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Abstract. The recently recognized continuous transition suggesting this is a typical natural scale of cloud fields. This
zone between detectable clouds and cloud-free atmosphesgork shows different microphysical and optical properties of
(“the twilight zone”) is affected by undetectable clouds and cloud fields, urging to separately investigate cloud fields and
humidified aerosol. In this study, we suggest to distinguishcloud-free atmosphere in future climate research.

cloud fields (including the detectable clouds and the sur-
rounding twilight zone) from cloud-free areas, which are
not affected by clouds. For this classification, a robust and
simple-to-implement cloud field masking algorithm which 1
uses only the spatial distribution of clouds, is presented in . .
detail. A global analysis, estimating Earth’s cloud field cov- CIO.UdS and aerosolls play key ,roles in the climate system as
erage (50S-50 N) for 28 July 2008, using the Moderate major components in the Earth’s energy system and water cy-

Resolution Imaging Spectroradiometer (MODIS) data, findsCle (I_(lehl and Trenberth, 1997; Trenberth et al., 2009). Th_e
that while the declared cloud fraction is 51%, the global growing usage of space-borne platforms as remote sensing

cloud field coverage reaches 88%. The results reveal th%ools for cloud and aerosol research during the last decades
low likelihood for finding a cloud-free pixel and suggest that Kaulfman et al.t, ZOOIZI; Ifjlngt] et ?I." 200|3) :jalseéj the neled to
this likelihood may decrease as the pixel size becomes Iargef'!et\./e OF;;I”“;C‘_”E etmle Z%Osg'oRre reve tC olu 2385_615 roso tpr?p-
A global latitudinal analysis of cloud fields finds that unlike erties (Platnick et al,, » nemer etal,  -evyetal,

oceans, which are more uniformly covered by cloud ﬁelds’zogg){jolnrqlaqrr]qﬁ:ot(t) ((j)(_) jgt:c;:bﬁgr;?o;;g dc‘!:ssﬁﬁq';h det(')n;'e,,
land areas located under the subsidence zones of the Hadl d-f ni q Wt ' i | du d SSllj "
cell (the desert belts), contain proper areas for investigatin ougd-iree, in order {o retrieve cloud and aerosol properties

cloud-free atmosphere as there is 40—80% probability to de= epafa‘e'Y- For this_ purpose a wide range of cloud deteptipn
tect clear sky over them. Usually these golden-pixels, withand masking glgorlthms has been devgloped. The majority
higher likelihood to be free of clouds, are over deserts. In_of these algorithms use threshold techniques which separate

dependent global statistical analysis, using MODIS aerosoFIOUd from cloud-free atmosphere by their reflectance values

and cloud products, reveals a sharp exponential decay of thid different wavelengths or their variances; the cloud mask-

global mean aerosol optical depth (AOD) as a function of N9 algorithms may also use different thresholds or tech-

the distance from the nearest detectable cloud, both abov@iques according the final product they serve (Ackerman et

. S o ’ al., 1998; Platnick et al., 2003; Dybbroe et al., 2005; Luo
ocean and land. Similar statistical analysis finds an exponen-t L 2008) H i tv sh that th .
tial growth of mean aerosol fine-mode fraction (FMF) over etal, ). However, it was recently shown that there is a

oceans when the distance from the nearest cloud increase%r.mOth transition from cloudy to cloud-free atmosphere (Ko-

A 30 km scale break clearly appears in several analyses herée! etal., 2007). This transm_on zone (th_e twilight zone) may
mMfluence the measured optical properties of the suspended

aerosol (Radke and Hobbs, 1991; Feingold and Morley,

2003; Charlson et al., 2007) due to aerosol humidification
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2008, 2009), and cloud 3-D radiative effects (Marshak et al. lation on cloud field coverage over lands. Moreover, we add
2006; Wen et al., 2007, 2008). It was also found that thisglobal analysis of aerosol optical depth (AOD) and aerosol
intermediating area may extend to a distance of 30 km fromfine-mode fraction (FMF) as a function of the distance from
the detectable clouds (Koren et al., 2007; Twohy et al., 2009)the nearest cloud, based on more than 1 million pixels data.
The twilight zone properties are considered to be determined In Sect. 2 we discuss the theoretical basis for the method.
by its cloudy environment, and therefore these zones shoulth Sect. 2.1 we describe the cloud field boundary detection
be distinguished from the cloud-free areas. Based on thiglgorithm in detail. In Sect. 3.1 we present global analy-
and on the current understanding of the special properties dfis of cloud field spatial and radiative properties, based on
cloud fields, Bar-Or et al. (2010) suggested to consider thehe cloud field boundary detection algorithm. In Sects. 3.2
cloud affected area (i.e. cloud field) by classifying the atmo-and 3.3 we present a global statistical analysis of the mean
sphere into two: cloud fields and cloud-free, noting that theaerosol optical depth and of the mean aerosol fine-mode frac-
cloud class is a subset of cloud fields. Such classification retion, as a function of the distance from the nearest cloud. We
guires a robust analytical definition of a cloud field that will summarize in Sect. 4.
enable the determination of its boundaries, independently on
the resolution of the input cloud mask data.

Finding a robust method to define cloud field boundaries2 Theory and method
is challenging, taking into consideration the complexity of
clouds and the twilight zone characteristics. Previous studieyVe define a cloud field as the area that contains both de-
investigated mostly the statistical properties of cloud fields’tectable clouds and the space around them within a charac-
spatial structure without special attention to their boundariesteristic distance from each detectable cloud. We assume that
The main goals of the past research were: (1) improvingthe likelihood to have an undetectable cloud (weak optical
the inputs and the parameterizations of cloud fields in coarséignature and/or small relative to the sensor resolution) in-
resolution climate models (Davis, 1990), (2) creating syn-creases as one approaches detectable clouds (Koren et al.,
thetic (but realistic) cloud fields for numerical models usage2007, 2008). Therefore, this likelihood is higher in a cloud
(Venema et al., 2006), (3) estimating cloud and precipitationfield and decreases as moving away from it. Moreover, the
spatial variation while extracting the fractal and multi-fractal Same behavior applies for pockets of high relative humidity
nature of cloud fields (Lovejoy and Mandelbrot, 1985; Ca- and extra illumination coming from the sides of clouds (Mar-
halan and Joseph, 1989; Joseph and Cahalan, 1990; Lovéhak et al., 2009, 2006, 2008; Varnai and Marshak, 2009;
joy and Schertzer, 1990, 2006; Sengupta et al., 1990; Tessiéen et al., 2007; Zinner et al., 2008).
et al., 1993), and (4) exploring the power-law size distribu- A robust and simple to implement cloud field masking
tion of clouds and the inner properties of cloud fields (Sen-algorithm should comply with the following requirements:
gupta et al., 1990; Astin and Latter, 1998; Nair et al., 1998;(1) the algorithm should use basic input data on cloud distri-
Koren et al., 2008). bution, like binary cloud mask, (2) the algorithm should be

In addition, an extensive research has been conducted ihased on a spatial analysis scheme, (3) the algorithm should
order to estimate the regularity and clustering properties ofoe applicable as long as the data resolution allows for a de-
cloud fields, using morphological techniques (Weger et al. tailed analysis of the cloud filed properties. Hence, the res-
1992, 1993: Zhu et al., 1992; Lee et al., 1994: Nair et al.,olution should be on the order or finer than a characteris-
1998). In these studies, a comparison was done between tHig cloud size, (4) the algorithm should be valid to all cloud
nearest neighbor cumulative distribution function (NNCDF) types.
of cloud fields and the theoretical Poisson NNCDF in order All previous studies of cloud fields spatial structure have
to find the level of spatial randomness or regularity of cloud focused on the spatial distributions of clouds inside cloud
fields. It was found, for example, that for cumulus (Cu) fields, and usually considered the entire examined domain
clouds smaller than 1km in diameter, the average neares@s a part of a cloud field (without any definition of the cloud
neighbor distances equal to 3—7 cloud diameters. For largefield boundaries). Therefore, this work focuses on develop-
clouds, the ratio of cloud nearest-neighbor distance to cloudng a robust and easy to implement cloud field boundary de-
diameter increases sharply with increasing cloud diametetection algorithm.
(Zhu et al., 1992). Few existing spatial analysis methods were considered

In this work, unlike past research, we concentrate on thefor this research. For example, one proposed a method us-
boundaries of the cloud field, rather than on its inner spatialing joint statistics and k-nearest-neighbor (k-NN) techniques
properties. For this purpose we use a morphological algo{Sankaranarayanan et al., 2007) over binary cloud mask data,
rithm to analytically define cloud field boundaries, firstintro- in order to isolate the largest clusters in the examined do-
duced in Bar-Or et al. (2010). We provide here an extendednain, and then define the cloud field boundaries as the clus-
detailed description of the algorithm. We apply this algo- ter edges. This method lacks the ability to treat isolated small
rithm to a global cloud field coverage analysis for the first cloud fields, and ignores these important fields. In addition,
time, exposing strong climatic signature of the global circu- this method focuses on clouds only and does not include the
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important twilight zone in the cloud field area. Other meth- distance-from-the-nearest-cloud. The contour define@&dy
ods that do mark a characteristic distance from the cloud fieldnarks the cloud field boundaries, distinguishing the cloud
center (Koren et al., 2009a), lack the ability to mark reason-field from the surrounding cloud-free area, and demonstrat-
able borders when the cloud field is not rounded shape (moshg the ability of Rg to define cloud field boundaries without
cloud fields are not rounded). making any prior assumption about their geometrical shape.
A cloud field masking algorithm requires a flexible method Figure 1 shows a distance map and a distribution of the dis-
that will follow any cloud field shape. Here, that requirement tance from the nearest cloud for a synthetic cloud field. It
is defined as “locality”, i.e. the algorithm should be sensi- clearly shows the different distribution properties inside and
tive to scales which are higher than the scale of the wholeoutside of the cloud field. A true data example for the ex-
cloud field in order to mask fields with relatively complex traction of the field distance parameter is presented in Fig. 2.
shape. Therefore, the preferred metric should rely on lo-
cal properties of the cloud distribution. The best metric that
meets this requirement was found to be the distribution of the2-1 ~ The algorithm

distance-from-nearest-cloud (Koren et al., 2007), where each

element represents the Euclidian distance of the center of thl® implement the des.cr.ibed method on observational d_ata,
pixel to the nearest cloud. Such metric is local by definition additional data analysis is required. The complete cloud field

and it considers nothing but the distances in the vicinity of 20unding algorithm for the MODIS data is described below:

each cloud. . . . — Step 1 — data projection on an equal-area matrix
Euclidian distance methods are being used in awide range  The large footprint of the MODIS instrument results

of spatial analysis applications, such as linear and edge de- slight geometrical distortion. The first step of the

mension analysis of 2-D objects (Adler and Hancock, 1994),  piocks) on an equal-area matrix, in order to avoid any
and recently —for cloud spatial and radiative properties (KO- errors due to geometrical differences. The input data for

ren et al., 2007; Marshak et al., 2008; Bar-Or et al., 2010).  thjs work is the MODIS cloud mask product (Ackerman

The last is gaining an increased interest, and a dataset of ot 51, 1998: Platnick et al., 2003), as all pixels that are
the distance-from-the-nearest-cloud is planned to be added  getermined to be confidently cloudy according to this
to the MODIS atmosphere level 2 products. Deeper mathe- product were considered to be clouds. The projection
matical discussion and further synthetic examples of the dis- o 1 kn? equal-area cloud mask and to 1kequal-area

tance fie_ld d_istribution can pe_ foun_d in Ripley (1981). Here, ocean/land masks are done using MODIS Geolocation
the d|§trlbu.t|0n of the Eu'cllldlan'dl'stance from the negrest product. The Euclidian distance of each pixel in the
cloud is being used for_ distinguishing the inner gloud field MODIS product to a central point is calculated, based
area from the surrounding cloud-free area (see Fig. 1b). EX- on its exact coordinates, enabling the interpolation of
amining the Who!e d.omam (mcludlng the cIoud—free area), the required data on a new equal-area grid of 1 km pix-
the distance distribution shows two different regimes: (1) the els. The borders of the cloud mask interpolations were
intra cloud-field regime, characterized by the distance distri- rounded.
bution of clouds inside the field (describing the cloud spatial
distribution, Fig. 1c), and (2) the extra-field regime, which ~— Step 2 — distance map extraction
asymptotically approximate distance distribution of a single ~ The distance from the nearest cloud is calculated, based
giant cloud (see in Fig. 1d). on the 1km/pixel equal-area cloud mask. Additional
While the distance distribution inside the field has a max- ~ domain size correction is done by cutting out from the
imum point, representing the most common distance from a  data all pixels whose calculated distance from the near-
cloud inside the field, following by a decrease of larger dis-  estcloud s larger than their distance to the granule edge.

tances (Fig. 1e), the distance distribution outside the fields
is monotonically increasing (with a slope that asymptoti-
cally goes to 2, away from the cloud field as the smoothed
perimeter approximate a circle, see Fig. 1d).

Having a local maximum in the intra cloud field distribu-
tion and monotonic increase out of the cloud field defines a
minimum in the transition between the distributions.

The distance value corresponding to the local minimum
is defined here as the field distance paramekgy,(and it
represents the largest distance-from-the-nearest-cloud that is
still considered to be part of the cloud field, based on the — Step 4 — noise corrections for the distance distribution
assumption that each cloud field has a limited distance be-  The generated distance distributigﬁ(A(r)) may suf-
tween neighboring clouds, and therefore limited intra-field fer from high noise levels, mostly for lowvalues when

— Step 3 — calculating the distance distribution
The distance cumulative distributiot(r) is calculated
for varying distance parameter valugs. A(r) is the
total area that is closer tharfrom any cloud in the ob-
served domain. Then, the distance distribution is cal-
culated as the derivative. This procedure is equivalent
to computing the distance distribution as the histogram
of the distance map, but is technically faster and more
sensitive to the minimum location.
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Fig. 1. A synthetic cloud field, containing pixel size randomly distributed clofasthe field’s distance magb( logarithmic scale), and a

zoom on its interior distance map, (ogarithmic scale). The different distance distributions of the whole synthetic field and of its interior

(d ande, respectively) enable the detection of the transition point between the intra field distances and the complete field distances. In this
case, the transition point appears-at 22 pixels, and its derived cloud field boundary is marked (panblack line). The decrease of the
distance distribution in panel(from distances of 100 pixels and more) is due to the restricted domain size where larger distances are needed.
Note that while Fig. 1c represents a zoomed image of Fig. 1b, the corresponding Fig. 1e represents only an approximated scaled zoom of the
interior distances in Fig. 1d (up te22 pixels), neglecting all distances that describe cloud-free areas.

the distances calculated for integer number of pixels represents an absolute cloud-free domain and CFF=1 a

may create discontinuities in the distribution. In this domain that contains only cloud field area. Given that
step, a Gaussian filter is applied on the distance distri- the domain’s cloud fraction |§(’— the domain’s CFF
bution in order to filter out high frequency variations, is always equal or larger than the domain's cloud frac-

and to enable the calculation of field distance parame- tion. The boundaries of the cloud field are represented
ter Rg. Figure 2 demonstrates the distance cumulative by the contour = Rg where all the pixels whose dis-
function A(r), the distance distributio%(A(r)), and tance from the nearest cloud is smaller thiynare part
the smoothed distance distribution function. of the field.

— Step 5 — extracting the field distance paramekgr
The local minimum of the smoothed distance distribu-
tion function is used to determine the field distance pa-
rameterRg, as demonstrated in Fig. 2.

2.2 Sensitivity and limitations

The proposed algorithm was examined by an extensive set of

sensitivity tests, verifying that the algorithm is not sensitive

— Step 6 — calculating the cloud field boundaries and to the resolution of the input cloud mask data or to the clouds’
coverage spatial distribution. The tests were conducted on both syn-
After determiningRo, the Cloud Field Fraction (CFF) is thetic and realistic (observed by MODIS) cloud fields. For
calculated. The cloud field fraction is a unitless normal- these tests, the resolution of each cloud mask data was re-
ized ratio that represents the portion of cloud field cov- duced by a simple averaging of pixels, and setting all pixels
ered area in the whole examined domain and definechveraged higher than 0.5 as cloudy, and all pixels averaged
as: CF= 40 ‘whereAp is the domain’s area. The lowerthan 0.5 to clear. Pixels whose average was exactly 0.5,
CFF is analogue to the cloud fraction measure. CFF =0were randomly set as cloudy or clear (with the probability of
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Fig. 2. Analysis of an observed cloud field, including the distance MODIS data.

distributiond A(r)/dr (blue line, normalized), the filtered distance

distribution function (green line, normalized), the distance cumu-

lative distributionA(r) (red line, normalized), and the transition 3 Anpalysis and results

point, identified by the minimum of the filtered distance distribution

function, and defining the field distance parameter (marked with aNThe data analyzed in this section are MODIS-Terra atmo-

orange arrow). sphere level 2 products (Platnick et al., 2003; Remer et al.,
2005; Levy et al., 2007), for one day at 28 July 2008.

1/2), keeping the reduced resolution data statistically unbi—The presented results are based on analysis of 66 granules

e I _(dataset blocks), containing day-light information (for this
ased, and verifying that the cloud fraction is constant. Af ?pecific day) between latitudesE8-50 N. The cloud mask

ter reducing the data resolution (i.e. increasing the data pixe
9 ( 9 b input data are based on the MODIS cloud mask product

size), the algorithm was used for calculating the field dis- .
. Ackerman et al., 1998; Platnick et al., 2003), the aerosol
tance parameter. The algorithm was found to be stable fo'(roperties data are based on the MODIS aerosol product

varying data resolutions, provided that the data pixel size i )
smaller than the characteristic length scale of the examinechemer etal, 2005_’ Levy et al., 2007), and both sea/land
cloud field. Figure 3 demonstrates the described resolutior). ask and geo-location data are based on MODIS Geoloca-
sensitivity test for a MODIS observed cloud field (the sametlon product.

as was analyzed in Fig. 2). In this case, the field distanc
parameters calculated by the algorithm are in the range o
17.5-22.0km, for pixel size smaller than 7 km. The cloud
fraction is stable in the range of 62.6%—-64.6%, as expecte
by a resolution reduction of a binary cloud mask.

Using cloud mask as its only input data, the algorithm is
sensitive to the technique and to the quality of the chose
cloud mask product. One must consider this limitation, al-
though there is no satisfying alternative that provides bette
cloud spatial data.

For the sake of completeness, the theoretical case of

cloud field that contains only one circular cloud is also con- e (DC).
oud i . : Y reurar cloud | . The field distance parameter of each of the selected 170
sidered. In this case the distance distribution function has

only one minimum at- = 0, and therefore the calculated cloud fields is calculated using the described algorithm;

. . . ) .Yvhich treats all cloud types in a similar way.
field distance parameter is zero. These scenarios are easily Past research of the twiliaht zone showed clear exponen-
identified by the algorithm and gain field distance parame-,. Y P

ters that are defined by the mean field distance parametel%;”‘I decay of several atmospheric properties when increasing

of the neighboring cloud fields. However, the probability to t € distance from the nearest cloud. The exponential decay-

. ' . o . - ing features include the reflectance, the aerosol optical depth
find such cloud fields in realistic datasets is negligible. (Marshak et al., 2006; Koren et al., 2007: Chiu et al., 2009),

and the relative humidity (Koren et al., 2009b; Twohy et al.,
2009). Koren et al. (2007) showed that the twilight e-fold

.1 The global cloud field fraction

he global CFF (50S to 50 N) is estimated over land and
cean. In order to find whether there is any dependence of
the field distance parameter on the cloud type, several cloud
fields in each granule are manually classified. This classifi-
ation is done using the MODIS provided true-color images,
based on the familiar spatial morphology of the clouds type.
The classification included four cloud types: Stratocumulus
Sc), shallow Cumulus (Cu), Cirrus (Ci), and deep convec-
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Table 1. Granule cloud fraction (CF), cloud field fraction (CFF),
and field distance parameter®q) as calculated globally for CTetie
28 July 2008. The cloud fields are classified to: Ci, Sc, Cu, and . ¥ ‘
Deep Convective (DC). It refers both to fields and granules, respec- “

tively.

50N 50N
40N 40N
30N 30N

20N 20N

* CF (land)

10N 10N

Mean  Standard Number Bl e .
deviation of Samples ——CFF(ocean)| = ,+** o 0 l
Granule Cloud Fraction 51% 23% 66 : 108 108
Granule CFF (Calculatellg)  88% 66 ’
Granule CFF gg = 10 km) 80% 23% 66 st 208
Ro—All 29km 9km 170 I
Ro—Ci 30km 9km 38
Ro—Sc 25km 8km 21 gaos 408
Ro—Cu 29km 9km 80 e - ‘ ‘
RO—DC 31 km 8 km 31 0 0.2 0.4 0.6 0.8 1505 5080 50 100 150 200

Mean cloud field fraction - CFF Mean distance from the nearest cloud - r (km)
Mean cloud fraction - CF

Fig. 4. Latitudinal mean cloud fraction (left panel, dots), cloud field

fraction (left panel, lines) and distance from the nearest cloud (right
anel), above land (red) and ocean (blue), based on MODIS Terra
bservations for 28 July 2008.

distance from the nearest cloud+sl0 km. Based on that,
we estimate the global CFF also by using a constant distanc
parameter Ro = 10 km).

The results of the global CFF and of the field distance pa-
rameters of the examined cloud fields during 28 July 2008 Next, the calculated global CFF and the distance-from-
are presented in Table 1. the-nearest-cloud above land and above ocean were sepa-

The results show a global average field distance paramerated and compared for different latitudes (with a latitudinal
ter of 29+ 1 km, which agrees with the results of Bar-Or et resolution of 2). The calculated latitudinal mean CFF, and
al. (2010), that found a monthly averaged field distance pathe latitudinal mean distance-from-the-nearest-cloud are pre-
rameter of 30 km over the Atlantic Ocean during July 2008 sented in Fig. 4.
(the error is calculated as a standard mean error). The results The results show a clear difference between cloud fields
also agree with Koren et al. (2007), that found a reflectanceabove oceans and lands. While the CFF above oceans is
signal effect up to 30 km from the nearest cloud edges. The80% or higher in all latitudes, the CFF above land carries
comparison between the field distance parameters of differa strong signature of the global atmospheric circulation. The
ent cloud field types shows that Sc fields have the smalles€CFF above land significantly decreases in the Hadley subsi-
distance parameter, probably due to their sharp transition talence (desert belt) latitudes (19-25 S and 20 N-35° N).
cloud-free atmosphere at their edges. The calculated field@he northward shift of the Hadley cells is expected consid-
distance parameter for Cirrus cloud fields is very close to theering the date of observed data, during the boreal summer
mean value of all cloud type, possibly because Cirrus field(28 July 2008). Moreover, a closer examination of the differ-
may be located above a wider field of different cloud type. ences between the CF and the CFF curves shows that while
Such setting would lead the algorithm to be sensitive to thethe CFF over land has a similar trend to the CF, the CFF over
clouds that appear on the border of the fields. All calculatedoceans is uncorrelated to its corresponding CF; this indicates
field distance parameter values are in the same order of maghat the spatial cloud field structures over land significantly
nitude of 29+ 9 km, with the extreme results being 17 and differ from the structures over oceans.
39km. In spite of the low latitudinal variance of the distance-

The global cloud field fraction for 28 July 2008 is 88%, from-the-nearest-cloud parameter, over oceans, the mean lat-
calculated using the algorithm generated field distance paitudinal CFF reveals a clear difference between the Hadley
rameterRg, and 81% when using the constafg = 10 km subsidence latitudes (18-25 S and 20 N-35° N) and the
for the whole dataset. These results are in line with Twohy etinter Tropical Convergence Zone (ITCZ S-15 N). This
al. (2009) that found that only 8% of the detected cloud-freetransition is probably a result of the difference between the
area above oceans is located in a distance larger than 20 kspatial properties of the marine cloud fields over the ITCZ
from the nearest detected cloud. This suggests that the CFfmostly deep convective), and the cloud fields in the subsi-
over oceans, using a constaty of 20 km, is approximately  dence zone latitudes (mostly shallow clouds). The ITCZ's
92%. Koren et al. (2007) showed that an addition of 30 kmdistinguished marine CFF behavior demonstrates the ability
belt around all clouds when the global cloud fraction is 51%, of the algorithm to indentify different cloud fields by their
will cover 81% of Earth’s surface. It means a global CFF of distance distribution, in spite of their similar mean distance-
approximately 81% when using a const&gtof 30 km. from-the-nearest-cloud values.
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mean AOD (ocean)
mean AOD (land)

- 011
Tang(N=0.116 04

T (1=0.06.e°3"+0,09
ocean

0.14

Mean aerosol optical depth -t

197

The mean AOD as a function of the distance-from-the-
nearest-cloud is monotonically decreasing. An interesting
finding is the clear change in the decrease rate, around 30 km
distance from the nearest cloud. Given the large size of the
dataset (more than 1 million pixels), this sharp rate change
may point to a characteristic influence scale of cloud fields,
supporting the findings presented in Sect. 3.1, and previous
works (Koren et al.,, 2007; Remer et al., 2008; Twohy et
al., 2009). The exponential decay found here agrees with
previous findings and the coefficients presented here agree

j—j%
o It with the values calculated by Bar-Or et al. (2010). The
oaf 1 global mean AOD values found here are also supported by
0ol T the MODIS-Terra long-term global analysis of Remer et

Distance from the nearest cloud (km)

al. (2008) that found a global mean AOD of 0.19 above land,
and of 0.13 above ocean.

_ _ _ These results are strengthening the need to distinguish be-
Fig. 5. Global mean aerosol optical depth (AOD) as a function of tween measurements of aerosols inside and outside cloud
the distance from the nearest cloud, retrieved above land (red do@elds because of the significant difference in both actual
and above ocean (blue dots), and the matching exponential ﬁttin%erosol properties and the measured aerosol optical charac-
functions (purple and green lines, respectively), for distances of 0—_ . ..
30 km from the nearest cloud. The error bars represent the standart(?n‘c’tICS near detectable clouds.
mean error. All data are based on MODIS Terra observation for - : -

28 July 2008. The constant distance lines highlight the values for3'3 Aerosol fine-mode fraction and cloud fields
Ro=10km and for the calculated global characteristic vakg-£

30km, see Sect. 3.1). The retrieved measures for aerosol size distribution are also

affected by nearby clouds, mainly by the contribution of un-
detected clouds and high humidity areas in the vicinity of
Furthermore, these results indicate that while the likeli- €l0uds, causing swelling of aerosols (Pahlow et al., 2006).
hood to sample a total cloud-free (away from cloud fields) Here we test the sensitivity of the MODIS aerosol fine
pixel above oceans is12%, the likelihood to sample such a mode fraction (FMF) to the distance from the nearest cloud.
pixel above land varies betweerl0% in the ITCZ latitudes, 1 "€ data for this analysis is selected to be only above oceans

and~80% in the central latitudes of the Southern subsidencelue to the high uncertainties in the aerosol fine-mode frac-
zone (around 20S, in the observed day). tion product retrieved above land (Remer et al., 2005). Fig-

ure 6 presents the mean FMF values retrieved above ocean
as a function of the distance-from-the-nearest-cloud. The re-
sults clearly show two regimes in the graph. The first, in the
The aerosol properties’ retrievals in the vicinity of clouds are range of distances between-®3 km from the nearest cloud,
affected by aerosol humidification processes (Feingold andhat shows an exponential increase of the FMF with the dis-
Morley, 2003; Twohy et al., 2009), by signal contribution of tance from the nearest cloud, varying from 37.1% at 0—1 km
undetected clouds (Koren et al.,2007, 2008, 2009), and byo 53.4%, 32—-33 km from the nearest cloud. The calculated
cloud 3-D radiative effects (Marshak et al., 2006; Wen et al.,exponential fit in this regime saturates at FM~d&§4%. The
2007). second regime in the graph is for distances that are larger
Here, a daily global dataset is used to show these effectghan~33 km that shows a slow decrease of the FMF when
separately above land and ocean. Figure 5 presents the me#itreasing the distance from the nearest cloud (in the range
AOD as a function of the distance-from-the-nearest-cloud,of 53.4%-51.7%).
showing a clear exponential decay. The higher mean AOD The results of the first regime in the graph can be explained
values above land (compared to the oceans) are an expectey the theoretical superposition of three effects. The first is
result because of the higher aerosol concentrations observatle aerosol swelling process that produces sharp exponential
above land. decay in the aerosol size, as the distance to the nearest cloud
Unlike the analysis presented in Bar-Or et al. (2010), grows (Pahlow et al., 2006). The second is the effect of unde-
where Cirrus cloud fields were excluded from the input data,tectable clouds that “increase” the aerosol apparent size, and
in this analysis all cloud types are included. The optical con-the third is the cloud 3-D radiative effect (Wen et al., 2007),
tribution of the twilight zone around Cirrus clouds is con- which may enhance the apparent aerosol optical depth near
sidered in this global analysis because undetectable Cirruslouds.
clouds often appear in the vicinity of detectable clouds and
affect the aerosol optical retrieval.

3.2 Aerosol optical depth and cloud fields
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o
n

\ \ global atmosphere circulation, reducing the mean CFF over
= HIIIIIHIIIHIIHHI the desert belts, where the Hadley cell subsidizes, to ex-
tremely low values 0f~20%. These findings suggest that
the average likelihood to sample a total cloud-free 1 km pixel
above oceans is lower thar20% in all latitudes, and may be
~ mean fine-fraction over ocean ~80% above land in the Southern Hadley subsidence zone.
Global analysis of the influence of cloud fields on the
aerosol optical depth (AOD) retrieval and on the aerosol fine-
mode fraction (FMF) is examined. An exponential decay
of the mean AOD as a function of the distance-from-the-
nearest-cloud is found both above land and above ocean.
ool | This finding reveals a significantly higher mean AOD inside
U cloud fields, strengthening the need to distinguish between
036 0 2 % w0 % % measurements of aerosols inside and outside cloud fields.
Distance from the nearest cloud (km) An additional global analysis of the aerosol fine-mode
fraction (FMF) found an exponential increase of the FMF

Fig. 6. Qlobal mean aerosol fine-mode fract!on (FMF) as a function as a function of the distance-from-the-nearest-cloud, sup-
of the distance from the nearest cloud, retrieved above ocean (blue _ .. -

) e . . : porting the presence of humidified aerosols and undetectable
dots), and its exponential fitting function (green line), for distances

of 0-30km from the nearest cloud. The error bars represent thé:IOUdS near.detectable CI_OUdS' quever, this exponential in-
standard mean error. All data are based on MODIS Terra observac'€ase dominates only distances in range 38 km from

tion for 28 July 2008. Similarly to Fig. 5, the constant distance lines the nearest cloud, suggesting a physical transition zone lo-
highlight the values foRg = 10 km and for the calculated global cated~30 km between cloud field inner part and the free

characteristic value. atmosphere.
All above results raise the need to treat cloud fields as a
major and important entity in the atmosphere. It is suggested
4 Summary here that cloud fields and cloud-free atmosphere should be
investigated separately, considering both detectable clouds
This study introduces estimations of the global cloud field and their close environment as a cloud field. The presented
coverage with special examination of its latitudinal depen'algorithm is shown to be robust and useful for such separa-

dence. It presents analysis of the retrieved aerosol propertiegon, supporting future aerosol-cloud-climate studies.
with respect to its location within cloud fields. It shows that
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