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Abstract: This paper reports on the relationship between lidar backscatter
and the corresponding depolarization ratio for nine types of cloud systems.
The data used in this study are the lidar returns measured by the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) aboard the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
satellite and the collocated cloud products derived from the observations
made by the Moderate Resolution Imaging Spectroradiometer (MODIYS)
aboard Aqua satellite. Specifically, the operational MODIS cloud optical
thickness and cloud-top pressure products are used to classify cloud types
on the basis of the International Satellite Cloud Climatology Project
(ISCCP) cloud classification scheme. While the CALIPSO observations
provide information for up to 10 cloud layers, in the present study only the
uppermost clouds are considered. The layer-averaged attenuated backscatter
() and layer-averaged depolarization ratio (6) from the CALIPSO
measurements show both water- and ice-phase features for global cirrus,
cirrostratus, and deep convective cloud classes. Furthermore, we screen
both the MODIS and CALIPSO data to eliminate cases in which CALIPSO
detected two- or multi-layered clouds. It is shown that low ¥ values
corresponding to uppermost thin clouds are largely eliminated in the
CALIPSO &y relationship for single-layered clouds. For mid-latitude and
polar regions corresponding, respectively, to latitude belts 30°-60° and 60°-
90° in both the hemispheres, a mixture of water and ice is also observed in
the case of the altostratus class. MODIS cloud phase flags are also used to
screen ice clouds. The resultant water clouds flagged by the MODIS
algorithm show only water phase feature in the &y relation observed by
CALIOP; however, in the case of the ice clouds flagged by the MODIS
agorithm, the co-existence of ice- and water-phase clouds is still observed
in the CALIPSO &y relationship.
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1. Introduction

Nearly simultaneous observations of clouds by active and passive sensors, made possible with
instruments in the “A-train” congtellation of satellites, offer unprecedented opportunities to
study cloud systems from a global perspective. This paper focuses on combining an A-train
active sensor, the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) [1] satellite, with a
passive sensor, the Moderate Resolution Imaging Spectroradiometer (MODIS) [2] on the
Aqua satellite to study relationships between cloud phase, cloud height, and cloud optical
thickness. These three properties are important for monitoring cloud-climate feedbacks and
comparing satellite observations with climate model outputs[3].

The CALIOP, referred to here as the CALIPSO lidar, operates a two channels centered at
wavelengths 532 nm and 1064 nm [1]. A feature of the CALIPSO lidar 532-nm channel is
dual polarization. Polarimetric lidar returns offer enhanced abilities for studying and
differentiating atmospheric hydrometeors, as demonstrated by Schotland et al. [4], Sassen [5],
and Mishchenko and Sassen [6]. For example, the relationship between lidar depolarization
ratio and effective lidar ratio provides a powerful approach to determine cloud
thermodynamic phase [7]. This paper focuses heavily on recent research by Hu et al. [7, §]
demonstrating how the relationship between lidar depolarization ratio and attenuated
backscatter allows discrimination between cloud phases.

The relationship between the layer-integrated depolarization ratio (6) and the layer-
integrated attenuated backscatter (y) measured by the CALIPSO lidar a 532 nm is
investigated for nine types of cloud systems classified on the basis of the International
Satellite Cloud Climatology Project (ISCCP) cloud classification scheme [9]. The MODIS
based retrievals of cloud height and optical thickness[10, 11] are used to classify cloud types.
We aso consider the cloud J—' relation with respect to latitude and the cloud phases
determined by the MODI S infrared cloud-phase algorithm [12] and the MODI'S decision tree
algorithm [11].

2. Data and method

The CALIPSO cloud products used in this study are the CALIPSO level-2 layer data with 1-
km spatia resolution at the surface. The pitch angle of the CALIOP lidar for the data sets
used here is within 0.3° from nadir. Specifically, we use the layer-integrated depolarization
ratio (9) and the total layer-integrated attenuated backscatter () at 532 nm, which are defined
asfollows[8,13]:

base
| @
= e @
| =B
op
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where S, and ), are the perpendicular and parallel components of the attenuated
backscatter, respectively. While the CALIPSO data product contains information on up to 10
cloud layers within each 1 km retrieval footprint, this study uses only the uppermost cloud
layer.

Hu et a. [8] derived the relationships between CALIPSO lidar 6 and ¢ for both ice and
water clouds, which are schematically depicted in Fig. 1. For water clouds consisting of
spherical liquid droplets, 6 and y” are positively correlated, whereas the correlations are
negative for ice clouds. It should be pointed out that while the single scattering by water
droplets does not depolarize the backscattered light, multiple scattering events within a water
cloud do tend to depolarize lidar signals [14]. Therefore, the depolarization ratio associated
with water clouds increases with increasing backscatter and is positively correlated to the

#90929 - $15.00 USD Received 3 Jan 2008; revised 15 Feb 2008; accepted 4 Mar 2008; published 10 Mar 2008
(C) 2008 OSA 17 March 2008/ Vol. 16, No. 6/ OPTICS EXPRESS 3933



optical depth [7]. The curves for water and ice cross each other near §=0.171 and y"=0.0623.
The lower right portion of the ice cloud curve (below the intersection with the water curve),
corresponding to depolarization ratios between 0.3 and 0.5, is associated with ice clouds
consisting of randomly oriented ice particles. The upper left portion of the ice curve,
corresponding to high backscatter and small depolarization ratio values, is associated with
clouds consisting of horizontally oriented ice crystals such as plates [8], or horizontdly
oriented ice columns, such as Parry-oriented columns [15,16]. When the CALIOP lidar is
pointed within 0.3° within nadir, the specular reflection caused by two horizontally-parallel
faces of horizontally-oriented ice plates or Parry-oriented columns leads to large backscatter.
The specular reflection in this case, however, does not depolarize the backscattered lidar beam
because the parallel and perpendicular components of the electric vector associated with the
lidar beam are indistinguishable with respect to a horizontal plane. The presence of
horizontally-oriented ice crystals has been confirmed using ground-based lidar observations
[16,17]. Additionally, Chepfer et al. [18], using satellite-based observations by the
Polarization and Directionality of Earth Reflectances (POLDER) instrument, found
horizontally oriented ice crystals in approximately 40% of ice clouds.
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Fig. 1. Schematic curves showing the relationships (Hu et al. [8]) between the layer-integrated
depolarization ratio and layer-integrated attenuated backscatter coefficient for ice clouds (solid
line) and water clouds (dashed line).

The MODIS retrieved cloud properties used in the present study are Collection-5 MY D06
level-2 cloud products, specifically, optical thickness (7), cloud top pressure (Pyp), cloud top
temperature (CTT), and two cloud phase products [11]. The retrieval of 7z is accomplished
using reflectances at 2.1 um and either 0.65, 0.8, or 1.2 um, depending on surface type; the
retrieved product resolution is 1 km by 1 km. The Py, retrievals utilize the CO,-slicing
method for high and midlevel clouds and 11 pm brightness temperature matched to a
numerical weather prediction model analysis vertical temperature profile for low clouds; the
product resolution is5 km by 5 km. The first MODI S cloud-phase product in this study isthe
operational bispectral infrared (IR) cloud phase agorithm [12]. It uses the brightness
temperatures at two IR channels and classifies clouds as water-, ice-, or mixed- or uncertain-
phase at 5 km resolution. The second cloud phase product uses a multitude of channelsand is
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used in the first step in the retrieval of cloud 7 and effective radius. This product isa 1 km
resolution and is denoted here asthe retrieval processing path (RPP) phase. Becausethe rand
RPP phase retrievals rely on reflected solar radiation, all of our comparisons use only daytime
MODISand CALIPSO observations.

In terms of cloud top pressure and optical thickness, clouds are classified on the basis of
the ISCCP scheme [9]. Specifically, a cloud is first categorized as high (50 hPa < Py, < 440
hPa), middle (440 hPa < Py, < 680 hPa), or low (680 hPa < Py, < 1000 hPa). Each cloud-top
pressure category is further categorized into one of three sub-types based on cloud optical
thickness (7). For example, high clouds consist of cirrus clouds (0 < 7 < 3.6), cirrostratus
clouds (3.6 < 7< 23), and deep convective clouds (23 < 7< 379). Similarly, middle clouds
are categorized as altocumulus, altostratus, and nimbostratus with respect to the three optical
thickness ranges, whereas low clouds are categorized as cumulus, stratocumulus, and stratus.
It should be stressed that these cloud classifications are based only on retrieved cloud top
height and optical thickness, and therefore vary from other meteorological uses of the class
categories.

3. CALIPSO lidar o—y' relationsfor MODI S-based cloud classes

The CALIPSO lidar derived o6—y' relations are shown for MODIS-based cloud classes. The
data for these figures come from 12 months (July 2006 - June 2007) of collocated MODIS
Level-2 MYDO6 cloud products and CALIPSO Level-2 1-km cloud layer products. The
collocation is based on matching the CALIPSO pixels to the nearest MODI S pixels for both 1
km and 5 km MODI S resolution. For those MODI S variables with a resolution of 5 km by 5
km, approximately 5 CALIPSO pixels correspond to the same MODIS properties. In each
figure, the 6—' relation is plotted for each cloud class with color representing the number of
occurrences for a Ad—Ay' box with 0.01 (for Ad) by 0.002 sr™* (for Ay’ interval.

The o—y' relation for the uppermost layers over the entire 1 year dataset is shown in Fig. 2.
In total, 4353 daytime CALIPSO granules are used in this study. At daytime, there are 14 to
15 CALIPSO granules per day. A daytime CALIPSO granule consists of approximately
21,000 pixels. The clusters of high observation occurrence match well to the water and ice
cloud curves in Fig. 1. Note that the 6—’ patterns for high clouds (cirrus, cirrostratus, and
deep convection), altostratus, and nimbostratus are similar to those shown by Hu et al. [8] for
the case where the CALIPSO lidar was pointed at 0.3° of nadir. All CALIPSO lidar data used
in this study are pointed at 0.3° of nadir.

For the 6—' relationship for high clouds, the feature associated with randomly oriented ice
crystals (i.e. low backscatter portion of each panel) dominates, particularly in the cirrus class.
However, the feature associated with horizontally oriented crystals (i.e. upper left portion) is
prominent for the mid to high optical thickness cases of cirrostratus, deep convection,
dtostratus, nimbostratus and stratocumulus. The layer-integrated attenuated backscatter
values for thick clouds are larger than those for thin clouds because y’ is proportional to cloud
thickness. However, the differences between the results for cirrostratus clouds and deep
convection are smaller than the counterparts for cirrus and cirrostratus clouds. This feature is
primarily due to the attenuation of backscatter within clouds. However, the depolarization
ratio in the case of ice clouds consisting of randomly oriented ice crystals is not sensitive to
optical depth. The variation of the depolarization ratio is primarily due to different ice crystal
habits[19].

Figure 2 also shows clusters with the positive slope feature associated with water cloudsin
Fig. 1. This feature is dominant in the low cloud classes, implying, as expected, that these
low clouds tend to be water-phase. However, signatures associated with both ice and water
clouds are found in the midlevel (altostratus, in particular) and high cloud classes. These
results are not surprising for the midlevel cloud classes, as in situ observations show that
midlevel clouds can be composed of super-cooled liquid water droplets [20], ice crystals[21],
or amixture of both ice and water [22]. The water cloud signatures in the high cloud classes
may be due to supercooled-water as the temperatures at 440 hPain standard McClatchey et al.
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[23] tropical and midlatitude summer atmospheres are between 258 and 256 K. For the
highest cloud classes, though, we also have to consider the possibility of cloud height
misclassification by MODIS, or horizontal inhomogeneities at smaller scales than the MODIS
5x5 km product resolution. If high ice clouds and low level water clouds both exist, not
necessarily overlapping geometrically, within a5 km x 5 km MODI S footprint, they may be
assigned a high cloud height by MODIS, while CALIPSO may see individual water clouds
and ice clouds.
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Fig. 2. The CALIPSO lidar —' relationships for nine ISCCP cloud types, as classified using
MODIS data. Observations are over 12 months, from July 2006 to June 2007. The color of
each pixel represents the frequency of occurrence for a Ad — Ay box with 0.01 by 0.002 sr*
interval.

Theresultsin Fig. 2 show that many pixels correspond to small backscatter values that are
likely caused by thin cirrus clouds or the uppermost thin clouds in the case of multi-layered
clouds. MODIS cloud-height retrievals encounter difficulty in cases of optically thin clouds
and multi-layered clouds [24,25]. According to Weisz et a. [26], there are relatively large
differences between MODIS and CALIPSO cloud-top height retrievals, particularly for thin
cirrus clouds. Inthe MODIS cloud top retrievals, very thin cirrus clouds (low y’ values) that
are not detected by MODIS may be incorrectly classified as a cloud type associated with a
lower layer. To avoid the potential ambiguity caused by mismatching cloud top retrievals and
overlapping clouds in the cloud phase features shown in the CALIPSO o—y' relation, we
screened both the MODI S and CALIPSO data to eliminate cases in which the CALIPSO lidar
detected multi-layered clouds.

Cloud top heights of the uppermost CALIPSO layers were converted to pressures using
the National Centersfor Environmental Prediction (NCEP) re-analysis profiles interpolated to
CALIPSO grids. Table 1 lists the mean pressure difference (MPD) and the standard deviation
(SD) of the differences between the cloud top pressures obtained from MODI S and CALIPSO
during the daytime in August 2006. The quantities MPD and SD are defined as follows:
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N
1
MPD:NZ(PLMODIS_ i,CALIPSO)1 ©)
i=0
and

N
1 2
SD = _N_lz((Pi,MODIS_ i,CALIPSD)_MPD) ) (4)
i=0

respectively. In Egs. (3) and (4), N indicates the total number of the pixels. It is evident from
Table 1 that the screened data sets show a smaller MPD and SD values in comparison with the
unscreened case.

Table 1. Statistics of the differences between the MODIS and CALIPSO cloud-top pressure

retrievals.
Number of Pixels MPD (hPa) SD (hPa)
Uppermost layers 5429675 67.2 170.2
Single-layers 3772072 29.5 155.4

Figure 3 shows the histograms of the difference between the MODI S and CALIPSO cloud
height retrievalsin terms of cloud-top pressure difference. The left panel shows the histogram
in terms of number of pixels versus the cloud-top pressure difference. Because the
unscreened case has more pixels than the screened case (see Table 1), the histogram curve of
the unscreened case is higher than of the screened case. The right panel shows the normalized
frequency of the distribution of the difference between the MODIS and CALIPSO cloud
height retrievals. Here the normalized frequency is defined as the ratio of the number of pixels
in each histogram bin shown in the left panel of Fig. 3 to the number of total pixelsinvolved
in the statistics. The right panel of Fig. 3 shows that the peak of the curve is located at
Pvobis — PeaLipso =10hPa in the screened case whereas the peak of the normalized
frequency in the unscreened case is shifted to Ryopis — Pealipso = 30hPa. While, the
normalized frequencies in the screened and unscreened cases look quite similar, it is clear that
the MODIS results agree better with the CALIPSO retrievals in the case of single-layered
clouds than in the unscreened case where multi-layered clouds exist.
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Fig. 3. Histogram and normalized frequency of the difference between the MODIS and
CALIPSO cloud top pressure retrieval s during daytime in the August of 2006.
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As the screened counterpart of Fig. 2, Fig. 4 shows the J—’ relations for global single-
layered clouds. Overall, the features shown in the o—' relations in the screened (Fig. 4) and
unscreened (Fig. 2) cases are similar. However, the major difference between the results
shown in Figs. 2 and 4 is that small values of attenuated backscatter are eliminated for both
water and ice features in the screened case, particularly for moderate and thick clouds. As
aready explained, small backscatter may be due to the presence of multi-layered clouds
containing thin uppermost layers that MODIS does not detect. It is evident from Fig. 4 that
weak features associated with thin ice layers (i.e., pixels with low y’ values) are still observed
in cumulus and stratocumulus classes.
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Fig. 4. Same as Fig. 2 except for single-layer clouds identified from the CALIPSO data.

To investigate the dependence of the cloud d—y’ relationship on geographic location, we
investigate the J—' relationship for three latitude regimes: tropics (30°S to 30°N),
midlatitudes (30°N to 60°N and 30°S to 60°S), and high latitudes (60°N to 90°N and 60°S to
90°S). The complete dataset, unscreened for multiple cloud layers, is used for the geographic
analysis. The results for the tropical region are shown in Fig. 5. In the tropical region only
water phase features are observed for low and middle clouds; however, both water and ice
features with patterns quite similar to those shown in the high cloud classes in Fig. 2 are
observed in the case of tropical high clouds. Horizontally oriented crystals are present only in
the cirrostratus cloud class. The mgority of the tropical high cloud observations show
signatures of randomly oriented ice crystals with depolarization ratios between 0.3-0.5. In
situ observations of tropical ice clouds show that the shapes of ice crystals within tropical ice
clouds, especially those associated with strong deep convection, can be complicated and
irregular [27]. Irregular ice crystal shapes would lead to high depolarization ratios and low
backscatter values, which could explain the absence of an oriented crystal signature in Fig 5
except for the cirrostratus class.
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Fig. 5. The 0—y' relations for nine cloud types in the tropical region from 30°Sto 30°N.

The o—' relations for the midlatitude regime are shown in Fig. 6. For the midlatitude
cases, ice signatures are seen in al the cloud classes except for stratus, water signatures are
seen in all of the classes. Signatures corresponding to horizontally oriented ice crystals are
found more often in the midlatitude cases than in the tropics, and are strongest in the moderate
optical thickness classes. Differing from the tropical cloud systems shown in Fig. 5, both
water and ice phases are observed in midlatitude mid-level clouds. The lack of ice feature in
the mid-level tropics may be explained by different temperature ranges according to latitude
bands. A pressure range of mid-level (440 to 680 hPa) in the midlatitude will cover lower
temperature ranges than in the tropics, so the mid-level clouds in the midlatitude regions
might contain more ice phase crystals. Additionally, the ice-phase feature is also weakly
shown in the d—’ relationship for the midlatitude nimbostratus and stratocumulus cloud
classes. Furthermore, it is evident from Fig. 6 that horizontally oriented ice crystals are
present in midlatitude cirrostratus, deep convection, altostratus, nimbostratus, and
stratocumulus classes. Pristine ice crystals have been observed in the midlatitudes by aircraft
or balloon-borne instruments (e.g., Heymsfield and laguinta [28]). If pristine ice plates or
columns are horizontaly oriented, the corresponding depolarization ratios are low. The
existence of ice and water cloud signatures in the midlevel cloud classes may point to mixed-
phase clouds, which occur frequently in the midlatitudes [20,22,29], and/or separate cases of
water phase and ice phase clouds.

The o—' relations for the polar regions are shown in Fig. 7. Overall, the patterns shown in
Figs. 6 and 7 are quite similar. However, the high cloud classes, especialy the deep
convection class, occur less frequently in the polar regions than in the tropics and
midlatitudes. Both water and ice signatures are found in all of the polar classes except for the
stratus and cumulus classes. The cirrostratus class has the largest fraction of ice signature,
most of which is randomly oriented. Similar to the midlatitude case, all of the moderate
optical thickness classes demonstrate the oriented crystal feature. It should be pointed out that
the polar region MODI S cloud classes may have more errors than the tropical and midlatitude
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classes due to the difficulties in MODIS cloud detection and cloud property retrieval over
cold, bright surfaces with low solar elevation angles.

We consider the relationship between cloud thermodynamic phase and cloud top
temperature in Figure 8. The o—' relations from CALIPSO are shown for nine MODI S cloud
top temperature retrieval ranges. As expected, the clouds with cloud-top temperatures above
0°C correspond mainly to the water cloud feature in the 6—' relation, whereas the clouds with
cloud top temperatures below -45°C correspond primarily to the feature associated with
randomly oriented ice crystals. However, water features are observed for cloud-top
temperatures as cold as -45°C and ice features are noticed for cloud-top temperatures as warm
as -5°C. For cloud top temperatures between -5°C and -25°C, the observed ice features
correspond to horizontally oriented ice crystals, while both oriented and non-oriented crystal
features are seen between -25° and -40°C. Within these temperature ranges, ice crystals and
supercooled water drops can occur in single-phase or mixed-phase clouds. An interesting
feature is the apparent increase in depolarization ratio with decreasing temperature for
randomly oriented ice crystals. The differences between MODIS and CALIPSO retrieved
cloud height, especially in the case of thin clouds, may impact these results, as the MODIS
cloud top temperatures are inferred from the cloud top pressure retrievals for midlevel and
upper level clouds.
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Fig. 8. The 6—' relationships with respect to cloud top temperature obtained by MODIS cloud
retrievals for single-layer cloudsidentified from the CALIPSO data.

The CALIPSO lidar measurements are an independent source of information about cloud
phase that can be compared against the two MODIS-derived cloud phase products described
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in Section 2. The MODI S bispectral IR cloud phase algorithm results are shown in Figs. 9-11,
while those from the RPP phase algorithm are shown in Figs. 12-14. The global 6—’ relations
for all clouds identified as water phase by the operational MODI S bispectral IR algorithm are
shown in Fig. 9. In this case, high frequencies of occurrence are observed for the three low
cloud classes, as well as two of the middle cloud classes, altostratus and nimbostratus.
Comparisons with Fig. 2 show that the clouds causing the strong water cloud signatures in the
upper level clouds in the entire dataset are not being classified as water by the MODIS IR
phase agorithm. There is, however, a weak component of the cirrus class exhibiting a
randomly oriented crystal lidar signature that is classified as water by MODIS. Fig. 9 shows
that the vast mgjority of clouds classified as water by the MODI S phase algorithm exhibit 6—’
signatures associated with water clouds.
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Fig. 9. The d—' relationships for the clouds flagged as in water-phase by the MODIS IR cloud-
phase determination algorithm [12].

Figure 10 shows the global o—y' relations for clouds identified as ice phase by the MODIS
IR-phase algorithm. The most obvious feature is that the low cloud classes are not populated.
Strong lidar signatures associated with randomly oriented crystals are seen in the high cloud
classes, and, to alesser extent, in the altostratus class. However, the typical water-phase 5—y’
feature is observed in the altocumulus, altostratus, cirrus and cirrostratus classes. These water
features may mean that MODIS misclassified some water clouds as ice. There are other
possibilities, including mixed-phase clouds, or heterogeneous cloud features (i.e., the co-
existence of ice clouds and water clouds) within the MODI S phase 5 km x 5 km footprint.

Figure 11 shows the global J—' relations for those clouds identified as mixed and
unknown phase by the MODIS IR agorithm. The greatest number of MODI S pixels with this
classification fall into the cirrostratus, altostratus, stratocumulus, nimbostratus, and deep
convection classes, and both water and ice features are seen in the o—y' relations. This is not
surprising as the MODIS IR agorithm assigns mixed or unknown phase to clouds with
spectral and thermal signatures that do not definitively point to either ice or water phase.
Comparisons of Fig. 11 to Fig. 10 show that clouds exhibiting features associated with
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Fig. 10. The —' relationship for the clouds flagged as in ice-phase by the MODIS IR cloud-
phase determination algorithm [12].

(a) Cirrus
0.14
0.12
0.10
0.08
0.06
0.04

0.02

0.00
0.0 0.1

Attenuated Backscatter (y')

02 03 04 05 06

(d) Altocumulus

Attenuated Backscatter (y')

'ﬁ

0.00

0.0 0.1 02 03 04 05 06

(g) Cumulus
0.14
0.12
0.10
0.08

0.06

0.04

Attenuated Backscatter (y')

n

0.02

0.00 ..
0.0 0.1
Depolarization Ratio (8)

02 03 04 05 06

(b) Cirrostratus

0.02

0.00 =
0.0 0.1

H

02 03 04 05 06

(e) Altostratus

0.02

0.00
0.0 0.1

02 03 04 05 06

(h) Stratocumulus

0.14
0.12
0.10
0.08

0.06

0.04

0.02

0.00
0.0 0.1
Depolarization Ratio (8)

02 03 04 05 06

) Deep Convection

02 03 04 05 08

0.02
0.00
0.0 0.1

(f) Nimbostratus

0.02

0.00 &=
0.0 0.1

02 03 04 05 086

(i) Stratus
0.14
0.12
0.10

0.04

0.02
0.00 ——

0.0 0.1 02 03 04 05 06
Depolarization Ratio (6)

Fig. 11. The d—y' relationship for clouds flagged as in mixed- or uncertain-phase by the

MODIS IR cloud-phase determi

#90929 - $15.00 USD
(C) 2008 OSA

nation algorithm.

Received 3 Jan 2008; revised 15 Feb 2008; accepted 4 Mar 2008; published 10 Mar 2008

17 March 2008/ Vol. 16, No. 6/ OPTICS EXPRESS 3943



horizontally-oriented ice crystals are likely to be classified as mixed or unknown phase by
MODIS. Thistendency warrants further study.

The o—' relations for water, ice, and undetermined phase classifications, based on the
MODIS cloud property retrieval processing path (RPP) phase agorithm are shown in Figs.
12-14. The RPP phase algorithm utilizes a number of visible, near-infrared, and infrared
MODIS channels, but can only be applied to daytime MODIS observations. Fig. 12 shows
the o—' relations for those clouds classified as water by the RPP. The magjority of the clouds
classified as water by the RPP demonstrate features indicative of water in the lidar relations,
although randomly oriented crystal features are seen in the cirrus and cirrostratus classes, and
weak features associated with horizontally oriented particles are seen in the moderate optical
thickness classes. This feature is not seen in the MODIS IR phase plot, implying that the IR
phase agorithm classifies these scenes as having mixed or unknown phase.

The clouds classified as ice by the MODIS RPP are shown in Fig. 13. The d—' relations
for the upper level clouds look similar to those for the MODIS IR phase plot in Fig. 10. The
midlevel cloud features indicative of water clouds are stronger in the MODIS RPP ice case,
though, and some low level clouds with water features are classified as ice by the MODIS
RPP. More detailed case studies are necessary to understand these features. An interesting
note is that the RPP algorithm classifies a much larger fraction of the horizontally-oriented
crystal features as ice than doesthe IR phase algorithm, which tends to classify them as mixed
or unknown.

Only a small fraction of the RPP cases are classified as undetermined phase. The d—’
relations in Fig. 14 show that the midlevel and low level undetermined clouds tend to
demongtrate strong water features, while the cirrus class shows moderate ice features. Several
classes, cirrostratus, deep convection, and altocumulus, are basically unpopulated.

(a) Cirrus

(b) Cirrostratus

) Deep Convection

0.14
0.12
0.10

4
0.02 |10
0.00

)

0.14

0.12

0.10

0.06

0.02

Attenuated Backscatter (y"

0.00
0.0 0.1 02 03 04 05 06 00 0.1 02 03 04 05 086 0.0 0.1 02 03 04 05 086

0.00 S=s

(d) Altocumulus (e) Altostratus (f) Nimbostratus
0.14 0.14 0.14

7)

er (

0.12 0.12 0.12

0.10 0.10 0.10

0.08 I !
0.08
0.04 , . y

0.02 0.02 0.02 N
3 10
0.00 0.00 e 0.00
00 0.1 02 03 04 05 06 00 01 02 03 04 05 0.6 00 0.1 02 03 04 05 06
(g) Cumulus (h) Stratocumulus (i) Stratus
0.00 — 0.00 0.00 10%

00 0.1 02 03 04 05 06 00 01 02 03 04 05 06 00 0.1 02 03 04 05 0.6
Depolarization Ratio (8) Depolarization Ratio (8) Depolarization Ratio (;

Attenuated Backscatt:

)

Attenuated Backscatter
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Fig. 16. Same as Fig. 10 except for single-layer clouds identified from the CALIPSO data.
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Fig. 17. Same as Fig. 11 except for single-layer clouds identified from the CALIPSO data.

Figures 15, 16 and 17 show the J—' relations for single-layered water, ice, and mixed-
/uncertain-phase clouds, respectively, which are identified on the basis of the MODIS
bispectral IR phase algorithm. The unscreened counterparts of Figs. 15, 16 and 17 are Figs. 9,
10 and 11, respectively. Again, the overall featuresin the —’ relations shown in the screened
and unscreened cases are similar; however, low y’ values associated with the uppermost thin
clouds are eliminated in the screened results.  Furthermore, it seems likely, based on
comparison of Figs. 17 and 11, that many clouds identified as mixed- or uncertain-phase by
the MODIS IR agorithm have more than one layer.

4. Summary

We investigated the relationships between layer-averaged depolarization ratio (6) and layer-
averaged attenuated backscatter () measured by the CALIPSO lidar for nine ISCCP cloud
classes. The CALIPSO lidar contains information on up to 10 cloud layers within each 1 km
retrieval footprint; however only the uppermost cloud layer is considered in this study. The
cloud class assignment was made on the basis of the MODI S retrievals of cloud-top pressure
and cloud optical depth for a period of 12 months from July 2006 to June 2007. Because of
the dependence on MODI S optical depth retrievals, only daytime observations are included in
the study. On a global scale, the CALIPSO lidar o—' relation associated with water clouds is
observed for al nine cloud types. The d—' feature associated with horizontally oriented ice
crystals is prominent for cirrostratus, deep convection, altostratus, and nimbostratus classes.
Furthermore, we screened both the MODIS and CALIPSO data to eliminate the cases in
which two or more cloud layers were observed. It is shown that very low y’ values in the
unscreened case were largely eliminated in the case of single-layered clouds. These low y’
values correspond to the uppermost thin layersin two- or multi-layered cloud systems.

The dependence of the 6—’ relation on latitude was aso considered. For the tropical
region (30°S-30°N), only the water-phase feature is observed in the CALIPSO lidar o—’
relation for low and mid-level clouds, however, both water-phase and ice-phase signatures are
observed for high clouds. In the midlatitude and polar regions, both water-phase and ice-
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phase are observed for high and middle clouds. Additionaly, the feature associated with
horizontally oriented ice crystals is prominent for cirrostratus and altostratus clouds. In
addition to the analysis of the CALIPSO lidar —’ relation for cloud systems at three latitude
belts, we also analyzed the lidar o—' relations for various cloud top temperatures. Randomly
oriented ice crystal features correspond to colder cloud top temperatures than horizontally
oriented crystals. Additionally, the depolarization ratio associated with randomly oriented ice
crystals increases for colder cloud top temperatures.

We investigated the CALIPSO lidar 6—' relationship with respect to the cloud phase
determined from both the operational MODI'S bi-spectral infrared phase algorithm and the
MODIS cloud optical properties retrieval processing path phase algorithm. It is shown that
the MODI S bi-spectral IR algorithm is consistent with that indicated by the CALIPSO lidar
Jo—y' relationship for water clouds. However, the typical feature associated with water phase
in the 60—’ relationship is observed for the clouds that are identified as ice by the MODIS IR
algorithm. Both water and ice signatures are observed for those clouds classified as mixed or
unknown phase by the MODIS IR algorithm. On the other hand, the RPP algorithm mis-
classifiesalot of ice clouds as water clouds (Figs. 12-13). Although the MODIS IR agorithm
is generally more conservative in its phase classification for most cloud systems, the RPP
algorithm is more effective in detecting ice clouds consisting of horizontally oriented ice
crystals, as evident from a comparison of Figs. 10 and 13. The present results clearly
demonstrate the unique capabilities of the CALIPSO lidar instrument for determining cloud
phase.
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