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Abstract. The impact of horizontal heterogeneities, liquid atmospheric research. The availability of these parameters
water path (LWP from AMSR-E), and cloud fraction (CF) on at high temporal and spatial resolution over the globe over
MODIS cloud effective radius{), retrieved from the 2.1 um long time periods makes them particularly suitable for cli-
(re2.1) and 3.8 um#.38) channels, is investigated for warm mate studies (e.g., Stubenrauch et al., 2013). Among several
clouds over the southeast Pacific. Values.aktrieved using  practical simplifications that make the inverse problem of de-
the CERES algorithms are averaged at the CERES footprintermining r, and t tractable is the assumption that clouds
resolution ¢ 20km), while heterogeneitiedd;) are calcu- are horizontally homogeneous (plane-parallel) objects. Nev-
lated as the ratio between the standard deviation and meagrtheless, the effect of neglecting the cloud 3-D structure and
0.64 um reflectance. The value b 1 strongly depends on the associated radiative fields can be a significant source of
CF, with magnitudes up to 5 um larger than those for overcastetrieval error (Marshak et al., 2006). Given this uncertainty,
scenes, whereags g remains insensitive to CF. For cloudy there is an increasing interest in understanding how the 3-D
scenes, both.21 andr.3g increase withH, for any given radiative effects can obscure the physical insight gained from
AMSR-E LWP, butr.21 changes more than fotzg. Ad- satellite observations.

ditionally, r.38—r.2.1 differences are positive<{1um) for Multi-spectral instruments such as the MODerate reso-
homogeneous scenel < 0.2) and LWP>45¢gnT2, and  lution Imaging Spectroradiometer (MODIS) offer practical
negative (up to-4 pum) for largerH,. While r.38—r.2.1 dif- ways to explore 3-D related artifacts in the retrievals. Since

ferences in homogeneous scenes are qualitatively consisteBtD radiative effects are wavelength dependent, the use of
with in situ microphysical observations over the region of three MODISr, retrievals from the 1.6, 2.1, and 3.8 um
study, negative differences — particularly evinced in mean re-channels provides a simple framework to explore biases in
gional maps — are more likely to reflect the dominant biasthe observations (e.g., Zhang and Platnick, 2011). Although
associated with cloud heterogeneities rather than informain principle r, retrieved at 3.8 um is less sensitive to plane-
tion about the cloud vertical structure. The consequences foparallel biases and 3-D radiative effects, determining the ef-
MODIS LWP are also discussed. fects of cloud heterogeneities with the use of multispectral
retrievals is difficult as the different photon penetration of the
three MODIS channels in theory should also capture physical
information of the cloud vertical structure (Platnick, 2000).
1 Introduction This implies that the 3.8 um-basedis more influenced by
properties closer to the cloud top than the 2.1 and 1.6 um
Cloud optical thicknessz and effective radiusrf) de-  counterparts.
rived from visible and near-infrared satellite instruments
have become the standard observational data set in cloud—
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In this contribution, we explore the ways that cloud proper- These features are also common to other marine stratocumu-
ties retrieved from Aqua MODIS radiances vary for different lus regimes (Zhang and Platnick, 2011).
cloud dynamical configurations and spatial heterogeneities We computed a heterogeneity indHy, defined as the ra-
at spatial resolutions typical of synoptic/climate studies. Thetio of the standard deviation to the mean MODIS 0.64 um at
goal here is to determine the bias magnitude.idue to het- 1 km reflectance at the PSSF resolutien20 km at nadir)
erogeneities as well as understanding the physical informausing the 1x 4 sampling of the PSSF. We note thid} de-
tion that can be obtained from differences calculated at fined here differs from that in Liang et al. (2009), which was
two wavelengths (3.8 and 2.1 um). calculated at a 1 km resolution from the 250 m and 0.86 um
MODIS reflectances. While the 1 ki, is more adequate
for studying 3-D radiative effects, the use of a coarHgr,
2 Data set along with spatially averages}, is relevant for determining
how spatial heterogeneities might bias the retrievals at typical
Here we use values afandr, retrieved from Aqua MODIS  resolutions used in regional/climate studies. Our assumption
data using algorithms that will be used to generate the Cloud$ere is that heterogeneities at sub-pixel scale also manifest at
and Earth’s Radiant Energy System (CERES) Edition-4macroscopic scales, such as that of the CERES footprint res-
products and averaged in the same manner as the CERESution. In other words, the cloud retrievals’ dependence on
Single Scanner Footprint (SSF) product (CERES, 2012) tahe CERES-scalél, reported in this study mostly emerges
create a pseudo-SSF (hereafter PSSF). The Edition-4 algdrom the pixels’ internal variability € 1 km).
rithm changes relative to the CERES Edition-2 techniques Finally, as explained in Painemal et al. (2012), in order
(Minnis et al., 2011a) are mostly summarized by Minnis to create regular-grid maps, we spatially average the PSSF
et al. (2010). The cloud parameters are derived from 1 kmvariables to a resolution of ®5each new grid contains at
MODIS radiances sampled every other scan line and fourtHeast one PSSF near the scan edge).
element, and convolved with the CERES instrument point Independent liquid water path (LWP) retrievals are
spread function to produce averages and standard devidrom the Advanced Microwave Scanning Radiometer-EOS,
tions that match the CERES instrument footpristZ0km  AMSR-E (Wentz and Meissner, 2000), and spatially aver-
at nadir). The PSSF used here includes several hundred paged to a 0.5spatial resolution from the 0.25ative reso-
rameters including averages and standard deviations of thiition. In order to minimize precipitation biases in AMSR-
MODIS radiancesr retrieved at 0.64 um, and threg val- E LWP, we limited our analysis to clouds with LW®
ues retrieved from the 1.2, 2.1, and 3.8 um MODIS channels150 g n2. While this threshold screens cases with moderate
The multispectral retrievals for, use the same method as and heavy precipitation, it still allows cloud sampling with
that described by Minnis et al. (2011) to obtajnat 3.8 um,  light precipitation and drizzle (e.g., Leon et al., 2008; Kubar
re3.8, €xcept that the 1.2 and 2.1 um reflectances substitutet al., 2009; Painemal and Zuidema, 2011).
for the 3.8 um brightness temperatures in the iterative solu- As in Zhang and Platnick (2011), our focus is on the
tion to yieldr.1.2 andr.2 1, respectively. In this investigation marine stratocumulus regime of the southeast Pacific, de-
we only use the 3.8 and 2.1 um-basgdbecause they have fined here as encompassing the oceanic area within the
proven to yield contrasting sensitivities to both the cloud bounds 100-70W and 33-8S. We analyze 15 months of
vertical and horizontal structure (Platnick, 2000; Zhang anddaily satellite passes from 2002 to 2004 during the August—
Platnick, 2011). The 1.2 um-basedretrieval is still experi-  December period, when the cloud deck is at its maximum
mental and will require further evaluation before being usedspatial development. The solar zenith angles betweén 20
for scientific analyses. Cloud fraction (CF) is also convolvedand 35 allow us to isolate the effect of cloud heterogeneities
from the clear and cloudy MODIS pixels within each CERES from the solar zenith angle influence in the retrievals, espe-
footprint. Although the CERES cloud algorithm differs from cially for very oblique angles (Kato and Marshak, 2009).
that of the MODIS Atmospheres team (Platnick et al., 2005),
both results agree well fogs g, with some small differences
mainly explained by the tendency of the MODIS team Col- 3 Brief description of the microphysical features during
lection 5 retrievals to discard pixels with very thin clouds or VOCALS-REX
near the cloud edges in broken scenes (Minnis et al., 2011b).
Figure 1a shows the mean CERESg (colors) andAr, = An advantage of limiting our study to the southeast Pa-
re3.g—re2.1 (contours) during the period of study. Theg cific Ocean is that we can exploit the improved micro-
values agree with MODIS team counterpart in Zhang andphysical understanding gained from the VAMOS Ocean-
Platnick (2011) and Nakajima et al. (2010), in terms of mag- Cloud-Atmosphere-Land Study (VOCALS) Regional Exper-
nitude and westward gradient. Moreover, as in the MODISiment (Mechoso et al., 2013). Specifically, more than 100
team retrievalsy.o1 is generally larger tham,3g, with a cloud vertical samples over the 19=3) and 85-71W
westward increase dfAr.| (Fig. 1a, contours), consistent domain, collected during October—November of 2008, re-
with larger liquid water paths as well (O’Dell et al., 2008). veal in great detail the cloud microphysical structure of the
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marine stratocumulus clouds. In situ observations of westment with the smaller impact of 3-D radiative transfer and
ward increases in both, and LWP were typical during sub-pixel variability orr.3 g than onr.2 1, although the neg-
VOCALS-REX, and connected with a boundary layer deep-ligible impact of CF orr,3 g is surprising.

ening and more drizzle occurrence. These zonal changes

are qualitatively well reproduced by retrievals using MODIS . L ,

data (Painemal and Minnis, 2012: Brunke et al., 2010). In® Heterogeneity and AMSR-E liquid water path in

terms of the vertical structure, in situ observations also yield ~ cloudy scenes

a robust pattern, in which, monotonically increases toward
the cloud top, regardless of the magnitude of LWP (Fig. 5
in Painemal and Zuidema, 2011). Although precipitation can

modify ther, profile, the droplet size tends to peak at the has been recognized as a cloud macrophysical property (e.g.,

cloud top even for clouds with LWP as large as 250¢m e : . ; .
(Painemal and Zuidema, 2011). The cloud vertical structureWOOd’ 2012), as it is the manifestation of different forcing

observed during VOCALS-REX has interesting similarities parameters, such as sea surface temperature, divergence, hu-

with other field campaigns. For instance, droplet measure-" J?eltry zzgg)at[nvc\)/;pg%cii?gﬂ;y tﬁfg]eitceev e(ﬂsdfggtsfraeg
ments in shallow cumuli collected during the Rain In Cu- guter, ’ P

) . : .linked because an LWP increase produces stronger cloud top
mulus over the Ocean field experiment also evince a maxi-

radiative cooling, which in turn favors the turbulence produc-

mumre near t_he cloud top (Arabas et al., 2009). The fact th".ﬂtion. Moreovergincreasing LWP associated with bc?undary

the pa}rtlgle Size seems to. b.e unaffected by cloud top entraln{ayer deepenin’g (e.g., Painemal et al., 2013) should facilitate
geg[;n:\l;afrztt;it ,:ihn?eggglne gilss fi:;ztrlﬁhh;nrntzger:?x?ﬁs';r;?droplet size condensational growth. All these factors modify
(L’ehmann F()at al., 2009) 9 She cloud droplet activation and growth, affecting the droplet

N : size, the vertical structure, and drizzle generation. The use

In the context of MODIS satellite retrievals, if the source :
of difference between,z; andr,as arises exclusively from of LWP as a proxy for the cloud dynamics has also been ap-
' o I_plied for isolating the cloud—aerosol interactions from those

the cloud vertical inhomogeneity unaccounted for in the & factors associated with the regional circulation and cloud dy-

gorithm, then expectations built upon aircraft observations : : ) i
should be that,38 > r.2.1, as discussed in Platnick (2000). gignégsth(gr.gi.r,])MCCOm|skey and Feingold, 2012, and refer

To tackle the problem of untangling the heterogeneity bias
from the physical information, we use AMSR-E LWP, a re-
trieval that is nearly insensitive to 3-D radiative transfer ef-
fects for the clouds investigated in this work. Similar to the

pproach in Sect. 4, we binned the MODIS retrievals as func-

ons of bothH, and AMSR-E LWP. Figure 3a shows the
dual dependence of3 g on H, and LWP. Irrespective aoff,,
ilarities betweenr,, Ar,, H,, and CF motivate a more de- <38 increases with LWP, which is consistent with conden-

o : sational growth and more active collision and coalescence
tailed inspection of the factors that contest,. when water content increases. In additiegz g increases

The histogram in Fig. 2a shows that the scene hetero- : 8

geneity tends to increase with CF until CF reaches 60 %.With H, are also apparent, in agreement with other studies

For higher CFsH, is anti-correlated with CF, whereas for (Zhang and I?Iatnicl_<, 2011). The magnitude. of the chapge in
nearly overcast scenes, the liquid water path moduldtes re3gif\/f\gtrgrﬁ‘;'ssbc§c\f£6d to;_;'r“m ;?; Z:}y |gc| ;/ee dnirl;vll/ip b3|rl;

as shown in the following sections. Figure 2b and ¢ depict : T38 andrea1 P g. 20.

the binned values of.~s andr.»« as functions of CE and The largest differences, near 4 um, are observed for the most
H,. As expected theeai;eneraelz%rend is that bethg and hete.rogeneous casg_s, irrespective of L\éVP. Hor=01,

re2.1 increase withH,, reaching their largest magnitude for Are is small but positive for LWE- 45gnm* (~0.8 um for

_ 2 i i i
H, = 0.4. Nevertheless, both retrievals show dissimilar sen-LWP._ 1.259 me). Th|s result is rgmarkable as It agrees
I ; . o " with in situ observations (Sect. 3) in stratocumulus clouds,
sitivities to changes in CF. While,3 g is insensitive to CF

variations,r.21 decreases with CF, with radii between 12 fc_Jr_dlff_erent magmtugjes of in situ LWP’ including light pre .
. cipitating events (Painemal and Zuidema, 2011). The physi-
and 17 um for a fixedd, = 0.2. It can also be seen that the . . . .
. ; cal consistency between MODIS retrievals builds confidence
reag — rez1 difference Q) is near—6um for Hy <0.15 i o ik of the cloud retrievals for representing general
and CF=40%, whereas this is reduced to around to Y P 99

aspects of the cloud vertical structure within homogeneous
—2 um for overcast scenes only. These results strongly su

port the observations made by Zhang and Platnick (2011) foFIOUd scenes. Finally, Fig. 3c shows the expected decrease of

a limited number of overcast and broken MODIS granules..f with n_wcreasmgHa, as well as the optical thickening with
. . increasing LWP.
The values ofAr,, as a function of CF andl,;, are in agree-

For cloudy scenes, when GF98%, an LWP-dependent
analysis is relevant because one should expect a relation-
ship between LWPFH,;, and the cloud vertical structure. LWP

4 Cloud fraction and heterogeneity

Mean H, shows typical values between 0.1 and 0.4, with
increasing heterogeneities westward (Fig. 1b). As expecte
H, and CF spatially co-vary, with a decrease in cloud frac-
tion generally concomitant with largéi,. The spatial sim-
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Table 1. MODIS fractional changes relative to fractional changes 100

in Hy, EQ. (2). 90
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< 70
MUWPx  Mpx+Mmg My me :T 60
(&)
k=38 —0.29 -027 017 . o
k=21 —0.13 —-0.10 0.34 ’ 20
2 (a)
01 02
H
58 18 0.35 1 2 3 410 12 14 16 18 10 12 14 16 18
108 log10(#samples) Feg.q UMl Topq 1m]

158 Fig. 2. (&) Number of samples contained in ealh—CF bin (log-

arithmic scale)(b) meanr,3 g for each H,—CF bin, (c) same as
02 Fig. 1b but forr.» 1. The bin sizes are 3% and 0.016 for CF and
Hy, respectively.

20S

255 %

308

100W 90w 80w 70W 100W 90w 80w 70W

Fig. 1. Average fields during the period of studi) r.3 g (color)
andAr, =r,3.8 —r.2.1 (contours)(b) H, (colors) and cloud frac-
tions (contours). The continent is represented by the white region.

6 Reuvisiting the impact of H, on MODIS liquid
water path

Because the product of andt can be used to estimate LWP,

we center our focus on LWP. Here, we express the MODIS 8 10 12 14 16 18-3 -2 -1 0 15 10 15 20

LWP by assuming a cloud having a vertical increase of water oo 1) "sas ™ oot (M N

content and. with height: Fig. 3.Binned values for cloudy scenes (P8 %) as a function of
5 Hy; and AMSR-E LWP:(a) r.3.38, (b) Are =r.38+.21, With zero

MODISLWP = —py - re - T, Q) values denoted by the black contour, go§iz. The bin sizes are
9 0.016 and 7.5gm? for CF andH,, respectively. Bins constructed

where py, denotes the density of the liquid water. LWP in With less than 30 samples were excluded.

Eq (1) is 56 the magnitude of that calculated for a vertically
homogeneous cloud, and it is adopted here because it yields
better agreement with microwave estimates and in situ obsert.4 gnm 2 for LWP3 g and LWP 1, respectively. Interestingly,
vations (Seethala and Horvath, 2010; Painemal et al., 2012)the differences between Fig. 4a and b are accompanied by
Given the westward gradients inr, and H, observed contrasting changes i, (Fig. 4c). Coastal and offshore re-
in Fig. 1, we analyze further the impact of usingg and gions yield distinctive values df,,, with a distribution mode
re2.1 in the computation of MODIS LWP (Eq. 1), in the con- of 0.15 for coastal clouds (Fig. 4c, gray line), and 0.25 for
text of spatial heterogeneities. Figure 4a and b show hisfar offshore clouds (black line). The MODIS LWP aiif},
tograms for the biases between AMSR-E and MODIS LWP,relationship is further emphasized in Fig. 4d, where mean
fora & x 3° coastal (centered at 76 79/, 23.75 S) and off- H, values and the mean differences between k@Bnd
shore (centered at 97.7®%/, 23.75 S) region, respectively. LWP, 1 are shown as a function of longitude. The LY\
The blue histogram indicates LWP differences calculated ust WP, 1 zonal gradients are concomitant wikh, increases,
ing daily r.38 (LWP3g), whereas its red counterpart makes indicating a distinctive bias compensation between bpth
use ofr.21 (LWP21). Coastal histograms (Fig. 4a) show a values andr to changes in heterogeneities. We explore this
narrow distribution, in part because LWP tends to be smallidea in more detail by taking averages of all the binned
near the coast. In addition, the histograms do not sugges¥ODIS variables over the study region (constructed from
meaningful differences between AMSR-E and MODIS re- LWPausr-g) as a function of, bins. The results in Fig. 5a
trievals, whether they are calculated with Lygor LWP> 1 reveal a close match between ; andr.3.g for homogeneous
(mean biases-7.5 and—5.6 gnT2). In contrast, offshore his-  cases and a greater increasegf; with H,, (black and red
tograms (Fig. 4b) are broader, with a shift toward larger pos-lines). The decreases in MODIS LWP wifi, in Fig. 5b
itive bias for LWP\sr-e—=LWP3 g relative to LWR\\sr-e— are more dramatic for LWH. Here, the AMSR-E LWP is
LWP, 1. The mean AMSR-E/MODIS biases are 9.6 and constant at 80 g ? by design.

Atmos. Chem. Phys., 13, 99970003 2013 www.atmos-chem-phys.net/13/9997/2013/



D. Painemal et al.: The impact of horizontal heterogeneities, cloud fraction, and liquid water path 10001

o
™)

() 76.75
97.75°

I
n

0.8

1
EN

0.6

0.4

2
LWPM —LWPZ_1 [gm™]
&

0.2 )
-10

0
-45-30-15 0 15 30 452 -45-30-15 0 15 30 450 2 0.2 0.4 -100 -92 -84 -76
LwWpP -LWP [gm™] LWP, - LWPMODIS [gm™] H Longitude

AMSR-E MODIS AMSR-E o
Fig. 4. Normalized histograms for the differences between AMSR-E and MODIS LWP for two3 regions:(a) coastal area centered
at 76.78 W, 23.75 S, and(b) offshore area centered at 97°%%, 23.75 S. Red and blue histograms correspond to LABr-e—LWP3 g
and LWPRy\wsr-e—LWP> 1, respectively(c) NormalizedH, histograms for the coastal (gray) and offshore (black) regiorfa)iand (b).
(d) Mean westward variation ofl, (blue) and LWR g—LWP, 1 along 21.25-26.25S. Figures are constructed from cloudy scenes only
(CF>98%).

7 Conclusions

_e_LWP3_8
\:‘tx:z-‘ Motivated by studies that support both the physical and the
SRy~ 3-D radiative interpretation of the differences /in values
W\w derived from the 3.8 and 2.1 um MODIS data, we endeav-
o ored to understand the contribution of LWP afgd to the
1; (@) ) 3 (b) Ar, variability. Homogeneous clouds have larger values of
0.1 0.15 0.2Ho.25 0.3 0.35 0.1 0.15 o.2H0.25 0.3 0.35 reag relative tor,» 1, indicating a physical increase af to-

ward the cloud top and a negligible effect of precipitation
Fig. 5. (@) Meanr,3g, r.2 1, andr binned by AMSR-E LWP and  in the retrievals. Our results are consistent with aircraft ob-
H,, and subsequently averaged for all LWP bins (red, black, andservations of cloud microphysics over the region of study,
blue lines, respectively) for cloudy scenes only (€B8%).(b) As which show an adiabatic-like cloud behavior (Painemal and
in (a), but for LWP (AMSR-E LWP is constant at 80gThby de-  Zuidema, 2011). The current study also shows that the use
sign). of Ar, for microphysical studies without knowledge Ht,

is insufficient for determining vertical features of the cloud.

Moreover, becausél, is typically large in cumulus clouds,

they will continue to pose a formidable challenge for passive

We quantify the influence off, by analyzing fractional  yemote sensing. Overall, we conclude that is more suit-

changes of MODIS LWP relative to fractional changeslin  aple as a metric to investigate cloud heterogeneities rather

AINILWP,) ) ) .
—a%(ﬂw)'w'th x =38, 2.1. It follows from Eq. (1) that than the cloud physical structure in marine stratocumulus
clouds.
A result of interest for cloud—aerosol interaction studies is
In(LWP,) _ 9In(rec) | 3In(z) (2)  thelack of sensitivity of.3s to CF. Although a weaker de-
dIn(Hy) dIn(Hy)  dIn(Hy)’ pendence of.3 g on CF is expected from the reduced photon
—_—— —_— — —

vertical penetration at 3.8 um and from the smaller sensitivity
to sub-pixel variability (plane-parallel bias) than retrievals at
2.1 um, the negligible dependencergfs on CF is rather un-
wheremiwp «, mr, andm- in Eq. (2) are calculated as the expected. We hypothesize that this is related to the fact that
slopes of the natural logarithm of the curves in Fig. 5a andour observations are 0.5 0.5 averages, which allow fur-

b and are listed in Table 1. As a consistency check, we comther error cancellation (e.g., Marshak et al., 2006). We rec-
pared the calculated left- and right-hand sides in Eq. (2) andmmend caution when using 1 combined with nearly col-
found that the combinec) andz slopes deviate by less than located aerosol optical thickness, especially if broken clouds
24 % from those for LWP. In terms of the slopes,m,3g dominate ther, retrieval scenes. A similar problem might

is smaller thamm,21 (0.34) by 50%. The dominant depen- arise if variability inr.2 1 is analyzed as a function of mete-
dence of LWP onr and the negative sign of the (- orological factors, since they are likely to be correlated with
In(H,) slope (n, = —0.44) explains why the MODIS LWP  cloud cover variability (e.g., Lebsock et al., 2008).
decreases witlil,,, and the LWP bias decreases and changes The problem of determining errors in MODIS-based LWP
sign with AMSR-E LWP (Figs. 5b and 4, respectively). The is difficult because of the dissimilar responses.céndr to
values in Table 1 also help explain why changes in WP changes in cloud heterogeneities. Our results also provide in-
with H, are smaller than those for LWER. terpretation of the AMSR-MODIS LWP bias correlation with

MLWP, My me
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Ar, reported by Seethala and Horvath (2010). The smalleiKato, S. and Marshak, A.: Solar zenith and viewing geometry-
values of MODIS LWP relative to the AMSR-E values, when dep(_andent errors in satellite retrieved cloud optical thickness:
re21 greaﬂy exceeds,s g, are associated with the rapid de- Ma_mne stratocumulus case, J. Geophys. Res., 114, D01202,
crease of with H, (relative to homogeneous scenes with the ~ d0i-10.1029/2008JD010579009. , _
same AMSR-E LWP) that tends to occur with rising AMSR- Kubar, T., Hartmann, D. L., and Wood, R.: Understanding the im-
E LWP. It is still puzzling why the MODIS LWP is slightly portance of microphysics and macrophysics for warm rain in ma-
laraer t.han AMSR-E LWP for highlv homogeneous cases. A rine low clouds. Part |: Satellite observations, J. Atmos. Sci., 66,
| g b ot be ik dg yh o 9 015 2888, |1 2953-2972, dol0.1175/2000JAS3071.2009.
p aUSI. e c.ause.m!g t be linked to the t erm_a emission l'm'l_ebsock, M. D., Stephens, G. L, and Kummerow, C: Multisensor
derestimation within the AMSR-E LWP algorithm (Seethala  satellite observations of aerosol effects on warm clouds, J. Geo-
and Horvath, 2010), although unexplained overestimates of phys. Res.113 D15205, doil0.1029/2008JD009878008.
MODIS r, relative to in situ observations (Painemal and Lehmann, K., Siebert, H., and Shaw, R. A.: Homogeneous and in-
Zuidema, 2011) might also contribute to overestimates of homogeneous mixing in cumulus clouds: Dependence on local
MODIS LWP relative to AMSR-E LWP. turbulence structure, J. Atmos. Sci., 66, 3641-3659, 2009.
Finally, while this analysis is only valid for clouds with Leon, D.C., Wang, Z., and Liu, D.: Climatology of drizzle in ma-
LWP < 150gnT2, our results can help by determining the  ine boundary layer clouds based on 1 year of data from Cloud-
minimum thresholds by which.sg—r.21 differences might Sat and Cloud- Aerosol Lidar and Infrared Pathfinder Satel-
potentially indicate physical information about the cloud ver- € Observations (CALIPSO), J. Geophys. Res., 113, DO0AL4,
. . doi:10.1029/2008JD009832008.
tical structure. As suggested by Figs. 5a and 3b, we speculatl_e

h diff in cloud | iang, L., Di Girolamo, L., and Platnick, S.: View-angle con-
that Ar, differences In cloudy scenes must at least surpass sistency in reflectance, optical thickness and spherical albedo

|—4.0um (the largest differences for the most heterogeneous ot marine water-clouds over the northeastern Pacific through
scenes) to be plausibly considered as physical rather than bi- MiSR-MODIS fusion, Geophys. Res. Lett, 36, L09811,
ases due to sub-pixel variability. This threshold would im-  doi:10.1029/2008GL0371220009.

ply that, on average, values of>1 exceeding 18 um over Marshak, A., Platnick, S., Varnai, T., Wen, G., and Cahalan, R.
oceanic regions (Fig. 3 in Nagao et al., 2013) along with F.: Impact of three-dimensional radiative effects on satellite re-
re2.1 > (re3.8 + 4 um) might be indicative of the actual effect trievals of cloud droplet sizes, J. Geophys. Res., 111, D09207,
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