Atmos. Chem. Phys. Discuss., 10, 28151-28181, 2010 _—K Atmospheric
www.atmos-chem-phys-discuss.net/10/28151/2010/ Chemistry
doi:10.5194/acpd-10-28151-2010 G and Physics

© Author(s) 2010. CC Attribution 3.0 License.

Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

A new method for retrieval of the
extinction coefficient of water clouds by
using the tail of the CALIOP signal

J. Li1’2, Y. Hu3, J. Huang1, K. Stamnes2, and Y. Yi*

'Key Laboratory for Semi-Arid Climate Change of the Ministry of Education College of
Atmospheric Sciences, Lanzhou University, Lanzhou, 730000, China

®Dept. of Physics and Engineering, Stevens Institute of Tech., Hoboken, NJ, USA
3Climate Science Branch, NASA Langley Research Center, Hampton, VA, USA
*Science Systems and Applications Inc., Hampton, VA 23666, USA

Received: 9 September 2010 — Accepted: 29 October 2010 — Published: 17 November 2010
Correspondence to: Y. Hu (yongxiang.hu-1@nasa.gov)

Published by Copernicus Publications on behalf of the European Geosciences Union.

28151

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
10, 2815128181, 2010

A new method for
retrieval of the
extinction coefficient
of water clouds

J. Li et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/28151/2010/acpd-10-28151-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/28151/2010/acpd-10-28151-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

A method is developed based on Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) level 1 attenuated backscatter profile data for deriving the
mean extinction coefficient of water droplets close to cloud top. The method is appli-
cable to low level (cloud top < 2km), opaque water clouds in which the lidar signal is
completely attenuated beyond about 100 m of penetration into the cloud. The photo
multiplier tubes (PMTs) of 532 nm detectors (parallel and perpendicular polarizations)
of Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) both exhibit a non-ideal
recovery of the lidar signal after striking a strongly backscattering target (such as wa-
ter cloud or surface). Therefore, the effects of any transient responses of CALIOP on
the attenuated backscatter profile of the water cloud must first be removed in order
to obtain a reliable (validated) attenuated backscatter profile. Then, the slope of the
exponential decay of the validated water cloud attenuated backscatter profile, and the
multiple scattering factor are used for deriving the mean extinction coefficient of low-
level water cloud droplets close to cloud top. This novel method was evaluated and
compared with the previous method by combining the cloud effective radius (3.7 um)
reported by MODIS with the lidar depolarization ratios measured by CALIPSO to esti-
mate the mean extinction coefficient. Statistical results show that the extinction coeffi-
cients derived by the new method based on CALIOP alone agree reasonably well with
those obtained in the previous study using combined CALIOP and MODIS data. Their
mean absolute relative difference in extinction coefficient is about 13.4%. An important
advantage of the new method is that it can be used to derive the extinction coefficient
also during night time, and it is also applicable when multi-layered clouds are present.
Overall, the global mean cloud water extinction coefficients during different seasons
range from 26.17 to 29.46 km™', and the differences between day and night time all
are small (about 1 km_1). However, the global mean layer-integrated depolarization ra-
tios of water cloud during different seasons range from 0.2 to 0.23, and the differences
between day and night also are small, about 0.01.
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1 Introduction

Low level water clouds (such as stratiform clouds within the boundary layer) are ob-
served to occur very persistently, and to cover large areas of the globe, in partic-
ular, in the eastern parts of the subtropical ocean basins where cooler ocean cur-
rents are found. Mid-latitude anticyclones are found to exhibit more transient features
(e.g. Schmetz et al., 1983). Since low level water clouds generally have high albe-
dos, these clouds significantly decrease the amount of solar energy absorbed by the
earth system, and thus reduce heating rates as compared to cloud free conditions
(e.g. Randall et al., 1984; Fouquart et al., 1990; Betts and Boers, 1990). Radiation
that is absorbed in a low-level water cloud layer plays an important role in the evolution
of the entire cloud system. The impact of these water clouds on the radiation bud-
get and the amount of energy that they absorb depend both upon their microphysical
(such as, effective droplet radius) and macrophysical properties (such as, height, cov-
erage) (e.g. Charlson et al., 1987; Albrecht et al., 1988; Kiehl, 1994). For example,
Slingo (1990) estimated that reducing the effective diameter of stratus cloud droplet
sizes from 20 to 16 um would balance the warming due to a doubling of atmospheric
CO,. Randall et al. (1984) estimated that a 4% increase in the area of the globe that
is covered by these clouds could also potentially compensate for the estimated warm-
ing due to a doubling of atmospheric CO,. Therefore, it is very important to know the
global distribution of water cloud microphysical, macrophysical and radiative properties
and their relationship in order to assess their impact on climate change.

One of the most important cloud parameters related to microphysical and macro-
physical properties is the optical depth 7, defined as: 7= /2) o(z)dz , which is the
vertical integration of the cloud extinction coefficient o between the cloud boundaries
zy and z4. Here, the extinction coefficient o represents the attenuation capacity of the
cloud to radiation at a specific wavelength in the solar or thermal spectral range. A good
knowledge of extinction coefficients in water clouds would lead to a better estimation
of their impact on the surface radiative energy budget. For shortwave radiation, the
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volume extinction coefficient ¢ has a very weak dependence on wavelength (Slingo
and Schrecker, 1982). It is directly related to the liquid water content LWC and the
equivalent droplet radius R, as: o~ 3LWC/2R,, and is independent on the particle
size distribution. Thus, the width of the particle size distribution has little impact on
the extinction as long as the effective radius of the cloud particles does not change.
For this reason methods developed for determination of cloud microstructure proper-
ties from satellite data (e.g. Arking and Childs, 1985; Nakajima and King, 1990; Han et
al., 1994) have mostly been concerned with the retrieval of effective droplet radius and
liquid water path. However, in this study, we focus on how to directly retrieve the ex-
tinction coefficient from satellite data without knowledge of the effective droplet radius
or liquid water path.

At present, there are two approaches for inferring or retrieving the extinction co-
efficient of low-level water clouds: (1) derivations based on the signal measured by
ground-based lidar or radar in situ measurements, and (2) inverse retrieval methods
applied to combinations of passive measurements (using for example MODIS data)
and power returns of active remote sensing instruments, such as space-based lidar.
However, although the extinction coefficient profile (or optical depth) of a cloud can
be retrieved relatively accurately from ground-based lidar or radar signals (e.g. Derr,
1980; Wang and Sassen, 2000), only one-dimensional observations are possible, and
the sites are sparsely distributed, almost non-existent over the oceans. So, results
from in situ measurements are commonly used to validate and evaluate satellite re-
mote sensing retrievals (e.g. Tao et al., 2008; Mamouri et al., 2009; Kim et al., 2008;
Mona et al., 2007). The advantage of remote sensing observations from instruments
deployed on satellites is that high-resolution, two-dimensional distributions of the opti-
cal properties of clouds may be retrieved on a global scale. Hu et al. (2007a) derived
the mean extinction coefficient of low-level water cloud tops by using collocated water
cloud droplet sizes retrieved from MODIS data and CALIPSO level 2 cloud products.
Nonetheless, the water cloud measurements made by active remote sensing instru-
ments (such as, space-based lidar) are very different from those made by passive
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remote sensing instruments (such as MODIS). Passive remote sensing of water clouds,
based on measured spectral differences of reflected sunlight and thermal emissions,
is used to retrieve values of optical depth for the entire vertical column. The passive
sensors provide the effective droplet radius using the absorption at near infrared wave-
length in the solar spectrum, and are based on the single-layer cloud assumption. So,
retrievals of water cloud extinction properties based on MODIS effective radius mea-
surements are limited to the daytime and are valid only when the single-layer cloud
condition is satisfied. However, a space-based lidar (such as CALIPSO) obtains infor-
mation of the cloud from the lidar signal backscattered by targets. Thus, a lidar can
provide the atmospheric attenuated backscatter profile, and is not confined to daytime
light conditions and a single-layer cloud structure. For these reasons, we will develop
a novel method to assess the mean extinction coefficient of the low-level water cloud
tops on a global scale by using space-based lidar (CALIPSO) attenuated backscatter
data.

The objective of this study is to provide better knowledge of water cloud physical
properties and their impact on the surface energy budget from a comparison of optical
properties of water clouds between day and night. The global statistics of nighttime
water cloud optical properties derived in this study is a valuable supplement to day-
time retrieval results based on passive remote sensing of backscattered sunlight, and
should provide a baseline for field measurements and ground based water cloud ob-
servations.

The retrieval method is introduced in Sect. 2, and described in some detail. In Sect. 3
we compare results between the new method and previous studies. Finally, a brief
discussion is provided.
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2 Methodology

Monte Carlo simulations indicate that by using layer integrated depolarization ratios
and the slope of the exponential decay in the water cloud backscatter due to multiple
scattering, both extinction coefficients and effective radii of water clouds can be derived
from CALIPSO lidar measurements (Hu et al., 2007a). The attenuated backscatter can
be expressed as:

B =Boe21" (1)

where (3, is the peak of the attenuated backscatter, o is the mean extinction coefficient
of the low-level water cloud top, 1 is the multiple scattering factor, and r is the range
within the water cloud. By taking the natural logarithm on both sides of Eq. (1), we
have

Inﬁ—ln'60
0= —— 2
n "y (2)

Here G (the attenuated backscatter), and G, (the peak of attenuated backscatter) can
be obtained from CALIPSO level 1 and level 2 datasets. The CALIPSO lidar probes
clouds and aerosol layers to a maximum optical depth of 3 (Hu et al., 2007b), which,
for dense water clouds, may correspond to a penetration depth of about 100 m, that
is, near the cloud top. So, in this study, o is the mean extinction coefficient of low-
level water near cloud top, and 1 is the corresponding multiple scattering factor. The
importance of multiple scattering of polarized light in the atmosphere has been recog-
nized for a long time ago (e.g. Hansen, 1970a, b). For space lidars such as CALIPSO
(Winker et al., 2003), which has a footprint size of 90 m at the Earths surface, wa-
ter clouds can exhibit a strong depolarization signal due to the presence of multiple
scattering (Hu et al., 2001). Thus, multiple scattering plays an important role in the
analysis of the lidar signal. Hu et al. (2006) proposed a relationship between the in-
tegrated single scattering fraction and the accumulated linear depolarization ratio for
water droplets. A simplified version of this relation is: = (%)2 (Hu et al., 2007c),
28156

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
10, 2815128181, 2010

A new method for
retrieval of the
extinction coefficient
of water clouds

J. Li et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/28151/2010/acpd-10-28151-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/28151/2010/acpd-10-28151-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

where, § = E)‘:)SG,B L(ndr/ [Eiseﬁn(r)dr is the layer-integrated depolarization ratio. Cao

et al. (2009) extended the idea of the accumulated depolarization for circular polariza-
tion and proposed a unique relation between the integrated single scattering fraction
and the depolarization parameter, which does not depend on whether linear or circu-
lar lidar polarization is being used. This relation is independent of the measurement
geometry, and the mean droplet size, and is insensitive to the width of the size distribu-
tion for most water cloud lidar returns (Hu et al., 2007a). By their studies, the multiple
scattering effect of water cloud was characterized very well.

Generally speaking, if we adopt the multiple scattering relationship: n = (%)2 in
Eqg. (2), we can easily derive o from the slope of the exponential decay of the water-
cloud attenuated backscatter 8 and multiple scattering factor n (hereafter, we call it
the “slope method”). However, the 532 nm photo multiplier tubes (PMTs) detectors
(parallel and perpendicular) of CALIOP both exhibit a non-ideal recovery of the lidar
signal after a strong backscattering target has been observed. In the absence of a
strong backscattering signal, an ideal detector will return immediately to its baseline
state. However, the transient response of the CALIPSO PMTs is non-ideal. Following
a strong impulse signal, such as from the Earths surface or a dense water cloud, the
signal initially falls off as expected but at some point begins decaying at a slower rate
that is approximately exponential with respect to time (distance). In extreme cases, the
non-ideal transient recovery can make it wrongly appear as if the laser signal is pen-
etrating the surface to a depth of several hundreds of meters (e.g. McGill et al., 2007;
Hunt et al., 2009). So, because of the non-ideal transient recovery, the return from
strong targets will be spread by the instrument response function over several adjacent
range bins, implying that the vertical distribution of the attenuated backscatter g in the
water cloud will be changed. It is unlikely that the lidar receiver electronics are the
source of the problem because the 1064 nm channel uses a similar design and is per-
forming well. To demonstrate this phenomenon, Fig. 1 shows CALIPSO data images
of 532nm (top panel) and 1064 nm (bottom panel) total attenuated backscatter. The
532 nm non-ideal transient recovery is seen in the 532 nm image as a gradual transition
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of colors from high attenuated backscatter values to lower ones for strong backscat-
ter targets (e.g. stratus deck on the left, and the Antarctic surface return on the right).
Compare these features to the 1064 nm image, where the detector response is nor-
mal, and these features appear as an almost solid band of white. For example, the
right parts of 532 nm and 1064 nm images (that is, Antarctic surface) clearly illustrate
that the 532 nm signal appears to continue hundreds of meters beneath the ice surface
while the 1064 nm signal does not exhibit this behavior. However, it is worth notice that
the cirrus cloud structure (center right) looks about the same in both the 532 nm and
1064 nm images. This is because there is little to no contribution from the transient
response artifact in these weak scattering features. This effect is well documented in
the literature for photon counting applications. The PMTs after-pulsing (ionization of
residual gas) is the likely cause of the non-ideal transient recovery. The time scale of
the effect depends on the PMTs voltage, gas species, and the PMTs internal geometry.

So, due to the non-ideal transient recovery of the CALIOP PMTs, the slope method
cannot directly be used to calculate the extinction coefficient of water clouds. To retrieve
a valid extinction coefficient of water clouds, we will take the following three steps:

1. First, we obtain the transient response function of CALIOP by studying CALIOP
lidar signals returned from land surfaces.

2. Then, we apply an accurate de-convolution process to the lidar attenuated
backscatter signal and the transient response function of CALIOP in order to re-
move any impacts on the attenuated backscatter profile of water cloud imparted
by a non-ideal transient response of the photo-detectors.

3. Finally, after obtaining a valid attenuated backscatter profile of the water cloud by
the former two steps, we can retrieve the extinction coefficient o of water cloud
from Eq. (2).
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2.1 Transient response function of CALIOP

Prior to launch, extensive laboratory characterization of the flight detectors and their
associated electronics demonstrated that the CALIPSO PMTs transient response re-
mains the same for lidar surface returns with varing surface reflectance. This result
can be independently verified using on-orbit data by studying CALIPSQO’s lidar signal
from surfaces. It is worth notice that the strongest of the CALIPSO backscatter sig-
nals are generated by ocean and land surfaces that are covered by snow or ice (see
the Antarctic surface return part of Fig. 1). In the 532 nm parallel channel, the peak
signals for snow and ice surfaces under clear skies are so strong that they usually sat-
urate the digitizers. Unlike the parallel component, the cross-polarized (perpendicular)
component of the ground returns for most land and ocean surfaces are generally not
saturated. As a result, in this study, only land surfaces that are not covered by snow
or ice were used to assess the transient response of CALIOP at three channels. We
analyze the CALIOP transient response for different land surface types using on-orbit
CALIPSO Level-1 data (July 2006, October 2006, January 2007) at different regions by
using a low-pass filter. We calculate the transient response function F of CALIOP:

3)

by using twelve adjacent lidar bins of land surface returns. The twelve range bins start-
ing from the one range bin before the peak to the tenth range bin after the surface peak
return. Here g; is the attenuated backscatter of each bin, which is the same g as in
Egs. (1) and (2), / is the range bin number, and p is the peak surface return range
bin. Hu et al. (2007d) presented a technique to provide improved lidar altimetry from
CALIPSO lidar data by using the transient response of CALIOP, and verified that the
tail-to-peak signal ratios are independent of the surface reflectance.

Figure 2 shows the transient response function F of CALIOP derived from the land
surface return at three channels. The different colors are for different regions (surface
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types are different) and seasons. The left, middle and right panels are for the parallel
channel (P532), perpendicular channel (S532) and T532 channel (perpendicular and
parallel components), respectively. It is clear that the transient response of CALIOP at
different months and surface types almost are same. Although the method described
in this study can be applied to both 532 nm channels (parallel and perpendicular polar-
ization), only the results from the 532 nm parallel channel are presented in this paper.

2.2 Corrected water cloud attenuated backscatter

Actually, current water cloud attenuated backscatter signal was measured by CALIOP
is a convolution result between the corrected cloud attenuated backscatter and tran-
sient response function F of CALIOP (see Eq. 4). After obtaining the transient response
function of CALIOP, we may retrieve the corrected water cloud attenuated backscatter
signal by using a de-convolution technique.

n (n=1,2,3,4..) (4)

n

i —
Z’Bcloud,corrected XF”—’+1 ~ Mcloud_current
i=1

Figure 3 shows the cloud attenuated backscatter signal retrieved beneath the wa-
ter cloud peak return and the observed attenuated backscatter signal by CALIOP. The
red line is observed (current) water cloud attenuated backscatter signal and the blue
line is the retrieval (corrected or real) cloud signal. The results show that the transient
response of CALIOP PMTs can affect the vertical distribution (that is, the waveform)
and magnitude of the water cloud attenuated backscatter signal. After de-convolution
process, the slope of the exponential decay of the water cloud attenuated backscatter,
may be obtained by using a linear fit to the 3 range bins underneath the peak of the wa-
ter cloud lidar return and the peak return bin itself. According to Eq. (2), the extinction
coefficient of low-level water cloud top thus can be derived from the slope and multiple
scattering factor of the water cloud.
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3 Results
3.1 Comparison of extinction coefficient derived from different methods

Hu et al. (2007a) derived the mean extinction coefficient of water cloud top by combin-
ing the cloud effective radius (3.7 um) reported by MODIS with the lidar depolarization
ratios measured by CALIPSO (see Eq. 5).

R, 1/3 52
a:(R—EO) {1+135(1_6)2} (5)

This relation is derived from Monte Carlo simulations that incorporate the CALIPSO
instrument specifications, viewing geometry, and footprint size. Here, o is the wa-
ter cloud top mean extinction coefficient, and A, is water cloud effective droplet ra-
dius from MODIS data. AR,y equals 1pum. & is the layer-integrated depolarization
ratio from CALIPSO Level 2 cloud products. The method (hereafter, we call it “Hu’s
method”) need collocated water cloud droplet sizes retrieved from MODIS 3.7 um data
for CERES (Minnis et al., 2006). The number of photons scattered into the forward
direction increases with particle size. Thus, the chance of the photon being absorbed
at the near-infrared wavelengths before returning back to space increases with size.
For the same optical depths, water clouds with larger droplets are darker in the near-
infrared wavelengths.The effective droplet radius derived from the absorption at 3.7 um
reflects the average size information from the very top part of water clouds (Platnick,
2000), with a vertical penetration depth similar to the CALIPSO lidar signal. So, Hu’s
method is a simple and reliable technique for evaluating and verifying the results of the
slope method during daytime.

In this study, the results of Hu’s method are based on four months (January 2008,
April 2008, July 2007 and October 2007) MODIS 1 km cloud data from Aqua and
CALIPSO Level 2 cloud dataset. The results of the slope method are based on
CALIPSO Level 1 and Level 2 data for the same months. Figure 4 shows a comparison
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of extinction coefficients derived from the two methods. The x-axis is for slope method,
and the y-axis is for Hu’s method. The color values represent the sample numbers. We
define the absolute relative difference as: / = |Ogjope_method = OHu’s_methodl/ OHu’s_method.
The mean absolute relative difference ranges from 11.4% to 15% for the four different
months. The difference is largest for January 2008, reaching about 15%; and smallest
for July 2007, reaching about 11.4%. Overall, the average value of the mean absolute
relative differences for the four months is about 13.4%. Thus, we may conclude that
the mean extinction values derived from these two methods agree well with each other.

Figure 5 shows the global distributions of low-level water cloud top extinction coef-
ficient for different months. The left panel depicts Hu's method, and the right panel is
for slope method. It is clear that the global distributions of the extinction coefficient are
very similar for two methods. The larger extinction values are located along the coastal
regions of the continents, such as the west coasts of South America, North America
and Africa. We also found that the frequency of occurrence of water clouds is higher
in these coastal regions. Because the MODIS effective radius is reliable only under
single-layer cloud conditions, the results of Figs. 4 and 5 are all derived from single-
layer cloud samples.

Overall, the global mean extinction coefficients derived from Hu’s method are about
31.13, 32.54, 31.07, 32.31 km™' for July 2007, October 2007, January 2008 and
April 2008, respectively. The corresponding values derived from the slope method
are 29.34, 30.34, 30.4 and 30.86 km™'. Their global mean relative differences are all
smaller than 7%, about 1-2 km™". Thus, it is clear that the statistical results derived
from the slope method are reliable and suitable for climate applications.

3.2 Comparison of extinction coefficient at daytime and nighttime

Many studies have shown that cloud microphysical and macrophysical properties ap-
pear to have a diurnal variation (e.g. Minnis and Harrison, 1984; Fairall et al., 1990;
Greenwald and Christopher, 1999). The diurnal variation in cloud properties is very
important for the modulation of the time-mean energy budget of the earth-atmosphere
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system (e.g. Bergman and Salby, 1997; Dai and Deser, 1999). However, the represen-
tation of diurnal variations of cloud properties in present climate models is relatively
poor and therefore limits the predictability of cloud feedbacks in a changing climate.
Accurate information on the diurnal cycles of cloud properties over land and ocean
would provide a key test of many aspects of the physical parameterizations in weather
and climate prediction models, such as the representation of convection, turbulence
and cloud processes.

In this paper, we assessed the global information of water cloud extinction coeffi-
cient at day and nighttime by using slope method. The global statistics of nighttime
water cloud optical properties derived in this study constitutes a valuable supplement
to daytime retrievals from passive remote sensing that depends on reflected sunlight.
They should provide a baseline for field measurements and ground based water cloud
observations, a meaningful contribution to the improvement of cloud parameterizations
in weather and climate prediction models.

The global distributions of water cloud extinction coefficients and depolarization ratio
at daytime and nighttime in a 2° by 2° grid are shown in Figs. 6 and 7. The left panel is
for daytime, and the right panel is for nighttime. There are several interesting features
in Fig. 6. First, global distributions of the extinction coefficient over the ocean during
daytime are very similar to those obtained during nighttime. The larger extinction val-
ues are located along the coastal regions of the continents, such as west coasts of
South America, North America and Africa, where the values of the extinction coeffi-
cient may exceed 40 km~'. These regions also exhibit larger effective cloud droplet
number concentrations (Hu et al., 2007a), and their spatial and seasonal variations
show some similarity to ocean biogeochemistry processes, and in general agree with
the patterns of seasonal and temporal variation in DMS concentrations in the middle
and low latitudes, generated from the POP Ocean GCM by Chu et al. (2004). Second,
there are more low level water clouds over land during daytime than during nighttime.
We can see that water clouds are present primarily over North of South America and
over the European continents during nighttime. There is a small abundance of water
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cloud over other continents, and the extinction coefficient is lower over South America.
During daytime, there are more low-level water clouds over land, such as over middle
and north of Africa, the eastern and western coasts of the US continent, and the east-
ern coast of China. Most water clouds have higher extinction value (>40 km'1) over
land except north of Africa in July (<20 km‘1). Third, global distributions of the water
cloud depolarization ratio are similar to that of the extinction coefficient. Larger de-
polarization ratios correspond to higher extinction values, while smaller depolarization
ratios correspond to lower extinction values (Hu et al., 2007a). Table 1 lists the global
mean values of the extinction coefficient, the multiple scattering factor, and the slope of
exponential decay of low-level water clouds derived from the slope method. It is worth
noticing that the global mean values of the extinction coefficient during daytime in Ta-
ble 1 are slightly different from the results presented in Sect. 3.1. As stated in Sect. 3.1,
because the MODIS effective radius is reliable only under single-layer cloud conditions,
the results of Figs. 4 and 5 are all derived from single-layer cloud samples. However,
because the slope method is not confined to daytime light conditions and single-layer
cloud vertical structure, multi-layered cloud samples are also included in this section.
Thus, the number of samples considered in Sect. 3.2 is about three times the number
of samples in Sect. 3.1. In view of statistics, the results in Table 1 are more reasonable
and are expected to reflect the mean conditions of low-level water cloud.

Overall, the differences in extinction coefficient, multiple scattering factor, and the
slope of exponential decay of low-level water clouds between day and night are small.
The global mean extinction coefficients for different seasons range from 26.17 to
29.46 km'1, and the differences between day and night are all positive and about
1km™'. However, the global mean multiple scattering factor of water clouds for dif-
ferent seasons range from 0.41 to 0.45, and differences between day and night are
small, about —0.015. The corresponding global mean depolarization ratio of low level
water clouds ranges from 0.2 to 0.23, and the differences between day and night also
are small, about 0.01. Here, it is worth noticing that all results above are for low-
level (cloud top < 2km), nontransparent water clouds. To investigate if the differences
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in depolarization ratio between day and night are small for water clouds at all levels,
we also examined the statistics of the global mean depolarization ratio for all level
water cloud (with cloud top < 6km). The results, shown in Fig. 8, indicate that the
global mean depolarization differences still are small (ranging from 0.009 to 0.019).
Sassen et al. (2009) showed that the depolarization in tropospheric ice clouds tends
to increase with increasing height/decreasing temperature, as expected from various
ground-based lidar studies. We found that the depolarization ratio is height-dependent
also in water clouds. As shown in Fig. 8, it appears to decrease with increasing
height/decreasing temperature based on the global mean. The reason is unclear, and
further research is needed to find out why.

4 Conclusions and discussion

In this study, a method based on CALIPSO level 1 attenuated backscatter profile was
developed to derive the mean extinction coefficient of low-level water cloud droplets
close to cloud top (cloud top < 2 km). Because the photo multiplier tubes (PMTs) of the
532 nm detectors of CALIOP both exhibit a non-ideal recovery of the lidar signal after it
strikes a “strongly” backscattering target (such as, water cloud or surface), in the slope
method presented here, we first removed effects caused by the transient response of
CALIOP on the attenuated backscatter profile of water cloud in order to obtain a vali-
dated attenuated backscatter profile. Then we used the slope of the exponential decay
of the validated water cloud attenuated backscatter profile, and the multiple scattering
factor to derive the mean extinction coefficient of low-level water cloud top. The novel
method was evaluated and compared with the previous method developed by Hu et
al. (2007a) — that is Hu's method. From the analysis of CALIPSO level 1 attenuated
backscatter profiles, we arrived at the following conclusions based on using the slope
method:
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. The extinction values derived from the new method agree well with those de-

rived from Hu’s method. Their mean absolute relative difference is about 13.4%.
Their global mean relative differences are all smaller than 7%, or about 1-2 km™'.
Because the slope method is not confined to daytime light conditions and a single-
layer cloud structure, the global statistics of water cloud optical properties derived
from this study is a good supplement to results retrieved from passive remote
sensing, which depend on backscattered sunlight, and should provide a base-
line for field measurements and ground-based water cloud observations. Thus,
the slope method provides a meaningful contribution that can be used to improve

cloud parameterizations in weather and climate prediction models.

. The global distributions of the extinction coefficient of low-level water cloud tops

retrieved during daytime are very similar to those retrieved during nighttime, par-
ticularly over the ocean. The global mean extinction coefficients at different sea-
sons range from 26.17 to 29.46 km™', and the differences between day and night
are all positive and just 1 km™".

. The seasonal variation in global mean multiple scattering factor of water clouds

ranges from 0.41 to 0.45, and differences between day and night are small, about
—0.015. The corresponding global mean depolarization ratio of low-level water
clouds ranges from 0.2 to 0.23, and the differences between day and night also
are small, about 0.01.

. The above three conclusions are all for low-level, opaque water clouds. For all-

level water clouds (cloud top < 6 km), we found that the differences in the global
mean depolarization ratio between day and night remain are small, ranging from
0.009 t0 0.019. Moreover, the global mean depolarization decreases with increas-
ing height/decreasing temperature, which is an unexpected finding. The reason
is being investigated.

In addition, Sassen et al. (2009) showed that there are significant (about 0.11) average
depolarization differences of ice clouds between day and night, which are inconsistent
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with earlier ground-based data. The significant difference indicates the presence of
artifacts in the data set related to the effects of background signals from scattered
sunlight in the green laser channel; the gain selection may be one of the reasons.
To investigate if the differences in the depolarization ratio between day and night are
related to the gain selection, background noise or other factors, we chose different
targets (such as water cloud, ice cloud, common aerosol and dust) to analyze their
depolarization difference between day and night. Preliminary results indicate that the
depolarization differences of spherical particles (water cloud or common aerosols,
such as clean continental aerosol) are small (<0.02). Larger differences (>0.04) are
found for non-spherical particles (ice clouds or dust). Moreover, the depolarization
ratios of targets may be more reliable after April 2007 (improved data quality). So,
we conclude that the larger depolarization differences of ice cloud or dust may be
real, and perhaps related to the cloud dynamics. However, these are just preliminary
results, and further research is needed to better understand the diurnal differences in
the CALIPSO depolarization values.

Many studies had shown that aerosols (such as, dust and smoke) have important
impact on the variation of cloud properties (such as, effective droplet radius, number
concentration and radiation forcing) (e.g. DeMott et al., 2003; Huang et al., 20063,
b; Su et al., 2008). In this study, the effect of aerosol to cloud was not considered.
That is, the slope of the exponential decay of the validated water cloud attenuated
backscatter profile may bear a little variation due to the aerosol loading, particularly
over the western coast of Africa (smoke is abundant due to frequent burning activities).
Hence, more studies about the interaction between aerosol and clouds over these
regions (higher aerosol optical depth) would be needed in the future.

Generally speaking, the effective droplet radius and effective number concentration
of water clouds can be directly derived from Eq. (5) when the mean extinction
coefficient o was retrieved from CALIPSO level 1 data by the slope method. However,
the errors in the extinction coefficient will be magnified when o is subsequently used
to derive the effective radius, particularly when the extinction coefficient is small, such

28167

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
10, 2815128181, 2010

A new method for
retrieval of the
extinction coefficient
of water clouds

J. Li et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/28151/2010/acpd-10-28151-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/28151/2010/acpd-10-28151-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

as over the ocean. Therefore, the slope method is inadequate for accurate retrieval
of the effective droplet radius of water cloud at present. Nonetheless, primary results
(not shown in this paper) of droplet radii retrieved by the slope method show that
the effective radius is lower over land than over ocean. The main reason may that
the abundance of aerosols, leading to the formation of cloud condensation nuclei,
is larger over land than ocean, so that an increase in the number density of cloud
droplets tends to reduce the mean droplet radius (Twomey, 1991). This conclusion
is consistent with that of Peng (2002). However, an accurate retrieval of the effective
radius of water cloud droplets, especially effective number concentration by the slope
method still needs more development and verification by comparisons with MODIS or
ground-based Radar data.
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Table 1. The averaged extinction coefficient, eta (multiple-scattering factor) and slope (extinc-
tion coefficient * eta) of low level water cloud from slope method.
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CALIPSO data images of 532nm (top panel) and 1064 nm (bottom panel) total

attenuated backscatter.
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Fig. 2. Transient response of CALIOP derived from the land surface return at different months
and different regions for three channels.
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Fig. 3. The retrieved attenuated backscatter signal beneath the water cloud peak return and
the observed attenuated backscatter by CALIOP. The red line is the observed (current) water
cloud signal and the blue line is the retrieved (corrected or real) cloud signal.
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Fig. 4. Comparison of water cloud top mean extinction coefficient by using slope method and
Hu’s method .The x-axis is for slope method, y-axis is for Hu’s method.
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Fig. 5. The global distribution of Low level water cloud mean extinction coefficient at different
months derived from the slope method (right) and Hu’s method (left).

28178

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/28151/2010/acpd-10-28151-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/28151/2010/acpd-10-28151-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Low Level Water Cloud extinction coefficient at nighttime of July/2007
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Fig. 6. The global distribution (2° by 2°) of Low level water cloud mean extinction coefficient at
different months derived from the slope method at day (left) and night(right).
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Fig. 8. The height dependency of global mean depolarization ratio for all level water clouds.
The solid lines are for daytime, thicker dashed lines are for nighttime, thinner dashed lines are
for the difference between day and nighttime. The values in the brackets are the global mean
depolarization ratio for all water clouds.
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