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Abstract. A method is developed based on Cloud- extinction coefficient also during night time, and it is also ap-
Aerosol Lidar and Infrared Pathfinder Satellite Observa-plicable when multi-layered clouds are present. Overall, the
tions (CALIPSO) level 1 attenuated backscatter profile stratocumulus dominated regions experience larger day-night
data for deriving the mean extinction coefficient of wa- differences which are all negative and seasonal. However, a
ter droplets close to cloud top. The method is applicablecontrary tendency consisted in the global mean values. The
to low level (cloud top<2km), opaque water clouds in global mean cloud water extinction coefficients during dif-
which the lidar signal is completely attenuated beyond abouferent seasons range from 26 to 30'Kmand the differences
100 m of penetration into the cloud. The photo multiplier between day and night time are all positive and small (about
tubes (PMTs) of the 532 nm detectors (parallel and perpeni—2 kni1). In addition, the global mean layer-integrated de-
dicular polarizations) of the Cloud-Aerosol Lidar with Or- polarization ratios of liquid water clouds during different sea-
thogonal Polarization (CALIOP) both exhibit a non-ideal re- sons range from 0.2 to 0.23, and the differences between day
covery of the lidar signal after striking a strongly backscatter-and night also are small, about 0.01.

ing target (such as water cloud or surface). Therefore, the ef-
fects 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 backscatl Introduction

ter profile. Then, the slope of the exponential decay of the

validated water cloud attenuated backscatter profile, and theow level water clouds (such as stratiform clouds within the
multiple scattering factor are used for deriving the mean ex-boundary layer) are observed to occur very persistently, and
tinction coefficient of low-level water cloud droplets close to cover large areas of the globe, in particular, over the trop-
to cloud top. This novel method was evaluated and comdcs and subtropics (Hartmann and Short, 1980). Since low
pared with the previous method which combined the cloudlevel water clouds generally have high albedos relative to the
effective radius (3.7-pum) reported by MODIS with the li- ocean surface, these clouds significantly decrease the amount
dar depolarization ratios measured by CALIPSO to estimatedf solar energy absorbed by the earth system, thus reduce
the mean extinction coefficient. Statistical results show thatheating rates as compared to cloud free conditions and have
the extinction coefficients derived by the new method based® significant cooling effect on global climate (e.g. Randall
on CALIOP alone agree reasonbably well with those ob-€t al., 1984; Fouquart et al., 1990; Betts and Boers, 1990).
tained in the previous study using combined CALIOP and Their net radiative effect on the global energy budget has
MODIS data. The mean absolute relative difference in ex-been estimated at15 W2 and the sensitivity to changes
tinction coefficient is about 13.4%. An important advan- in global low cloud coverage at0.63 WnT2 (Hartmann et
tage of the new method is that it can be used to derive thedl., 1992) for each percentincrease in low cloud amount. The
impact of these water clouds on the radiation budget and the
amount of energy that they absorb depend both upon their

Correspondence toy. Hu microphysical (such as, effective droplet radius) and macro-
m (yongxiang.hu-1@nasa.gov) physical properties (such as, height, coverage) (e.g. Charlson
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et al., 1987; Albrecht et al., 1988; Kiehl, 1994). For exam- the entire water cloud layer cannot be derived by the method
ple, Slingo (1990) estimated that reducing the effective di-developed here, this study about the microphysical proper-
ameter of stratus cloud droplet sizes from 20 to 16 um wouldties of the top part of the water cloud is still meaningful and
balance the warming due to a doubling of atmospherig.CO valid. It can help retrieve the droplet number concentration,
Randall et al. (1984) estimated that a 4% increase in the areahich has less vertical variation.
of the globe covered by these clouds could also potentially Hu et al. (2007a) already derived the mean extinction co-
compensate for the estimated warming due to a doubling ogfficient, liquid water content and droplet number concen-
atmospheric C@ Therefore, itis very important to know the tration of low-level water cloud tops by using collocated
global distribution of water cloud microphysical, macrophys- water cloud droplet sizes retrieved from MODIS data and
ical and radiative properties and their relationship in order toCALIPSO level 2 cloud products. Nonetheless, the water
assess the impact of these clouds on the climate system. cloud measurements made by active remote sensing instru-
Ground based (e.g. Fox and lllingworth, 1997; Wang etments (such as, space-based lidar) are very different from
al., 2004; O’Connor et al., 2005; lllingworth et al., 2007) those made by passive remote sensing instruments (such as
and satellite observations (e.g. Masunaga et al., 2002a, IMODIS). Passive remote sensing of water clouds, based on
ScHiller et al., 2003, 2005; Wood et al., 2005a, b, 2006) measured spectral differences of reflected sunlight and ther-
can help diagnose cloud microphysical and macrophysicamal emissions, is used to retrieve values of optical depth
properties and their link to cloud radiative and precipitation for the entire vertical column. The passive sensors provide
properties. However, although the cloud properties can be rethe effective droplet radius using the absorption at near in-
trieved relatively accurately from ground based lidar or radarfrared wavelengths in the solar spectrum, and are based on
signals (e.g. Derr, 1980; Wang and Sassen, 2001; Westbroothe single-layer cloud assumption. So, retrievals of water
et al., 2010), only one-dimensional observations are possieloud extinction properties based on MODIS effective radius
ble, and the sites are sparsely distributed, almost non-existemheasurements are limited to the daytime and are valid only
over the oceans. So, results from ground observational meawvhen the single-layer cloud condition is satisfied. However,
surements are commonly used to validate and evaluate sated space-based lidar (such as CALIPSO) obtains information
lite remote sensing retrievals (e.g. Tao et al., 2008; Mamouriabout the cloud from the backscattered lidar signal. Thus, a
et al., 2009; Kim et al., 2008; Mona et al., 2007). The ad-lidar can provide the atmospheric attenuated backscatter pro-
vantage of remote sensing observations from instruments defile, and is not confined to daytime conditions and a single-
ployed on satellites is that high-resolution, two-dimensionallayer cloud structure.
distributions of the micro and macrophysical properties of The objective of this study is to provide better knowledge
clouds may be retrieved on a global scale. In this investiga-of water cloud physical properties and their impact on the
tion, we will develop a novel method to assess the extinc-surface energy budget from a comparison of optical prop-
tion coefficient of low-level water clouds on a global scale erties of water clouds between day and night. The global
by using space-based lidar (CALIPSO) attenuated backscastatistics of nighttime water cloud optical properties derived
ter data. in this study is a valuable supplement to daytime retrieval re-
Previous studies (e.g. Boers and Mitchell, 1994; sults based on passive remote sensing of scattered sunlight,
Duynkerke et al., 1995; Pawlowska and Brenguier, 2000)and can provide additional information about cloud proper-
show that profiles of liquid water content in actual strati- ties such day-night variations.
form boundary layer clouds follow the so-called adiabatic This study is organized as follows. The retrieval method
cloud model. That is, for many water clouds the liquid wa- is introduced in Sect. 2. In Sect. 3 we compare results be-
ter content increases linearly with height. But, the droplettween the new method and previous studies. Finally, a brief
number concentration within the cloud has an approximatelydiscussion and conclusions are provided in Sect. 4.
constant value. As a result, the extinction coefficient and
droplet radius in water clouds both increase with height
above cloud base. However, since boundary layer clouds fre2 Methodology
quently exceed CALIOP’s detection limit of effective optical
depth ¢t < 3, n is multiple scattering factor andis optical ~ Monte Carlo simulations indicate that by using layer inte-
depth ) (Hu et al., 2007b; Chand et al., 2008), the lidar sig-grated depolarization ratios and the slope of the exponen-
nal can be completely attenuated within a penetration depttial decay in the water cloud backscatter due to multiple
of about 100 m for most boundary layer clouds with modestscattering, both extinction coefficients and effective radii of
and low extinctions. So, in this paper, only mean microphys-water clouds can be derived from CALIPSO lidar measure-
ical properties in the top part of water cloud can be derivedments (Hu et al., 2007a). In view of the multiple scattering
from the new method. However, the vertical change of theeffect, the attenuated backscatter can be expressed as (Platt,
extinction coefficient within the top 100 m is relatively small 1979, 1981):
compared with the mean extinction coefficient value. Al-
though, the veritcal profile of the extinction coefficient within g = Bge 21" Q)
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532 nm Total Attenuated Backscatter, km ! Sr™! (2006-09-03 Nighttime)

whereo is the mean extinction coefficient near cloud tep,
is the range within the water cloud top, ands the corre-
sponding multiple scattering factofy is the peak value of
the attenuated backscatter within water cloud. By taking the
natural logarithm on both sides of EQ)(we have
no = Ing 2In,Bo @

—2r
where 8 and g can be obtained from CALIPSO level 1 ; e ‘ LAl
and level 2 datasets. The CALIPSO lidar probes cloud and . e e T M ..
aerosol layers to a maximum effective optical depih)(
of 3 (Hu et al., 2007b; Chand et al., 2008), and the layers
with larger optical depths are opaque. However, boundary
layer clouds frequently exceed this optical depth, therefore
in this study we focus on cloud properties near the top of
opaque, low level water clouds. As a result, for these opaque
and dense water clouds, the limitation of an effective opti-
cal depth §t < 3) below cloud top corresponds to a penetra-
tion depth of about 100 m within the cloud, that is, near the
cloud top.

The importance of multiple scattering of polarized
light in the atmosphere has been recognized for a longrig. 1. CALIPSO data images of 532nm (top panel) and
time (e.g. Hansen, 1970a, 1970b). For space lidars such064 nm (bottom panel) total attenuated backscatter.
as CALIPSO (Winker et al., 2003), which has a footprint
size of 90 m at the Earths surface, water clouds can exhibit

a strong depolarization signal due to the presence of muliymegiately to its baseline state. However, the transient re-
tiple scattering (Hu et al., 2001). Thus, multiple scattering sponse of the CALIPSO PMTs is non-ideal. Following a
plays an important role in the analysis of the lidar signal. Hustrong impulse signal, such as from the Earths surface or a
e_t al. (2006) p_roposeq a relationship between th_e integratedlense water cloud, the signal initially falls off as expected
single scattering fraction and the accumulated linear depog i at some point begins decaying at a slower rate that is ap-
Iarization_ ratip for water droplets. A simplified version of proximately exponential with respect to time (distance). In
this relation is: 7 = (135) (Hu et al., 2007c), wheréi = eyreme cases, the non-ideal transient recovery can make it
tggseﬂ L (r)drl ftggseﬂ” (r)dr is the layer-integrated depolar- wrongly appear as if the laser signal is penetrating the sur-
ization ratio. This relationship is very valid when the layer- face to a depth of several hundreds of meters (e.g. McGill
integrated depolarization ratio is smaller than 0.35. Cao eet al., 2007; Hunt et al., 2009). So, because of the non-
al. (2009) extended the idea of the accumulated depolarizaideal transient recovery, the return from strong targets will
tion for circular polarization and proposed a unique relationbe spread by the instrument response function over several
between the integrated single scattering fraction and the deadjacent range bins, implying that the vertical distribution
polarization parameter, which does not depend on whetheof the attenuated backscattgrin the water cloud will be
linear or circular lidar polarization is being used. This re- changed. It is unlikely that the lidar receiver electronics are
lation is independent of the measurement geometry, and ththe source of the problem because the 1064 nm channel uses
mean droplet size, and is insensitive to the width of the sizea similar design and is performing well. To demonstrate
distribution for most water cloud lidar returns (Hu et al., this phenomenon, Fig. 1 shows CALIPSO data images of
2007a). By their studies, the multiple scattering effect of wa-532 nm (top panel) and 1064 nm (bottom panel) total atten-
ter cloud was characterized very well. uated backscatter. The 532 nm non-ideal transient recovery
Generally speaking, if we adopt the multiple scatteringis seen in the 532 nm image as a gradual transition of col-
relationship: n = (i_:g)z in Eq. @), we can easily derive ors from high attenuated backscatter values to lower ones
the extinction coefficient from the slope of the exponen- for strong backscatter targets (e.g. stratus deck on the left,
tial decay of the water-cloud attenuated backscatemd and the Antarctic surface return on the right). Compare these
multiple scattering facton (hereafter, we call it the “slope features to the 1064 nm image, where the detector response
method”). However, the 532 nm photo multiplier tube (PMT) is normal, and these features appear as an almost solid band
detectors (parallel and perpendicular) of CALIOP both ex-of white. For example, the right parts of the 532nm and
hibit a non-ideal recovery of the lidar signal after a strong 1064 nm images (that is, the Antarctic surface) clearly il-
backscattering target has been observed. In the absence histrate that the 532 nm signal appears to continue hundreds
a strong backscattering signal, an ideal detector will returnof m beneath the ice surface while the 1064 nm signal does

15
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Alttude (km)
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not exhibit this behavior. However, it is worth noticing that Fig. 1). In the 532 nm parallel channel, the peak signals from
the cirrus cloud structure (center right) looks about the samesnow and ice surfaces under clear skies are so strong that they
in both the 532 nm and 1064 nm images, because there is litasually saturate the detectors. Unlike the parallel component,
tle to no contribution from the transient response artifact inthe cross-polarized (perpendicular) component of the ground
these weak scattering features. This non-ideal transient rereturns for most land and ocean surfaces are generally not
covery is well documented in the literature on photon count-saturated. As a result, in this study, only land surfaces that
ing applications, and is likely due to the after-pulsing of the are not covered by snow or ice were used to assess the tran-
PMT (ionization of residual gas). The time scale of the ef- sient response of CALIOP at three channels. We analyze the
fect depends on gas species, and PMT voltage and intern&ALIOP transient response for different land surface types
geometry. using on-orbit CALIPSO Level-1 data (July 2006, October
So, in view of the non-ideal transient recovery of the 2006, January 2007) at different regions by using a low-pass
CALIOP PMTs, profiles of attenuated backscattein the filter. As shown in a previous study (Hu et al., 2007d) more
water cloud were contaminated and can not directly be usedthan 90 % the surface return energy comes from the three 30
to calculate the extinction coefficient of water cloud by the meter vertical range bins including the bin that contains the
slope method. To retrieve a valid extinction coefficientve surface echo. These bins correspond to that of the peak return
will take the following three steps: itself as well as one bin before and one after the peak return.

Thus, we may calculate the transient response fundtior
1. In view of the above discussions, the transient responseALIOP as follows:

function of CALIOP is a very important parameter and 5
the basis of this study. Since a hard land surface cannor; = — ;10
easily be penetrated by the CALIOP signal, the return Zi;g,l Bi

from a land surface should be distributed in single ver- . . . .
by using twelve adjacent lidar bins of land surface returns.

tical bin under ideal conditions. Therefore, a hard land J ; .
surface should be a good target for studies of the tran_'I'he twelve range bins starting from the one range bin before

sient response function. The strong return within onethe pealf to the tenth range bin after the surface.peak 'retu'rn.
single vertical lidar bin from a hard land surface can be Here ; is the attenuated backscatter of each bin, which is

used to quantify how the return from a dense cloud wast€ Samep as in Egs. 1) and @), 7 is the range bin number,

spread by the instrument response function over severgnd is the peak surface return range bin. Hu et al. (2007d)
adjacent range bins. So, in the first step, we obtain thedlready presented a technique to provide improved lidar al-

response function by studying CALIOP lidar signals re- timetry from CALIPSO lidar .d.ata by using the transien.t re-
turned from land surfaces. sponse of CALIOP, and verified that the tail-to-peak signal

ratios are independent of the surface reflectance.
2. Second, we apply a simple de-convolution process to Figure 2 shows the transient response functionof
the attenuated backscatter lidar signal and the transief®ALIOP derived from the land surface return at three chan-
response function of CALIOP in order to remove any nels. The different colors are for different regions (sur-
impacts on the attenuated backscatter profile of wateface types are different) and seasons. The left, middle and
cloud imparted by a non-ideal transient response of theight panels are for the parallel channel (P532), perpendic-
PMTs and get the corrected attenuated backscatter lidaular channel (S532) and T532 channel (perpendicular and
signal of the water cloud. parallel components), respectively. It is clear that the tran-
sient response of CALIOP for different months and surface
3. Finally, after obtaining a valid and corrected attenuatedtyloes are almost same. Although the method described in this
backscatter profile of the water cloud by the former two stdy can be applied to both 532 nm channels (parallel and
steps, we can retrieve the extinction coefficiertf wa-  perpendicular polarization), only the results from the 532 nm
ter cloud from Eq. (2). parallel channel are presented in this paper.

(j=1,2,3,4,...,12 3)

2.1 Transient response function of CALIOP 2.2 Corrected water cloud attenuated backscatter

Prior to launch, extensive laboratory characterization of theActuaIIy, the current water cloud attenuated backscatter sig-
flight detectors and their associated electronics demonstrategh| measured by CALIOP results from a convolution be-
that the CALIPSO PMTs transient response remains thqween the corrected cloud attenuated backscatter and the
same for lidar surface returns with varing surface reflectanceyansient response functiah of CALIOP. This convolution

This result can be independently verified using on-orbit dataprocess can be described mathematically as follows
by studying CALIPSO's lidar signal from surfaces. It is

worth noticing that the strongest of the CALIPSO backscatterfL, rected F1=Burrent (4)
signals are generated by ocean and land surfaces that are cov-
ered by snow or ice (see the Antarctic surface return part oL, ected® F2 4 Borrected® F1= Beurrent (5)
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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.

ot (6)  exponential decay of the water cloud attenuated backscatter,

. may be obtained by using a simple linear fit to the several
i a1 _ range bins underneath the peak of the water cloud lidar re-
;ﬁcorrededx F—i+1=Peurrent (n=1234..) (7) turn and the peak return bin itself. According to E2), the
extinction coefficient of the low-level water cloud top thus

After obtaining the transient response functidh of  can be derived from the slope and multiple scattering factor

CALIOP, we can use it in conjunction with the current of the water cloud.

lidar signal to retrieve the corrected water cloud attenu-

ated backscatter signal by reversing the convolution pro-

cess described by Eq}){(7), which corresponds to a de- 3 Results

convolution process. Before the de-convolution process, we ] o o ]

must do some horizontal averaging of the vertical lidar pro-3-1 Comparison of extinction coefficients derived from

files (using for example, 30 profiles) in order to eliminate different methods

possible negative values in the water cloud profiles due to . N -
filter noise. Then, we may start the de-convolution pro- Hu et al. (2007a) derived the mean extinction coefficient

cess from several bins (here, we only use one bin) Whichof water cloud top by combining the cloud effective radius

have very weak air backscatter value above the water cloudd¥ reported by MODIS _W'th the lidar depolarization ratios
For example, in Eq.4), B3, ent CONSists of weak backscat- measured by CALIPSO:
ter from the air just above the cloud, as well as backscat- Re 13 52
ter from the first bin within the water cloud. Compared o = ()" {1+ 135W} (8)
to the backscatter from the first cloud bin, the backscatter <0 (1=2)
from the air just above the cloud is very weak and can bewhereR.q equals 1 um, andlis the layer-integrated depolar-
neglected. ThusgQ,entis the backscatter signal from the ization ratio from CALIPSO Level 2 cloud products. Equa-
first bin within the water cloud, anﬂclorrectedis the corrected tion (8) is derived from Monte Carlo simulations that incor-
backscatter value of first bin of the water cloud profile, andporate the CALIPSO instrument specifications, viewing ge-
B, rentiS the current backscatter value of first bin of the wa- ometry, and footprint size. This method (hereafter, we call
ter cloud profile. By continuing this de-convolution process, it “Hu’s method”) needs collocated water cloud droplet sizes
eventually, the corrected backscatter signals of all bins cametrieved from MODIS 3.7-um data for CERES (Minnis et
be derived. al., 2006). The number of photons scattered into the forward
Figure 3 shows the cloud attenuated backscatter signal redirection increases with particle size. Thus, the chance of
trieved beneath the water cloud peak return and the observed photon at the near-infrared 3.7-um wavelength being ab-
attenuated backscatter signal by CALIOP. The red line issorbed rather than backscattered to space increases with size.
observed (current) water cloud attenuated backscatter sign&lor the same optical depths, water clouds with larger droplets
and the blue line is the retrieval (corrected or real) cloud sig-are darker in the near-infrared wavelengths. The effective
nal. The results show that the transient response of CALIORIroplet radius derived from the absorption at 3.7-um reflects
PMTs can affect the vertical distribution (that is, the wave- the average size information from the very top part of wa-
form) and magnitude of the water cloud attenuated backscatter clouds (Platnick, 2000), with a vertical penetration depth
ter signal. After the de-convolution process, the slope of thesimilar to the CALIPSO lidar signal. So, Hu’s method is a

www.atmos-chem-phys.net/11/2903/2011/ Atmos. Chem. Phys., 11, 290832011
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ter loud e ignal and observationa il Overall, the global mean extinction coefficients derived
‘ from Hu’s method are about 31, 33, 31, 32khfor July
1 2007, October 2007, January 2008 and April 2008, respec-
tively. The corresponding values derived from the slope
method are 29, 30, 30 and 31k Their global mean rel-
ative differences are all smaller than 9%, about 1-3km
Thus, we may conclude that the mean extinction values de-
rived from these two methods agree well with each other.
However, it is worth noticing that the results in this paper
do not include contributions from two kinds of water cloud
| samples. The first one consists of samples with higher depo-
‘ larization ratio &0.35). As stated at Sect. 2, a very important
parameter in this work is the layer integrated depolarization
of water cloud. But, Hu's multiple scattering scheme which
Fig. 3. The retrieved attenuated backscatter signal beneath the wawe adopted is valid only when the layer-integrated depolar-
ter cloud peak return and the observed attenuated backscatter higation ratio is smaller than 0.35. So, in our study, we fo-
CALIOP. The red line is the observed (current) water cloud signalcus exclusively on water cloud samples with layer-integrated
and the blue line is the retrieved (corrected or real) cloud signal. ~ depolarization ratio are smaller than 0.35. The second kind
of water cloud samples that need to be excluded consists of
_ . _ samples with higher extinction coefficients.
S|m_ple and reliable technique that can be used to_eval_uate and A reasonable estimate of the limit of the slope method is
verify the results of the slope method developed in this studythat the cloud effective optical depthr() should be less than

during daytime. 3 for the top 100 m. The lidar signal will be completely atten-

In this study, the results of Hu's method are based on four 4 within only one vertical range bin of CALIOP when the
months (January 2008, April 2008, July 2007 and Octoberg,in tion coefficient of the water cloud is beyond 100Km
2007) MODIS 1km cloud data from Aqua and CALIPSO \yaer cloud samples with such extreme extinction coeffi-

Level 2 cloud dataset. The results of the slope method argjents were not included in our study. Overall, considering

based on (,:AUPSO Level 1 and Le_"e' 2 datq for. the Sam_ethat multiple scattering help reduce the attenuation and en-
months. Figure 4 shows a comparison of extinction coeffi-n,nce the detectability, we can estimate that the upper limit
cients derived from the two metf\ods. Thexis is for slope ¢ oyinction coefficient retrieval from this approach is about
method, and the-axis is for Hu's method. The color val- g4 11 it we have good SNR (nighttime measurements, lots
ues represent the sample numbers. Ip addmop, the blacgf averaging). On the safe side, the limit is 30%m This

dots are mean values and horizontal thin black lines are the s, g the possible reason that caused the relative larger dif-

error bars. It is very clear that the differences between thg, ance between slope method and Hu's method when ex-
extinction coefficients derived from the two methods are rel'tinctions exceed 40 k. On the other hand. extinction co-

afive larger just when extinctions exce(.ad 40KmWe de-  ciicients derived from the Hu's method is less sensitive to
fine the absolute relative difference @s:= |osiopemethod—  the transient response since that method depends only on the

OHu's_method/OHus method The mean absolute relative dif- depolarization ratio.
ference ranges from 11.4% to 15% for the four different

months. The difference is largest for January 2008, reach- ) ) o
ing about 15%; and smallest for July 2007, reaching about3-2 Comparison of daytime and nighttime
11.4%. Overall, the average value of the mean absolute rela-  €xtinction coefficients

tive differences for the four months is about 13.4%.

Figure 5 shows the global distributions of low-level wa- In this paper, we assessed the global information of water
ter cloud top extinction coefficient for different months. The cloud extinction coefficient during daytime and nighttime by
left panel depicts Hu's method, and the right panel is for theusing the slope method developed for this purpose. It is im-
slope method. It is clear that the global distributions of the portant to notice that day and night differences is different
extinction coefficients are very similar for two methods. The from the diurnal cycle. The CALIPSO data are not able to
larger extinction values are located along the coastal regionprovide diurnal cycle of clouds. So, the extinction coeffi-
of the continents, such as the west coasts of South Americaient of water cloud at daytime and nighttime are the all-time
North America and Africa. We also found that the frequency mean value for day and night conditions. However, a com-
of occurrence of water clouds is higher in these coastal reparison of daytime and nighttime values is still meaningful.
gions. Because the MODIS effective radius is more reliableGlobal statistics of nighttime water cloud optical properties
under single-layer cloud conditions, the results of Figs. 4 andderived in this study constitute a valuable supplement to day-
5 are all derived from single-layer cloud samples. time retrievals from passive remote sensing that depends on
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Table 1. The averaged extinction coefficients and depolarization ratios of low level water cloud from slope method at different subtropical
stratocumulus regions.

Extinction (knm 1) \ Depolarization

Region Jul Oct Jan Apr\ Jul Oct Jan Apr

(1) Californian D:33 D:32 D:30 D:4Q0 D:0.224 D:0.224 D:0.212 D:0.246
10° N-3C° N; 15 W-11CW N:35 N:35 N:30 N:40| N:0.23 N:0.235 N:0.21  N:0.248
(2) Namibian D:37 D:37 D:34 D:33 D:0.239 D:0.239 D:0.23 D:0.226
30°S-0 S; 28 W-15 E N:39 N:40 N:37 N:35/ N:0.244 N:0.252 N:0.242 N:0.229
(3) Canarian D:34 D:35 D:26 D:383 D:0.236 D:0.253 D:0.206 D:0.243
10° N-3C° N; 45° W-20° W N:42  N:35 N:27 N:41| N:0.261 N:0.252 N:0.206 N:0.254
(4) Peruvian D:31 D:34 D:32 D:31 D:0.218 D:0.228 D:0.22 D:0.219

30°S-0'S; 120 W-70° W N:32  N:37 N:35 N:33| N:0.219 N:0.24 N:0.235 N:0.223

reflected sunlight, and provide additional information aboutpaths (Bennartz, 2007). Leon et al. (2008) showed that stra-
cloud properties. tocumulus (Sc) dominated regions exhibit larger day-night
difference in cloud properties. And the dynamics and struc-
ture of low clouds may exhibit regional differences (Wood et
al., 2002). As a result, we picked up four classic subtropical
. . : . o stratocumulus regions (the Californian, Canarian, Namibian,
Is for daytime, qnd the right p‘f"”e'.'s for nlghttlme. Thefe and Peruvian), where strong trade inversions limit mixing
are several obvious features in Fig. 6. First, global d's'between the boundary layer and the free atmosphere, to ex-

};lbu(;;)nﬁn(;f ;?:Vz):tm;mg rctc:) emgg;gg;’;;;ge dgﬁﬁannidl:]rt'_ amine the day-night difference of the extinction coefficients.
g dayt Y 9 night- 1, geographical definitions of these four regions are the

time. F?r example, the larger extinction valugs (may be reac}game as those in the study of Leon (Leon et al., 2008). Ta-
A40km ) are located along the coastal regions of the €OM e 1 lists the extinction coefficients and depolarization ratios

:Z]eigfs’ alr;dazz'igggeﬂ:\g tst:e t:]ee i?ﬁéoglgaéyﬁbsi:rgfg:rzﬂ EZOf water clouds at day and night for the four regions. The ex-
g ' ' > €9 rge tinction coefficient differences between day and night have
droplet number concentrations and smaller mean liquid water

The global distributions of water cloud extinction coeffi-
cients and depolarization ratio at daytime and nighttime in
a 2 by 2 grid are shown in Figs. 6 and 7. The left panel

www.atmos-chem-phys.net/11/2903/2011/ Atmos. Chem. Phys., 11, 29032011



2910 J. Li et al.: New method for retrieval of the extinction coefficient of water clouds

Low Level Water Cloud Extinction Coefficient July 2007 Low Level Water Cloud Extinction Coefficient July 2007

E Y W 60 R
L h 60'N/! - ¢
40 30°N |t :
0" My - . -
20 . Ee N s
30°S .I:&f. "
. 1y SaH ;
60°S — — 0 60°S
Low Level Water Cloud Extinction Coefficient October 2007 Low Level Water Cloud Extinction Coefficient October 2007

30°S

:

60L(FQ'W Level Water Cloud Extinction Coefficient Jan 2008

;

8
60" N ° ; 4
30°N 30°N
0’ o’ | al
30°s 30°s ‘ h
60°S = = _ 60°S -
Low Level Water Cloud Extinction Coefficient April 2008 Low Level Water Cloud Extinction Coefficient April 2008

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).

clear seasonal variability and are mostly negative at theseontrary tendency is present in the global mean results. That
regions. Obvious difference exists for July in the Canarianis, the global mean extinction coefficients of water cloud at
region, where the difference is about 24%8(km~1). Zero night are relative lower than those at day. The daytime ex-
difference exists for January and April in the Californian re- tinctions are about 29, 30 27, 29 kinfor January, April,
gion, and for October in the Canarian region. In the Califor- July and October, respectively. The corresponding night-
nian region, minimum extinctions of day and night both oc- time values are 28, 28, 26 and 28k The differences
cur in January. Maximum extinctions of day and night both between day and night are all positive and about 1-2%km
occur in April (about 40 km?), but maximum difference oc- The maximum difference occurs in July (about 7%). These
curs in October (about 9%). The Namibian region is similar results showed clearly that the differences in extinction coef-
to the Peruvian, the maximum difference between day andicients between day and night have obvious regionality and
night both occur in January, reaching 9% (abed@km™1). vary with season.

Maximum extinctions of day and night both are found in Oc- ) - i i
tober, but the magnitudes are different. The minimum differ- AAnOther obvious feature in Figs. 6 and 7 is: global dis-

ences between day and night in these two regions both ochFib”tions of the water cloud depolarization ratio are similar
in July (<6%). In the Canarian region, larger extinction dif- to .that of the extinctiqn coeffic'ient.. Larger depqlarization
ferences occur in July (24%) and April (8%). Minimum ex- ratios correspond to higher extinction values, while smaller

depolarization ratios correspond to lower extinction values.

tinctions of day and night are found in January. However, a X X
Tables 1 and 2 also list the regionally averaged and global

Atmos. Chem. Phys., 11, 2903916 2011 www.atmos-chem-phys.net/11/2903/2011/
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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). Sc regions are marked by blue boxes and numbered in Fig. 6. They are: 1, Californian; 2, Namibian;
3, Canarian; 4, Peruvian.

mean depolarization ratios. Overall, the depolarization ra-crease with increasing height/decreasing temperature based
tios at four Sc regions are larger than the global mean valon the global mean. The possible reason is: cloud mean lig-
ues, and the differences in depolarization between day andid water content or liquid water path for clouds with the
night are negative. However, the differences are positive orsame thickness decreases with cloud temperature decrease.
the global scale. In addition, the regional depolarization dif- Therefore, there is weak multiple scattering effect at colder
ferences are relative smallez.01) than the global mean clouds in general. On the other hand, ice cloud depolariza-
difference except for several special seasons (such as, Octtions are controlled mainly by ice crystal shapes.

ber in the Canarian region). To investigate if the differences Taple 2 also lists the global mean values of the multiple
in depolarization ratio between day and night are small forseattering factor, and the slope of exponential decay of low-
water clouds at all levels, we also examined the statisticSeve| water clouds derived from the slope method. The global
of the global mean depolarization ratio for all level water mean multiple scattering factor of water clouds for different
cloud (with cloud top<6km). The results, shown in Fig. 8, seasons range from 0.41 to 0.45, and differences between day
indicate that the global mean depolarization differences stillang night are small, about0.015. It is worth noticing that

are small (ranging from 0.009 to 0.019). Sassen et al. (2009he global mean values of the extinction coefficient during
showed that the depolarization in tropospheric ice cloudsyaytime in Tables 1 and 2 are slightly different from the re-
tends to increase with increasing height/decreasing tempekits presented in Sect. 3.1. As stated in Sect. 3.1, because
ature, as expected from various ground-based lidar studieshe MODIS effective radius is reliable only under single-
We found that the depolarization ratio is height-dependenfayer cloud conditions, the results of Figs. 4 and 5 are all
also in water clouds. As shown in Fig. 8, it appears to de-derived from single-layer cloud samples. However, because

www.atmos-chem-phys.net/11/2903/2011/ Atmos. Chem. Phys., 11, 290832011
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Low Level Water Cloud depolarlzatlon at daytlme of July/2007

Low Level Water Cloud depolarization at nighttime of July/2007
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Fig. 7. The global distribution (2 by 2°) of Low level water cloud depolarization ratio at different months CALIPSO level-2 333 m cloud
products. The left panel is for daytime; the right panel is for nighttime. Individual Sc regions are outlined in blue boxed and are identified in
Fig. 6 and listed in Table 1.

the slope method is not confined to daytime light conditionsthis method, it can facilitate retrieval of the droplet num-
and single-layer cloud vertical structure, multi-layered cloudber concentration, which has less vertical variation. Gen-
samples are also included in this section. Thus, the numbeerally speaking, the effective droplet radius of water clouds
of samples considered in Sect. 3.2 is about three times thean be directly derived from Eg8) when the mean extinc-
number of samples in Sect. 3.1. In view of statistics, the re-tion coefficiento was retrieved from CALIPSO level 1 data
sults in Tables 1 and 2 are more reasonable and are expectédy the slope method. Then the droplet number concentra-
to reflect the mean conditions of low-level water cloud. tion also can be derived from an approach similar to that
of Hu (2007a). However, the errors in the extinction coef-
ficient will be magnified whem is subsequently used to de-
4 Conclusions and discussion rive the effective radius. Therefore, the slope method need
to be improved for retrieving the droplet number concentra-
Boundary layer clouds play an very important role in mod- tion in future work. In addition, Bennartz (2007) already as-
ulating Earth’s climate. In this study, a method based onsessed the droplet number concentration of marine boundary
CALIPSO level 1 attenuated backscatter profile was develdayer cloud by using satellite datasets and a so-called adia-
oped to derive the mean extinction coefficient of low-level batic cloud model (Duynkerke et al., 1995; Pawlowska and
water cloud droplets close to cloud top (cloud ta@ km). Brenguier, 2000). In future work, we also can combine the
Although the vertical profile of the extinction coefficient slope method and Bennartz’s study to derived cloud droplet
within the entire water cloud layer cannot be derived by
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Table 2. The global mean extinction coefficient, eta (multiple-

scattering factor) and slope (extinction coefficiemta) of low level

water cloud from slope method.

Para. Jan/2008  Apr/2008 Jul/2007  Oct/2007
Extinction coefficient(krm )

Day-time 29 30 27 29
Night-time 28 28 26 28
difference 1 2 1 1
Multiple scattering factor

Day-time 0.411 0.41 0.426 0.41
Night-time 0.426 0.43 0.448 0.42
difference -0.015 -0.02 -0.022 -0.01
Slope (kn'1)

Day-time 11.3 11.3 10.6 10.8
Night-time 115 11.6 10.6 11.0
difference -0.2 -0.3 0.0 -0.2
Depolarization ratio

Day-time 0.22 0.225 0.215 0.224
Night-time 0.21 0.212 0.203 0.217
difference 0.01 0.013 0.012 0.007
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Overall, the new method is useful for retrieving extinc-
tion coefficients in clouds with modest and low extinc-
tions (extinction coefficient maybe below 60k#) when
layer-integrated depolarization ratios are smaller than 0.35.
The novel method also was evaluated and compared with
the previous method developed by Hu et al. (2007a; “Hu’s
method”). Comparisons of results show that the extinction
values derived from the new method agree well with those
derived from Hu’s method. The mean absolute relative dif-
ference is about 13.4%, and the global mean relative differ-
ences are all smaller than 9%, or about 1-3kmWe also
compared differences in extinction coefficients between day
and night at global as well as regional scales. The results
showed clearly that the stratocumulus dominated regions ex-
hibit larger day-night differences that are all negative and
seasonal. However, a contrary tendency occurs for the global
mean results. The global mean extinction coefficients of wa-
ter clouds at night are relative lower than those at day. The
daytime extinctions are about 29, 30 27, 29Knfor Jan-
uary, April, July and October, respectively. The correspond-
ing nighttime values are 28, 28, 26 and 28Km The dif-
ferences between day and night are all positive and about

. o 1 : : -

number concentration. Such a combination of methods could—2 KT *. The maximum difference occurs in July (about

provide a more effective means of deriving number concen-/%). The seasonal variation in global mean multiple scat-
trations under multilayered water cloud conditions or whent€ring factor of water clouds ranges from 0.41 to 0.45, and
an absorbing aerosol layer is located above the low levefifferences between day and night are small, abe015.

water cloud.

www.atmos-chem-phys.net/11/2903/2011/

The corresponding global mean depolarization ratio of low-
level water clouds ranges from 0.2 to 0.23, and the differ-
ences between day and night are also small, about 0.01. For
all-level water clouds (cloud tog:6 km), we found that the
differences in the global mean depolarization ratio between

Atmos. Chem. Phys., 11, 29032011
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