
and precipitation processes need to be understood and
parameterized over a scale of model grid size (order of
100 km). Satellite remote sensing, therefore, is un-
doubtedly a needed tool. In a recent World Meteoro-
logical Organization report on ** Measurements of Cloud
Properties for Forecasts of Weather and Climate,” Del
Genio wrote (Del Genio 1997), ‘‘ The most glaring ab-
sence of information isany kind of estimate of the global
distribution of ice water path. State-of-the-art GCMs
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with prognostic cloud water parameterizations do not
come close to agreeing on whether there is globally
more ice or liquid water in the atmosphere.”

This study describes an over-ocean agorithm to re-
trieve ice water path (IWP) from satellite microwave
measurements. Using satellite data we investigate the
relationships among IWP and other atmospheric hydro-
logical parameters, such as cloud liquid water, rainfall
rate, etc. These relationships can be used to assist mod-
elers developing cloud parameterizations and validating
model outputs. This paper focuses particularly on these
relations using satellite data collected in the Tropics
during Tropical Oceans Global Atmosphere Coupled
Ocean—-Atmosphere Response Experiment (TOGA
COARE) (Webster and Lukas 1992).

Studies of cloud ice water content have previously
been conducted primarily using aircraft in situ mea-
surements (e.g., Knollenberg et al. 1993; Heymsfield
1993). Recently, Heymsfield and McFarquhar (1996)
and McFarquhar and Heymsfield (1996) investigated the
microphysical characteristics and radiative properties of
tropical cirrus using aircraft-measured data during the
Central Equatoria Pacific Experiment (CEPEX). Most
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retrievals of ice water from remotely sensed data are
still in the development stage. Minnis et al. (1993a,b)
developed a method to retrieve cirrus cloud properties
from satellite-observed visible and infrared data.
Ground-based remote sensing of ice water content using
radar and infrared radiometer was proposed by Matro-
sov et al. (1992, 1994). IWP over oceans was estimated
by Lin and Rossow (1996) and Sheu et al. (1997) using
multichannel satellite dataincluding visibleand infrared
data from the International Satellite Cloud Climatol ogy
Project (ISCCP) (Rossow and Schiffer 1991) and mi-
crowave data from the Special Sensor Microwave/lm-
ager (SSM/1). Lin and Rossow studied the seasonal var-
iation of IWP in nonprecipitating clouds over global
oceans, and Sheu et al. (1997) investigated the vertical
distributions of hydrometeors for all clouds during
TOGA COARE. In both studies, IWP for nonprecipi-
tating clouds was calculated from the difference be-
tween |SCCP total water path and SSM/I liquid water
path. Liu and Curry (1996, 1997) proposed a method
to retrieve IWP and snowfall rate over high-latitude oce-
anic regions during winter using scattering signals in
Specia Sensor Microwave Water Vapor Sounder (SSM/
T-2) data. Using airborne Millimeter-Wave Imaging Ra-
diometer (MIR) data, Liu and Curry (1998) retrieved
IWP in TOGA COARE regions for 12 aircraft flight
missions. The retrieved IWPs were compared with in
situ measurements. Deeter (1997) also studied WP re-
trieval using MIR data and proposed to retrieve both
IWP and particle size distribution in cirrus using a com-
bination of scattering signals in two different frequen-
cies. While IWP is not retrieved directly, many precip-
itation algorithms utilize ice-scattering signatures for
rain retrievals (e.g., Adler et al. 1993; Grody 1991, Petty
1994). Theoretical studies of ice water remote sensing
using microwave radiative transfer model simulations
have been done by Vivekanandan et al. (1991) for SSM/
| 85.5-GHz channel, and Evans and Stephens (1995a,b)
and Evans et al. (1998) for submillimeter frequencies.
Optimal frequenciesfor ice water retrieval in future sat-
ellite missions were proposed by Evans et a. (1998).
Methods using visible channels have the advantage to
be able to detect smaller ice particles, which is partic-
ularly useful for determining IWP in thin cirrus clouds.
The frequencies proposed by Evans et al. (1998) are
630 and 880 GHz, which are also expected to have
higher sensitivities to cirrus clouds than the frequencies
available on SSM/T-2 (92-183 GHz).

In this study, we follow a similar IWP retrieval ap-
proach to that described by Liu and Curry (1998) while
modifying and adopting the algorithm for satellite SSM/
T-2 data. By collocating SSM/T-2 data with ISCCP and
SSM/I data, we are able to investigate the relationships
between IWP and other atmospheric hydrological pa-
rameters including cloud-top temperature, liquid water
path (LWP), rainfall rate, and precipitable water. Inter-
pretation and discussion of theserelationsare also given.
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2. Data descriptions

The focus of this study is the tropical clouds during
TOGA COARE Intensive Observing Period (IOP) from
1 November 1992 to 28 February 1993. Satellite da-
tasets used are SSM/T-2, SSM/I, and ISCCP DX. SSM/
T-2 (Falcone et al. 1992) is a cross-track scanning ra-
diometer at frequencies of 92, 150, 183 * 1, 183 * 3,
and 183 = 7 GHz. It makes 28 measurements across a
scan line at 3° increments with a swath width of 1480
km. Only the center 20 pixels are used in this study to
avoid possible interference by the glare obstruction pan-
el as well as large scan angles. Data from 92 and 150
GHz are used for IWP retrieval. The spatial resolution
at nadir is 88 km for 92 GHz and 54 km for 150 GHz.
SSM/T-2 was available only from DMSP F11 satellite
during TOGA COARE IOP, providing alocal sampling
frequency of once per day on average.

SSM/I is a conical scan radiometer with frequencies
at 19.35, 22.235, 37, and 85.5 GHz. LWP and rainfall
rate are retrieved from SSM/I data based on methods
described in Liu and Curry (1992, 1993, 1996). LWP
retrieval is performed only for nonprecipitating clouds.
Its retrievals are also used in part for assisting IWP
retrieval when amixed phase cloud is diagnosed to exist.
Both LWP and rainfall retrievals are used to study the
relations among cloud-top temperature, IWPF, LWP, and
rainfall rates. Precipitable water isretrieved from SSM/I
data following the method of Petty (1994).

The DX version (Rossow et a. 1996) of the ISCCP
dataset provides cloud-top temperature and optical
depth, among other parameters. The temporal and spa-
tial intervals of the DX sampling are 3 h and 30 km.
Cloud-top temperature is derived primarily from infra-
red radiance while a correction is applied using visible
data during daytime. Cloud optical depths are retrieved
from visible data using either a liquid water droplet
model or an ice crystal model. The optical depth based
on the first microphysics (called TAU) is produced for
all daytime cloudy pixels and that based on the second
microphysics (called TAUI) is produced for the daytime
cloudy pixels whose cloud-top temperatures are lower
than 273 K or their top pressures are lower than 440
mb. It is noted that for mixed-phase clouds TAU is not
the actual optical depth by liquid water droplets, nor is
TAUI the actual optical depth by ice particles. For
mixed-phase clouds TAU overestimatesliquid water op-
tical depth by counting ice particles as liquid droplets
while TAUI overestimates ice water optical depth by
counting liquid water droplets as ice particles.

In order to investigate the relations between IWP and
other atmospheric hydrological properties, SSM/T-2
data are collocated with SSM/I and ISCCP data. Be-
cause SSM/I and SSM/T-2 are on the same platform
(F11), their sampling time differences are only about 2
min. We used the nearest SSM/| pixel to match an SSM/
T-2 pixel. Although the time differenceis small between
SSM/I and SSM/T-2 data, their collocation still hassome
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uncertainties since SSM/I is a conically scanning ra-
diometer and SSM/T-2 is a cross-scanning radiometer.
To collocate ISCCP to SSM/T-2 data, we use the av-
erages of all pixels (usually about 10) within the range
of 0.4° radius to the center of SSM/T-2 pixel. The max-
imum time difference is 1.5 h due to the 3-hourly sam-
pling of ISCCP data. It should be cautioned that there
are potential mismatches between |SCCP and SSM/T-2
data due to the time difference and the sampling pro-
cedure used in ISCCP (Rossow et a. 1996). An im-
provement could be done in the future by applying an
ISCCP-like analysis to original high-resolution data. A
total of 430 613 such collocated data pairs are obtained
for the region of 15°S-15°N, 130°E-180° during TOGA
COARE IOPR

In addition, vertical profiles of temperature and rel-
ative humidity from the European Centre for Medium-
Range Weather Forecasts (ECMWF) analyses are used
to assist in determining the altitude of the liquid cloud.
ECMWF data are available twice a day (at 0000 and
1200 UTC) at 2.5° X 2.5° resolution. This dataset is
made available through the TOGA COARE Data Ar-
chive Center.

3. lce water path retrieval method

Liu and Curry (1998) presented a method to retrieve
IWP by using arborne MIR data, which operates at
similar frequencies to SSM/T-2 except that MIR has a
higher frequency at 220 GHz. The algorithm is based
on the results of radiative transfer model simulations
using in situ ice particle properties as model inputs.
They pointed out that the major uncertainties in the
algorithm are those introduced by the unknown of the
ice particle size and the existence of supercooled liquid
water. In this study, we follow the same general meth-
odology while making modifications by classifying
clouds into different types and including adjustments
for the cloud types that possibly contain supercooled
cloud water. Evans and Stephens (1995b) and Deeter
(1997) proposed a method to retrieve both ice water and
particle size simultaneously. However, the proposed fre-
quencies have not been available on satellites so far.
Therefore, the ice particle size effect still remains un-
solved in this study and is believed to cause the greatest
uncertainty in the algorithm. According to the error as-
sessment done by Liu and Curry (1998), this error could
be about +50% of the retrieved IWP given the same
variability of particle size as that observed during CE-
PEX. In addition, error associated with retrievals from
satellite data is expected to be much larger than that
associated with retrievals from airborne data because of
the much larger footprint of satellite data. Clouds can
hardly be uniform within an SSM/T-2 footprint (=54
km).

The cloud classification is based on cloud-top tem-
perature and a microwave index combining emission
and scattering signatures (Liu et al. 1995). A conceptual
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FiG. 1. Conceptual diagram of the cloud classification scheme used
in this study. Microwave index, f, is the same as that defined in Liu
et al. (1995). The values shown in the bracket indicate the percentage
of pixel number in corresponding class.

diagram of the cloud classification is shown in Fig. 1.
In this study we add a criterion of cloud LWP to dis-
tinguish between clouds with liquid water and those
without liquid water. LWPiscal culated from SSM/I data
according to Liu and Curry (1993). Because the LWP
= 0 line does not correspond a fixed microwave index
(f), adotted line is used for the boundary between with
and without liquid water. We also assigned a number
for each cloud class (as 1, 2, 3, ..., 10), for later ref-
erence. We further divide the clouds into the following
four groups for the purpose of IWP algorithm devel-
opment:

1) classes 1, 2, and 3: clear or warm clouds without
ice;

2) classes 4 and 7: ice clouds without liquid water;

3) classes 5 and 8: mixed-phase cloud with liquid cloud
droplets and ice particles possibly being in the same
layer (class 5), or ice cloud over liquid cloud (class
8); and

4) classes 6, 9, and 10: precipitating clouds with a deep
layer of mixed-phase cloud above freezing level.

The brightness temperature depression at 150 GHz is
the primary parameter for the IWP retrieval, which is
expressed as (Liu and Curry 1996, 1998)

TBO B TB

P T~ 200

D
where T, and T, are, respectively, the 150-GHz bright-
ness temperatures under conditions with and without
ice. Here, Ty, is derived from a scatterplot of 90- versus
150-GHz brightness temperatures following Liu and
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Fic. 2. Scatterplot of B vs IWP for classes 4 and 7. The fitting
curve is also shown.

Curry (1998). More discussions of 8 can be found in
Liu and Curry (1998).

The relationship between B and IWP is established
based on radiative transfer model results. A 32-stream
polarized discrete ordinate method is used for solving
the radiative transfer model. This model was described
and used in Liu (1998) for assessing the accuracy of a
computationally fast model. In conducting the model
calculation, a standard tropical atmosphere over flat
ocean surface is assumed. The relative humidity in the
atmosphere can vary from 30% to 100% below 5 km
and from 10% to 100% above 5-km altitude. The fol-
lowing two liquid water cloud layers are possible de-
pending on the class groups defined above: 1) low cloud
can be between 1 and 4 km with its depth varying from
1 to 3 km; 2) midcloud can be between 4 and 7 km
with its depth varying from 1 to 3 km. These locations
of the possible liquid cloud layer are based on the anal-
yses of TOGA COARE sounding data (Wang and Ros-
sow 1995). The ice particle size distribution, the shape
of vertical profile of ice water content, and mass median
size of ice particles are adopted from Liu and Curry
(1998). The particle size distribution and mass median
diameter are functions of height (temperature). The g-
IWP relation takes the following form:

3

IWP = > c,B", @)

n=1
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TABLE 1. Coefficients c,.

C C, Cs
Classes 4 and 7 444.166 46.6072 33.4566
Class 5 482.912 2.62788 21.5002
Class 8 558.295 —114.544 75.5929
Classes 6, 9, and 10 451.564 —73.6763 19.7106

where ¢, are the coefficients and are determined for each
group of cloud classes as described below based on
radiative transfer model simulations.

a. Classes 4 and 7

In this group thereis no liquid water cloud. One hun-
dred and eight (108) radiative transfer model runs are
conducted, allowing an ice cloud to exist between 6 and
12 km with depth ranging from 1 to 3 km and ice water
content ranging from 0 to 3 times the average profile
given in Liu and Curry (1998). Figure 2 shows the B-
IWP scatterplot and the fitting by (2) with the coeffi-
cients listed in Table 1.

b. Classes 5 and 8

Liquid water is detected in these cloud classes. A
reasonable assumption is that class 5 consists of a
mixed-phase midlevel cloud and/or a low liquid water
cloud, while class 8 consists of a high-level ice cloud
overlying a mid- and/or a low-level liquid water cloud.
Radiative transfer model results (Liu and Curry 1998)
showed that the midlevel liquid water cloud (with su-
percooled liquid water) could produce significant error
in the retrievals if it is not taken into account. The
strategy of our algorithm development for this cloud
group is that we first assume low-level cloud only to
retrieve a first guess IWP [coefficients for Eq. (2) are
listed in Table 1], then adjust the first guess using mid-
level liquid cloud information obtained from SSM/I and
ECMWF data.

We conducted 2070 model runs with LWP in low-
level cloud varying from 0 to 400 g m~2 and in midlevel
cloud from O to 480 g m=2. The ice layer is assigned
to ranging from 6 to 10 km with maximum depth of 3
km and IWP ranging from 0 to 1000 g m~2. Using these
radiative transfer model results, errors caused by ig-
noring midlevel cloud in the retrieval are simulated and
shown in Fig. 3afor both classes 5 and 8. In this figure
three kinds of symbols are used for three midlevel liquid
water situations [i.e., LWP in midlevel (LWP,,) equals
160, 320, and 480 g m~2]. It is seen that the midlevel
supercooled liquid water has different effectson retriev-
a errors for class 5 and class 8 clouds. For class 8
clouds, in which the ice cloud overlies the supercooled
liquid cloud layer, the midlevel liquid water causesover-
estimation and the magnitude of error does not seem to
berelated to IWP Thisis because the supercooled liquid
water acts only to lower the nonice background bright-
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FiG. 3. (a) Errors caused by ignoring midlevel liquid water clouds,
(b) error for class 8 cloud after correction, and (c) error for class 5
cloud after correction.

ness temperature, but not to weaken the scattering signal
that reached to satellite. On the other hand, for class 5
cloud, in which the supercooled liquid water exists in
the same cloud layer as the ice particles, the midlevel
liquid water causes overestimation for small IWPs and
underestimation for large IWPs. Supercooled liquid wa-
ter has two effects on the upwelling radiance in this
case: lowering nonice background radiation (decreasing
brightness temperature) and weakening scattering by ice
particles (increasing brightness temperature). The first
effect dominates over the second one when IWP issmall
(<500 g m=2) and the opposite is true when IWP be-
comes large.

Let usassumethat LWP,, (LWPinthemidlevel cloud)
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is known. We could minimize the error by applying an
adjustment (AIWP) to the first guess. Figure 3b shows
the error after applying the following adjustment to class
8 cloud:

AIWP = —0.275LWP,,, ©)

and Fig. 3c shows the error after applying the following
adjustment to a class 5 cloud:

AIWP = —3.0 X 102 LWP,, + 1.5 X 10~ LWP2,
4)

The improvements for class 8 retrievals are significant
and the theoretical error after the adjustment is only
about =20 g m=2. For class 5, the adjustment manages
to remove the bias and keep the error within =10% of
the IWP

LWP in the midlevel (LWP,,) is not derived directly
from satellite observationsin this study. Instead, wefirst
calculate total LWP (LWP,) from SSM/I data (Liu and
Curry 1993), and then partition LWP, into low- and
midlevel based on the ECMWF relative humidity ver-
tical profile. Sheu et al. (1997) used a *‘ cloudiness like-
lihood” parameter (LC) to determined cloud layers
based on relative humidity (RH) and a pressure-depen-
dent constant. We adopt the sameideato assign possible
cloud layers in this study. Using ECMWF vertical rel-
ative humidity profile, we first find all layers below 7
km with LC > 0.3, which corresponds to RH > 80%
at 1000 mb and RH > 50% at 500 mb, and assume that
these layers are possible liquid water cloud layers. The
first guess of liquid water content (LWC,) at each such
level is calculated according to Karstens et al. (1994),
that is,

LWC, = LWC,,(1.239 — 0.145 InAh),  (5)

where LWC,, is the adiabatic liquid water content and
Ah is the distance from the base of corresponding cloud
layer. The final liquid water content profile, LWC, is
then determined by normalizing LWC, by a constant so
that the integration of LWC over all levels equals the
observed LWP,. LWP,, is then determined as the inte-
grated liquid water above 4-km altitude.

c. Classes 6, 9, and 10

Cloudsin this group are much more complicated than
others because the depth of the hydrometeors is deeper
and variable depending on precipitation types (convec-
tive, stratiform, etc.). Therefore, greater uncertainties
are expected. Evans et al. (1995) introduced a method
to retrieve profiles of precipitating hydrometeors using
microwave data, in which mesoscale model simulation
results are used as a priori information. However, in this
study we use the empirical method similar to those used
in other cloud classes. A total of 882 radiative transfer
model runs are conducted for this cloud group. In these
model runs, low-level cloud LWP is fixed to 320 g m—2
and midlevel cloud LWP varies from 240 to 480 g m-2.
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FiG. 4. Theoretical error for classes 6, 9, and 10 clouds.

Ice cloud is located in the layer of 5-12 km, with its
depth varying from 1 to 6 km and IWP from O to 1500
g m-2. Rainfall rate is assigned to vary from O to 30
mm h-* and the rain layer is below the freezing level.
Because the raindrops dominate the microwave emis-
sion, the values used for cloud water in this cloud group
are lessimportant. Following the same procedure asthat
described for other cloud groups, c, in (2) are deter-
mined and listed in Table 1.

The theoretical errors for classes 6, 9, and 10 deter-
mined using the results of these model runs are shown
in Fig. 4. These errors are due to the different combi-
nations of relative humidity, rainfall rate, liquid, and ice
clouds. It is seen that the errors for precipitating clouds
are significantly large compared to those of the non-
precipitating cloud groups. We believe that it could be
very difficult to improve the retrievals of the precipi-
tating cloud group without additional data (such asradar
data) inputs. Therefore, theretrieved results of thiscloud
group should be interpreted with extra caution. It isalso
noted that IWP retrieved from this cloud group includes
both cloud and precipitating ice particles.

4. Comparison with ISCCP data

There is no in situ ice water measurement available
to validate the SSM/T-2 ice water algorithm. To check
the performance of the algorithm we compare the re-
trievals with ISCCP optical depth and cloud-top tem-
perature analyses. Since |SCCP analyses are also sat-
ellite-based data, the comparison is not a direct vali-
dation. However, this comparison does provide an in-
dication about whether or not our retrievals are within
a reasonable range.

To evaluate the thresholding ability and the random
error of the algorithm, we calculate the frequency dis-
tribution of IWP (Fig. 5) for al clear-sky pixelsasiden-
tified by ISCCP. The maximum frequency is centered
near IWP being 0 with the distribution slightly skewed
toward to the negative IWP side. The mean and standard
deviation are —5 g m=2 and 88 g m~2, respectively.
About 99% of the clear-sky pixels have IWP between
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Fic. 5. Frequency distribution of IWP for clear-sky cases.

—100 and 80 g m-2. Therefore, it is expected that the
random error is at least =100 g m~2 with no significant
bias in the retrievals.

Figure 6 showsthe averaged IWP in every 2°C cloud-
top temperature bin for all available collocated data
points. The variation within a bin is indicated by thin
lines of *o (standard deviation). IWP for classes 1, 2,
and 3 (warm clouds) is also calculated using algorithms
for classes 4, 5, and 6, respectively. Negative IWP val-
ues for these classes are also plotted although they
should be zero. The averaged IWP at cloud-top tem-
perature of 0°C is near 0. This again indicates that the
threshold (Tg,) used in the algorithm can reasonably
distinguish between ice and nonice conditions. On av-
erage, IWP increases with the decrease of cloud-top
temperature, and precipitating clouds tend to have more
ice than nonprecipitating clouds. Thisresult isconsistent
with Liu and Curry’s (1998) aircraft remote sensing re-
sult.

Another comparison is made with water path calcu-
lated from | SCCP optical depth. Asdescribed in section
2, there are two ‘“ optical depth’ retrievalsin the ISCCP
analysis, TAU and TAUI, for clouds whose top tem-
perature is colder than 273 K. TAU is derived by as-
suming that cloud consists of only liquid water droplets
while TAUI is derived by assuming all ice particles.
Formulas for converting TAU and TAUI to water paths
are provided in the ISCCP documentation (Rossow et
al. 1996) as following:

WPW = 6.292TAU WPI = 10.5TAU, (6)

where WPW and WPI are the water paths assuming
liquid-only and ice-only clouds, respectively.

Figure 7 shows the comparison of the af orementioned
| SCCP water paths with microwave water path (sum of
SSM/I LWP and SSM/T-2 IWP). This comparison in-
cludes only the nonprecipitating clouds with cloud tem-



1188

400

JOURNAL OF APPLIED METEOROLOGY

VoLUME 38

class 4 class 7

class 1

300 —

o

=1

S
|

]
=3
l

] W VV‘

ICE WATER PATH (¢/n?)
=]
|

-100 —

class 2 class 5

20—

class 9/10

class 6

class 3

ICE WATER PATH (g/n?

ALL

N

-500 — T
0 20 o 20 40 80 -80
CLOUD TOP TEMPERATURE (°C)

T ™
<100 40

20 0 -20 -40 -60 -80 -100

CLOUD TOP TEMPERATURE (°C)

Fic. 6. Variations of averaged IWP vs cloud-top temperatures. The thin curves show plus and
minus standard deviation (*=o) from the mean.

perature colder than 260 K. Each dot in this figure de-
notes an averaged microwave water path within a 20 g
m-2 TAU/TAUI water path bin. The microwave water
path compares reasonably well with ISCCP water path
until WPW = 200 g m=2 (or TAU = 32) and WPl =
300 g m=2 (or TAUI = 29). Clouds with TAU > 23
and top higher than 440 mb are classified as ‘‘deep
convection” in the ISCCP classification (Rossow et al.
1996). Most of the cases with TAU > 32 and TAUI >
29 belong to this category because all cases used here
have top temperatures colder than 260 K. It is expected
that greater uncertainties are associated with both mi-
crowave and I SCCP retrievals for clouds with TAU >
32. The reasons that SSM/I failed to classify them as
‘“deep convection” could be 1) their sizes may be small
so that the large field-of -view-averaged microwave sig-
nal is not strong enough for them to be classified as
precipitating clouds; 2) there are possiblemiscollocation
between microwave and |SCCP pixels, especially due
to the time difference (maximum 1.5 h). We need to
interpret the result with caution. The scatterplot of orig-
inal pixel data (instead of the binned data) shows sig-
nificant scatter. The correlation coefficient is only about
0.4. Therefore, the relatively reasonable agreement be-
tween ISCCP analyses and our microwave retrievals

only exists in an averaged sense. This may be due to
visible channel (ISCCP) and microwave channel sensing
the different portion of a cloud. While visible senses
the top part of a cloud, microwave senses the whole
column of the cloud. It is also noted that the comparison
here is for the sum of liquid and ice water path. Error
in any of the two components of microwave retrievals
could result in a discrepancy.

In summary, the above comparisons show that the
microwave IWP retrievals do not contradict the ISCCP
analysis, and reasonable agreement is found between
averaged | SCCP and microwave (SSM/I and SSM/T-2)
total water path for nonprecipitating clouds. Lin and
Rossow (1994) also reported a good agreement between
SSM/I and ISCCP liquid water paths for warm nonpre-
cipitating clouds. These comparisons only serve as a
consistency check because | SCCP optical depth analysis
is also a remote-sensed product.

5. Relations between ice water path and other
atmospheric hydrological parameters

The amount of ice water in a cloud depends on many
factors, such as the temperature, water vapor density,
and liquid water content, etc. To better understand the
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cloud physical processes, we examine the relations
among IWP and other atmospheric hydrological prop-
erties in this section. Most of these relations have not
been available so far due to the lack of data.

a. Cloud-top temperature

The relation between IWP and cloud-top temperature
is shown in Fig. 8 by two-dimensional frequency dis-
tributions for (@) all clouds, (b) nonprecipitating clouds,
and (c) precipitating clouds. The isolines are for In(n;),
where n; is the number of pixels that fall within theith

LIUAND CURRY

1189
(a) all clouds
o
w
[ia
)
'_
<C
oc
LLt
o
>
[iE)
[=
o
O
=
o
=2 *
9 -20 -
’ E
-
0 T T T —
0 200 400 600 800 1000
ICE WATER PATH (g/m?)
(b) nonprecipitating clouds
| : |
-100 g
) — ¥
p— -80 Q |-
w
5
= * d
<
o -60 -
& .
& N
s
a 40 L
O
=
o)
3
S -0 =
3
0 T T
600 800 1000
ICE WATER PATH (g/m?)
(c) precipitating clouds
-100 | | | I
A/V‘E/Q/ﬂ
- o
S o=
¢ * g/_/zt—-’——\ Ol
o . o 4 o o
2 5.
< 3 e
5o /\/ 3 :
o .
E .
= .
o 40 4 2 F
= . 5 3
=} 1
>
9 -20 -
” D
2
=4 =1 =
0 T T T T
0 200 400 600 800 1000

ICE WATER PATH (g/m?)

Fic. 8. Two-dimensional frequency distributions of cloud-top tem-
perature vs IWP for (a) all clouds, (b) nonprecipitating clouds, and
(c) precipitating clouds. The solid dots show the maximum frequency
under each IWP bin.



1190

50 g m=2 IWP-bin and jth 5°C cloud-top temperature-
bin. Therefore, the isolines of 8 and 1 indicate approx-
imately 3000 and 3 pixels in a two-dimensional hin,
respectively. The solid dots show the positions that have
the maximum frequency at the given IWP bins. Similar
diagrams are to be used throughout this section to show
relations between two variables.

It is seen that IWP and cloud-top temperature are well
correlated (although not linearly), especially for precip-
itating clouds. Thisis consistent with the results of Liu
and Curry (1998) in which IWP is retrieved from air-
borne radiometry data. Using ISCCP data Rossow and
Schiffer (1991) found that optical thickness is well re-
lated to cloud-top pressure. The result revealed from
this study confirms their findings. However, Del Genio
et a. (1996) showed that this correlation could not be
produced in the National Aeronautics and Space Ad-
ministration Goddard Institute for Space Studies's GCM
that has a prognostic cloud water parameterization. As
pointed out by Heymsfield and Platt (1984) and Liu and
Curry (1998), on average colder clouds tend to have
smaller ice water contents. Therefore, a reasonable ex-
planation for the results in Fig. 8 could be that clouds
with colder top temperatures are likely to have greater
vertical extents, which leads to larger IWPs. This is
particularly true when a cloud is precipitating and the
precipitation-size ice particles are initiated near the
cloud top. The correlative relation between IWP and
cloud-top temperature for nonprecipitating clouds (cor-
relation coefficient: 0.31) is not as close as that for
precipitating clouds (correlation coefficient: 0.54) al-
though the maximum frequency indicated by solid dots
in Fig. 8b also shows a correlative relationship for
clouds with top temperature warmer than —40°C.

For purpose of comparison, the frequency diagrams
of (a) LWP versus cloud-top temperature for nonpre-
cipitating clouds and (b) rainfall rate versus cloud-top
temperature for precipitating clouds are shown in Fig.
9. In Fig. 9a, LWP in clouds with top temperatures
warmer than 0°C shows an increasing trend with the
decrease of cloud-top temperature. The relation deter-
mined from the maximum frequency (solid dots) shows
that LWP increases from 0 to 1000 g m~2 while cloud-
top temperature decreases from 22° to 10°C. The inter-
pretation for these results follows: the common type for
these warm clouds is boundary layer shallow convective
clouds (St, Cu, etc.) and their base heights are usually
similar. Therefore, a higher cloud top often means a
deeper cloud layer. Because of the convective nature of
these clouds, a deeper cloud layer translates to a higher
LWR For clouds with top temperatures colder than 0°C,
cloud-top temperature shows little relationship with
LWP Itispossiblethat some of the clouds are multilayer
so that the cloud-top temperature for the top cloud layer
does not necessarily have any connection with theliquid
water amount down below. Cloud-top temperature
shows significant skill in indicating rainfall rate partic-
ularly for heavier rainfall (Fig. 9b). The maximum fre-
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Fic. 9. Two-dimensional frequency distributions of cloud-top tem-
perature vs (a) LWP for nonprecipitating clouds and (b) rainfall rate
for precipitating clouds.

quency (solid dots) shows that rainfall ‘“most likely”
starts at cloud-top temperature of —40°C. Arkin and
Meisner (1987) applied a rain threshold of 235 K
(—38°C) for their GOES Precipitation Index, which was
developed also based on tropical clouds. In asense, Fig.
9b indicates the consistency in rain threshold between
this study and theirs. However, it should also be noticed
that for lower rainfal rates the number frequency in
Fig. 9b spreads across a wide cloud-top temperature
range. This wide range vividly shows the difficulty of
retrieving instantaneous rainfall from cloud-top tem-
perature alone.

b. Liquid water path

There is no clear correlation between IWP and LWP
as shown in Fig. 10 in which Figs. 10a and 10b show
the frequency diagrams for all nonprecipitating clouds
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Fic. 10. Two-dimensional frequency distributions of LWP vs IWP
for (a) al nonprecipitating clouds and (b) nonprecipitating clouds
with top temperatures colder than 0°C.

and nonprecipitating clouds with top temperature colder
than 0°C, respectively. The maximum frequency of oc-
currenceisat LWP = 0 and IWP = 0, and the frequency
decreases in a similar fashion toward any larger IWP
and LWP combinations. There may be two situations
that result in this kind of ‘‘randomly related” distri-
bution. The first situation is multilayer clouds, in which
the ice water in the top layer(s) has little connection to
the liquid water in the lower layer(s). The second sit-
uation may be only one cloud layer, but the ratio of
liquid versus ice water is rather dependent upon the
cloud dynamics, and varies from case to case. In ad-
dition, inhomogeneity of clouds within an SSM/T-2
footprint may also contribute to the random relationship.

Figure 11 shows the frequency diagrams of (a) the
total water path (IWP + LWP) and (b) glaciation ratio
[defined as 100 X IWP/(IWP + LWP)] versus cloud-
top temperature. The primary maximum frequency is
shown by solid dots and the secondary maximum fre-
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guency is shown by circlesin Fig. 11a. For clouds with
top temperature warmer than 0°C, there is only liquid
water. So, the correlation of total water path with cloud-
top temperature isthe same asthat in Fig. 9a. For clouds
with top temperature colder than 0°C, there also seems
to be some correlation although it is not as clear as for
the warmer clouds portion. This correlation is deter-
mined by ice clouds (Fig. 8b). The glaciation ratio does
not have a clear correlation with cloud-top temperature
in Fig. 11b. This relationship was also investigated by
Lin and Rossow (1996). They concluded that the ice
fraction increases as the cloud-top temperature decreas-
es on average over time (1 month) and space (20°S—
20°N belt). For comparison, we reexamine this rela-
tionship for the average of all available data. Figure 12
shows the glaciation ratio averaged in each 2.5 K cloud-
top temperature bin. The averaged relationship shows
an increase of glaciation ratio with the decrease of
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cloud-top temperature within the cloud-top temperature
range of 0° to —50°C, asimilar result to that of Lin and
Rossow (1996). From Figs. 11b to 12 we conclude that
the glaciation ratio is negatively correlated to cloud-top
temperature on an average of many clouds while this
relationship differs substantially among individual cas-
es. The difference reflects the important role of the ver-
tical structure and cloud dynamics in determining the
liquid-ice ratio in an atmospheric column.

It is also noted that the derived glaciation ratio is not
0 when cloud-top temperature is zero. Besides possible
errors in IWP, LWP, and cloud-top temperature retriev-
als, another cause could be the inhomogeneity of clouds
within a satellite footprint. Although the averaged
cloud-top temperature is 0°C, some parts of the cloud
could have reached higher altitudes. Also, the glaciation
ratio does not exceed about 70% even when cloud-top
temperatures are colder than —40°C. One of the causes
for this could be due to multilayer clouds.

c. Rainfall

The frequency diagram between IWP and rainfall rate
is shown in Fig. 13. The two parameters show a very
close correlation (correlation coefficient: 0.75) although
there are cases with rainfall rate up to 5 mm h-* but
without measurable ice and cases with IWP up to 700
g m-2 while without measurable rain. Therefore, in the
most common situation in this region, a cloud having
more ice above freezing level tends to be associated
with more rain on the ground. The maximum frequency
(solid dots) shows that rainfall rate is about 0 at IWP
= 0 and linearly increases to about 16 mm h-* at IWP
= 1000 g m~2.

JOURNAL OF APPLIED METEOROLOGY

VoLUME 38

preC|p|tat|ng clouds

1000
800 o o
£
=2 LI 3
£ 600 i
<
a
o
=
K 400 -
=
L
Q
200 / L
o] T
0 12 16 20
RAINFALL RATE (mmv/hr)
Fic. 13. Two-dimensional frequency distribution of WP vs rainfall
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d. Precipitable water

The frequency diagrams of precipitable water versus
(@ IWR (b) LWR and (c) cloud-top temperature for
nonprecipitating clouds are shown in Fig. 14. Precipi-
table water varies from less than 20 kg m=2 to about 70
kg m=2. High IWP values are found in the figure only
when the precipitable water islarge. Comparing to LWP
in Fig. 14b, high IWP values can be found in a much
narrower spectrum of precipitable water. For precipi-
table water less than 40 kg m=2, IWP reaches only about
100 g m=2 while LWP could be as high as about 1000
g m~2, Although the highest IWP and LWP values occur
when precipitable water is around its highest value, the
highest frequency of pixel occurrence is where the pre-
cipitable water is near its highest while IWP and LWP
are the lowest (0, i.e., no cloud). That is, a high pre-
cipitable water is not necessarily associated with adeep-
er (if any) cloud although a deep cloud is usually as-
sociated with high precipitable water.

6. Conclusions

An over-ocean IWP retrieval algorithm using SSM/
T-2 92 and 150-GHz brightness temperatures is pre-
sented for tropical ice clouds. In the algorithm, clouds
are first divided into 10 classes and four groups based
on cloud-top temperature, LWP, and microwave index.
Retrieval eguations are then developed for each group
from the results of a series of radiative transfer model
runs in which atmospheric, cloud, and rain conditions
vary in a reasonable range. For clouds in which super-
cooled liquid water may exist, further correction isdone
by incorporating SSM/I LWP retrieval and ECMWF
humidity profile analysis.

The IWP retrievals are subsequently employed to in-
vestigate the relations between IWP and other atmo-
spheric hydrological parameters including cloud-top
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temperature, LWR, rainfall rate, and precipitable water.
The relations are shown in two-dimensional frequency
distributions. A brief summary of the findings are as
follows.

IWP tends to increase with the decrease of cloud-top
temperature and this relation is particularly evident for
precipitating clouds. It is interpreted that clouds with
colder cloud-top temperatures are likely to have deeper
cloud layers, in turn, larger IWPs. LWPs retrieved for
nonprecipitating clouds have asimilar tendency but only
for those with top temperatures warmer than 0°C. There
is no clear relation between IWP and LWR The ratio
of IWP to total condensed water (IWP + LWP) is neg-
atively correlated to cloud-top temperature (only for
cloud-top temperature > —50°C) on an average of a
large data volume. However, this correlation becomes
rather insignificant for individual cases. Rainfall rate has
a strong correlation with IWPR. These relations can be
used to test and validate cloud parameterizations in nu-
merical models, especially for nonprecipitating clouds.
Moreover, a detailed comparison of these results with
those produced by numerical models could help us to
better understand the cloud and precipitation processes.
This will be one of our future research topics.

In interpreting the aforementioned results, we should
keep in mind the errors associated with the algorithm
and introduced by imperfect datasets. The data used in
this study are collected by different sensors with dif-
ferent scanning and sampling methods. |SCCP analyses
and microwave data are from different satellites, which
introducestime difference up to 1.5 h. In addition, SSM/
T-2 has a spatial resolution of more than 50 km. Within
one pixel, clouds are not uniform under most conditions.
This subpixel inhomogeneity effect would aso intro-
duce error in our analyses. Therefore, continuous im-
provements for both the algorithm and the dataset qual-
ity are undoubtedly needed in future studies. In situ ice
water measurements coincident with satellite passes in
future field experiments will also be greatly helpful.
Finally, sensors with better spatial resolution and scan-
ning strategy as those onboard future National Polar-
orbiting Operational Environmental Satellite System
satellites would also lead to better retrievals.
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