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1 Introduction

A great strength of microwave radar measurements of clouds and precipitation is the
ability to retrieve quantitative content data from the radar reflectivity factor Z. This is
made possible by devising algorithms based on empirical relationships betaadn Z
various microphysical parameters, such as ice water content IWC or rainfall rate.
However, because of the diversity of microphysical conditions found in the atmosphere,
algorithms need to be applied only to those conditions for which they are cedside

valid. In other words, it is first necessary to identify the target and then select an
appropriate algorithm. This is true to implement sophisticated seidr retrieval
algorithms. The algorithm selection process depends on such basic factotglgshase,

and also the hydrometeor density, shape, and size distribution. For example, although
cirrus, altostratus, and the upper portions of cumulonimbus clouds are all predominantly
ice phase clouds, it is not possible to apply a single algorithretioeving IWC in these
targets: cirrus generally contain only single ice crystals, altostratus likely contain low
density ice crystal aggregates at the warmer temperatures, and cumulonimbus may
combine ice crystals, snowflakes, rimed particles, graapel.even hailstones. Due to

the different radiative forcings of various cloud types (Hartmann et al. 1992; Chen et al.
2000), classifying clouds into categories based on type is also an important task for cloud
remote sensing and global cloud climatologydses.

As the first step in converting the vertical profiles of Z from CloudSat into meaningful
microphysical data quantities, we are developing an algorithm for identifying cloud type
and precipitation. However, measurements of cloud radar alone gaoxiole

necessary information for cloud scenario classification. The formation ftyaiA) of

Aqua, CloudSat and CALIPSO provides other cloud information from lidar and passive
radiometer measurements. As described here, we identify eight basic geadhst are
recognized by surface observers internationally by combining information available
mainly from the CloudSat and CALIPSO satellites.

a) Different detection sensitivities of lidar and cloud radar

The main difference between lidar and cloud raslgheir working wavelengths: optical
wavelength for lidar and milimeter wavelength for cloud radar. Table 1 provides the
specifications of CloudSat Cloud Profiling Radar (CPR) and CALIPSO lidar (CALIOP).
The different wavelengths result in different siimities of lidar and radar for cloud
particles. Lidar is sensitive enough to detect clouds and aerosols in the troposphere, but
its short wavelength results in strong attenuation from them and limits its ability to
penetrate optically thick clouds totdet any thing beyond them. Lidar, especially space
based, is more suitable to profile high and ekl clouds due to their lower optical
thicknesses than lolevel clouds. Cloud detection with milimeter cloud radabékd
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and wband) has some distinatlvantages compared to lidar. For eampien8 and 3

mm cloud radars can penetrate optically thick clouds to detectiaydti cloud systems.
However, its long wavelength limits its capability to detect midlevel supercooled water
clouds with relativelysmall water droplets or cold ice clouds with low concentrations of
small ice crystals. However, for mixed phase clouds or water clouds with drizzle, cloud
radar signals are dominated by the backscatter of ice particles or-@izzigrops.

Table 1: Thespecifications of CPR and CALIOP

CALIOP CPR
I 0.532/1.06mm 3200mm
Pulse Width ~10 ns 3.3/33.3msec
PRF ~20 Hz 4300/800Hz
Py(l) 10°-10° W (peak)| ~270 W (avg)
Scatter of Cloud particles Mie scatter Rayleigh/Mie scatte
Backscattering of clougarticles| © D2 " D% D?
Attenuation of Clouds Strong Weak

Their different sensitivities are illustrated with following examples. Figure 1 presents
examples from grountlased lidar and radar Measurements. The left side of Fig. 1 is a
midlatitude case, and shows that cloud radar (top) missescict dapercooled water

clouds, which are optically thick enough to attenuate lidar to detect high cirrus clouds.
Another interesting point is that cloud radar detects strong signal from virga because it is
much sensitive to larger particles than lidar. Tigat side of Fig. 1 presents a case from

the Arctic, and different cloud images are seen from lidar and radar measurements for

Height MSL (km}

Height MSL (km)

Height M3L (krn}

=
Radar Reflectivity {dBZ
|
I
o

Height MSL (km)

Height MSL (k)

5 10 15 20
1600 1630 1700 1730 1800 Time (UT) 20000113

Time
Figure 1. Colocated grouncbased lidar and radar measurements. Left: Cloud r
Ze (top) and lidar return (bottom) for middlevel and high cloud layers observed
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precipitating altocumulus clouds. Lidar measurements show strong signals for
supercooled watedominated source clouds wher@adar measurements show strong
signals for ice virga because of their different sensitivities to cloud particle sizes.

Figure 2 show a collocated CloudSat CALIPSO example. It is clear that lidar can detect
optically thin cirrus clouds in the tropics treae missed by the radar, and lidar signals are
strongly attenuated by the optically thick clouds. On the other hand, radar shows better
capabilities to profile optically think clouds and moderate precipitation. But radar has
some difficulties to detectrsttocumulus without drizzle.
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Figure 2. Collocated CloudSat (top) and CALIPSO lidar (532 nm) lidar measurements
over a half nighttime orbit on 5 October 2006.

b) Different vertical and horizontal resolutions of CPR and CALIOP

The CPR and CALIOP profile cloud2 structure at different horiz¢a and vertical
resolutions as given in Table 2. For clouds below 8.2 km, a CPR footprint contains ~ 12
CALIOP footprints, thus CALIOP measurements are able to provide fine cloud structure
within a CPR footprint. This fine structure is important to cbmaze cumulus and
stratocumulus clouds. The CALIOP also has better vertical resolution than that of CPR,
which is important for geometrically thin cloud layer detection, such as altocumulus.

Table 2 The horizontal and vertical resolutions of CPR @Ad.IOP

Altitude Horizontal Vertical

Region (km) (km) (meters)
CPR CALIOP CPR CALIOP

-2.0t0-0.5 1/3 300

-0.5108.2 1.4x1.8 1/3  500/240 30
8.21020.2 1.4x1.8 1 500/240 60



20.2t025.0 1.4x1.8 5/3  500/240 180
25.0t030.1 5/3 180
30.1t0 40.0 5 300

In summary, combining lidar and radar measurements provide better cloud detection and
characterization because of their unique complementary capabilities. Now combining
radar and lidar measurements aidely used for cloud studies from cloud macrophysical
and microphysical properties. CloudSat and CALIPSO satellites will provide us first
opportunity to study cloud from space by combining lidar and radar measurements. In
general, cloud optical thickneslecreases with altitude (as temperature decrease), thus
lidar has more chances to penetrate high and midlevel clouds thdevelclouds.
Therefore, there are more advantages to combine lidar and radar measurements from
space than from ground. In tldecument, we discuss how to combine CPR and CALIOP
measurements for the cloud phase determination and cloud scenario classification.
Combining CPR and CALIOP measurements for ice cloud microphysical property
retrievals is provided by the 2ICE product (Deg et al. 2010).

2 Algorithm Theoretical Basis

Algorithms based on different cloud spectral, textural, and physical features have been
developed for cloud classification from satellites (Welch et al. 1992; Tovinkere et al.
1993; Bankert 1994; Luo et al. 1995; Rossow and Schiffer 1999). The Interhationa
Satellite Cloud Climatology Project (ISCCP) (Rossow and Schiffer 1999) uses the
combination of cloud top pressure and cloud optical depth to classify clouds into either
cumulus (Cu), stratocumulus (Sc), stratus (St), altocumulus (Ac), altostratus (As),
nimbostratus (Ns), cirrus, cirrostratus, or deep convective clouds. Table 3 shows the basic
features of these different cloud types (WMO 1956; Parker 1988; Uddstrom and Gray
1996; Moran et al. 1997). However, with more le¢egn grounebased remote sensing

cloud studies underway, algorithms to classify cloud type using groased

measurements were developed. Wang and Sassen (2001) developed an algorithm to
classfy clouds by combining the measurements of grtsaséd multiple remote sensors.
Duc hon aleyq1999)stdaied the possibility of classifying clouds according to
ground based solar flux measurements. Williams et al. (1995) developed an algorithm to
classify precipitating clouds into either stratiform, mixed stratiform, convective, and deep
or shallow convective clouds using 9MHz wind profile data.

In this document, we present a new algorithm for CloudSat to classify clouds into either
St, Sc, Cu, Nb, Ac, As, deep convective, or high cloud by combining-$j@aseel active
(CPR and CALIOP) andassive remote sensing (MODIS) data. The class of high cloud
includes cirrus, cirrocumulus, and cirrostratus, and Cu cloud represents cumulus
congestus and fair weather cumulus. These types may be further classified -ityjoesub

to refine IWC and LWCaetrievals.



Table 3Characteristic cloud features for the major cloud types derived from numerous
studies (midlatitude). Our cloud type identification algorithm is based on many of these

characteristics. Heights are above ground level.

Cloud Class Cloud Features
High Cloud Base > 7.0 km
Rain no
Horiz. Dim. 1to 1¢ km
\Vert. Dim. moderate
LWP = 0.
As Base 2.0-7.0 km
Rain none
Horiz. Dim. 10° km, homogeneous
\Vert. Dim. moderate
LWP ~ 0, dominated by ice
AC Base 2.0-7.0 km
Rain virga possible
Horiz. Dim. 10° km, inhomogeneous
\Vert. Dim. shallow or moderate
LWP >0
St Base 0-2.0 km
Rain none or slight
Horiz. Dim. 10? km, homogeneous
\Vert. Dim. shallow
LWP > 0.
Sc Base 0.-2.0 km
Rain drizzle or snowpossible
Horiz. Dim. 10° km, inhomogeneous
\Vert. Dim. shallow
LWP > 0.
Cu Base 0-3.0 km
Rain drizzle or snow possible
Horiz. Dim. 1 km or larger, isolated
\Vert. Dim. shallow or moderate
LWP > 0.
Nb Base 0-4.0 km
Rain prolonged rain osnow
Horiz. Dim. 50-1000 km
\Vert. Dim. thick




LWP > 0.
Deep convective clouds Base 0-3.0 km
Rain intense shower of rain or hail possible
Horiz. Dim. 10 km or large
\Vert. Dim. thick
LWP > 0.

a) Measurements used for cloalthssification

We classify clouds by using vertical and horizontal cloud properties, the presence or
absence of precipitation, cloud temperature, and upward radiance from MODIS
measurements. The CPR and CALIOP provide vertical cloud profiles and horizontal
extent of clouds, which provide important information to differentiate cloud types. Figure
3 displays CloudSat CPR and CALIPSO CALIOP measurements for close and open cell
stratocumus, which clearly show different sensitivities of lidar and radar for alulid
precipitiation measurements. This figure also shows horizontal and vertical varibility for
different types of clouds.
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