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Abstract
Cirrus clouds are known to play a key role in the climate system, but their overall effect on
Earth’s radiation budget is not yet fully quantified. The uncertainties are, in part, due to
ambiguities in cirrus extent or coverage. Here we show that despite careful filtering of cloudy
pixels, cirrus clouds have a clear statistical signature. This signature can be estimated by the
proximity to detectable cirrus clouds. Such a residual signature can affect retrievals that rely on a
cloud-free atmosphere, such as aerosol optical depth (AOD) or sea surface temperature.
Analyzing MODIS raw-data and products, we show a clear increase in the reflectance when
approaching detectable cirrus clouds. We estimated a mean increase in AOD of 0.03 ± 0.01 and a
decrease in the Angstrom-exponent of −0.22 ± 0.20 in the first kilometer around detectable
cirrus. The effect decays tenfold at a typical distance of 5.5 ± 1.8 km. Such trends confirm the
contribution of large particles that are likely to be ice crystals to the so-called cloud-free
atmosphere near detectable cirrus clouds.

S Online supplementary data available from stacks.iop.org/ERL/9/094010/mmedia
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1. Introduction

High-level cirrus clouds are comprised of optically thin ice
crystals (Heymsfield and Miloshevich 2003) distributed
globally at the top of the troposphere and within the tropo-
pause. Their estimated mean global coverage is 20–30%
(Rossow and Schiffer 1999, Wylie et al 2005), and their
greatest coverage is in the tropics (up to 40%, Sassen and
Wang 2008), coinciding with anvil clouds of deep convective
systems. Cirrus clouds are abundant at mid-latitudes as well,
and their formation mechanisms are associated with jet
streams, warm fronts and deep convective systems (anvils).
The term ‘cirrus’ is used herein as a general term describing
cirrocumulus (CC), cirrostratus (CS) and cirrus (Ci) clouds.
Unlike aerosols that are relatively fine and active mostly in
the shortwave, cirrus clouds affect the Earth’s radiation
budget by reflecting part of the incoming solar radiation back

to space and trapping part of the outgoing terrestrial energy
within the system (Koren et al 2010b). Nonetheless, their net
regional and global effects remain uncertain, partly due to
uncertainties in cirrus clouds’ spatial extent, and variations in
the shapes and sizes of their ice crystals (e.g. Heymsfield and
Miloshevich 2003, Field et al 2007, 2008, Baran 2012),
which in turn affect their directional scattering properties (e.g.
Macke et al 1996, Edwards et al 2007, Baran 2012).

Cirrus cloud detection from space poses a significant
challenge, as some cirrus clouds are optically thin (Dessler
and Yang 2003). Their low optical depth often makes them
undetectable in the visible solar channels (Sassen et al 1989,
Roskovensky and Liou 2003). However, even optically thin
cirrus clouds will affect Earth’s radiation balance in the
shortwave (Khvorostyanov and Sassen 2002, Futyan
et al 2005, Dupont and Haeffelin 2008, Barja and
Antuña 2011) and, more importantly, in the thermal infrared
(e.g. Futyan et al 2005, Lee et al 2006, Dupont and Haeffe-
lin 2008) regions, and thus cannot be ignored even if they
cannot be detected. Lee et al (2010) estimated the global
annual mean radiative effect of high thin clouds to be
0.49Wm−2 heating at the top of the atmosphere.
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Similar to cirrus clouds, aerosols suspended in the
atmosphere often have a weak optical signature relative to the
background and instrument noise (Tanré et al 1996, 1997,
Kahn et al 2005). The inversion of spaceborne measurements
becomes especially challenging when one attempts to retrieve
aerosol properties near clouds (Zhang et al 2005, Kaufman
et al 2005, Koren et al 2010a). Previous studies examining
aerosol properties near convective clouds found several
effects that enhance the apparent aerosol optical depth
(AOD). The first is cloud contamination, which consists of
undetectably small or optically thin clouds (Koren et al 2007,
2009) that are falsely retrieved as aerosols. The second is
aerosol humidification: swelling of aerosols in a humid
environment (Koren et al 2007, Charlson et al 2007, Twohy
et al 2009) and the last is the 3D cloud effect when clouds
serve as a source of photons that escape from the sides of the
clouds and into the path of a cloud-free retrieval (Marshak
et al 2006, Wen et al 2007).

In most cases, it is easier to separate aerosols from
convective clouds than from cirrus clouds due to the former’s
inherent spatial variability, while both cirrus and aerosols are
often spatially smooth (Martins et al 2002, Gao et al 2002b).
Previous cloud-contamination studies of thin cirrus clouds
(‘cirrus contamination’) have shown different detection effi-
ciencies for different space borne sensors. Lidar can detect
cirrus clouds with an optical depth of 10−4 (for visible
wavelengths, Immler and Schrems 2002), whereas passive
sensors require the much higher optical depth of ∼0.1 (Sassen
and Wang 2008). Huang et al (2011, 2013) used a combi-
nation of ground measurements (AERONET, MPLNET) and
satellite data (MODIS, CALIPSO) to show possible biases in
aerosol optical-thickness retrievals by passive satellite sensors
due to contamination by thin cirrus clouds. The operational
algorithm for cirrus detection as part of the MODIS cloud
product is defined as the MODIS Cirrus Flag (MCF) (Ack-
erman et al 1998, King et al 2003). The MCF detects cirrus
clouds using the MODIS 1.38 μm channel in conjunction with
a visible channel (Gao et al 2002a). It quantifies the cirrus
reflectance in the visible spectral range, which is proportional
to the cirrus optical thickness. Huang et al (2013) analyzed
data from the passive MODIS and the active CALIPSO
instruments with respect to the effectiveness and robustness
of eight MODIS-derived cirrus-screening parameters. They
showed that the successful detection rate of thin cirrus was in
the range of 65–67%, and the false detection rate (defined as
detected cirrus by the MODIS algorithm but not by
CALIPSO) was in the range of 35–54% (these ranges do not
include the lowest evaluated thin cirrus detection rate of the
cloud phase infrared approach). The MCF algorithm yielded a
relatively high cirrus detection success-rate of 67% and its
false detection rate was 35% over ocean regions.

The MODIS aerosol product does not use the MCF.
Instead it identifies cirrus clouds using a procedure that
depends on the 1.38 μm channel through both spectral (Gao
et al 2002b) and spatial variability tests (Martins et al 2002,
Remer et al 2005). AOD is retrieved for pixels that passed the
tests for being free of cloud contamination, cloud shadows, or
other unusual conditions. Despite extensive efforts in cirrus

and other clouds detection, the MODIS AOD has been
characterized as artificially enhanced by cirrus contamination
by 0.01–0.02 over oceans on a global annual basis (Kaufman
et al 2005). The new collection-6 MODIS aerosol products
presents improved cirrus detection algorithm (Levy
et al 2013). In this study we tested data from both collection 5
and 6.

If both cirrus clouds and aerosol appear as thin veils of
enhanced reflectance to a satellite sensor, does it matter
whether that thin veil is characterized as cirrus or aerosol?
Yes, it does. First, most cirrus clouds can be considered
natural phenomena whereas a significant proportion of aero-
sol loading is anthropogenic. In addition, there are important
differences in their radiative effects. Because aerosol particles
are generally much smaller and more spherical than cirrus ice
crystals, their optical properties differ significantly. For the
same visible reflectance measured by satellite, the aerosol and
cirrus optical thicknesses can differ by an order of magnitude
(compare lookup table curves of Meyer et al 2004 with figure
11 in Levy et al 2005). Moreover, due to differences in size as
well as in their absorption spectra, their interactions with
long-wave radiation are completely different. This introduces
significantly different perturbations in the Earth’s energy
balance if the full solar and terrestrial spectra are considered
(Lee et al 2006). We therefore need to identify thin cirrus
clouds by satellite measurements and separate them from
aerosol, even when the former are not detectable by deter-
ministic means.

The distance from the nearest detectable cloud has been
suggested as a statistical measure for the likelihood of having
a contribution from undetectable ones (Koren et al 2007).
Bar-Or et al (2011) showed that the effect in the satellite-
measured reflectance can be traced as far as 30 km from the
nearest cloud over the Atlantic Ocean. Here we use the same
approach, looking on the so-called ‘cloud free’ atmosphere in
the vicinity of cirrus clouds. We hypothesize that similarly to
what was shown for other cloud types, there is no sharp
threshold (in reflectance or in any other parameter) that can
assure an atmosphere free of cirrus fragments. We assume
that the distance from detectable cirrus is a good measure for
the likelihood of the presence of undetectable one. Despite the
fact that the weak optical signature of thin or diluted cirrus
clouds fragments (away from the edges of detectable cirrus)
might not be detectable deterministically; they may have a
significant optical signature that can be detected in a statistical
manner. We show this by analyzing trends in reflectance,
aerosol properties and sea surface temperature (SST) for up to
10 km away from detectable cirrus cloud. The presence of
undetected cirrus fragments is expected to increase the
retrieved AOD and to reduce the inverted SST.

2. Data and analysis

This study employs the Level-1 radiance data and Level-2
products (collections 5 and 6) from the MODIS instrument
onboard the Aqua satellite (Hosoda et al 2007, Platnick
et al 2003, Remer et al 2005, Levy et al 2013). The data were
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selected manually to include the best scenes for examination
of cirrus cloud boundaries over the ocean, as free as possible
from the presence of other features that might influence the
examined trends. We looked for cirrus clouds over the ocean
and away from a sun glint, with minimal contribution of
shallow clouds below, and with as uniform as possible ocean
color. Overall, 23 MODIS data granules were examined from
the years 2007–2011 located over the ocean in the mid-lati-
tudes near South America, North America, the West coast of
Australia, and Japan.

We utilized the 1 km resolution cloud mask (Ackerman
et al 1998) along with the (MCF to produce a masked clas-
sified image (figure 1(b)) of a selected MODIS granule
(figure 1(a)). The classification included cirrus clouds, non-
cirrus clouds, land, sun glint and sea surface. We restricted
our analysis to areas in which the main cloud type at high
altitude is cirrus, thereby avoiding 3D effects arising from
proximity to vertically developed clouds (Várnai and Mar-
shak 2002, Marshak et al 2006). The average cloud optical
thickness over the analyzed areas is 0.22 ± 0.41 (see
figure 1(c) and the supporting information). To avoid sun
glint, we selected regions (dashed polygon in figure 1) that
were at least 30 km away from the edge of the glint zone, as
defined by the MODIS mask (Ackerman et al 1998). We
avoided areas with brighter ocean color (such as sediments
near the continents), and the selected areas were at least
30 km away from land features. In addition, the contribution
from low clouds forming below the cirrus edges was mini-
mized. Nevertheless, we address the possible effects of ana-
lyzing areas with sparse warm clouds in the last section of the
results. Euclidean distance from the nearest cirrus cloud was
calculated for each cirrus-free pixel within the selected
polygons.

Four parameters were analyzed as a function of distance
from the nearest cirrus pixels: reflectance, daily and 8-day-
average SST (Brown and Minnett 1999), AOD and aerosol
Angstrom exponent (Aexp) computed for 553 and 856 nm
(Remer et al 2005, Levy et al 2013). Aexp provides a first

approximation for the suspended particles size. Smaller Aexp
values are indication for larger particles (Eck et al 1999,
Koren et al 2007). The analyzed reflectance values were in
the visible and near infrared ranges commonly used for cloud
and aerosols retrievals (Platnick et al 2003, Remer
et al 2005). They corresponded with bands 1–7 having central
wavelengths of 645.5 nm, 856.5 nm, 465.6 nm, 553.6 nm,
1241.6 nm, 1629.1 nm, and 2114.1 nm, respectively. Sig-
nificant changes in SST are expected to have a much slower
rate than 1-day time scale. Hence, in order to minimize the
cloud screening of the ocean, where SST cannot be retrieved
and to provide a robust SST data, the 8-day average SST is
used in addition to the daily SST data. Assuming that the
likelihood for a detectable cirrus cloud edge to be located at
the same geographical place for several days is low, com-
parison of a given daily SST with its 8-day average as a
function of the distance from the edge of a detectable cirrus
cloud can show if there are biases that can be related to the
presence of the cirrus there.

Nadir reflectance values acquired from the raw MODIS
data product were binned as a function of their distance to the
nearest cirrus cloud, and the mean reflectance was calculated
for each bin. In a similar manner averages and standard errors
of the AOD, Aexp and SST for each bin were calculated. In
the MODIS products, in order to increase the signal-to-noise
ratio and to have more robust retrievals, the AOD, Aexp and
the 8-days SST retrievals are provided on a coarser resolution
(compared to the reflectance) using the optical information
from a collection of few raw data pixels. In this work, in order
to estimate trends in a uniform resolution, we resampled the
8-days SST, AOD and Aexp data into 1 km pixels resolution.
In order to avoid any additional assumptions we did not apply
any smoothing interpolation on the data. Each 10 km (or 4 km
SST) pixel was divided to 1 km pixels, where each of the finer
resolution pixels simply inherited the same value as the
(coarser resolution) parent pixel.

As a reference to the MODIS cirrus detection-limit, we
analyzed the area near the edge of detectable cirrus clouds

Figure 1. Analysis of AQUA-MODIS data form 2 October 2007 at 02:55 GMT over the Pacific Ocean and Australia. (a) Real color image,
enhanced to show thin cirrus, (b) feature classification masked image, (c) cloud optical thickness and (d) Level-2 SST. The dashed polygon
represents the analyzed area.
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using the Level-2 vertical feature mask (VFM) product
(Powell et al 2010) from the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) aboard CALIPSO. There
is an advantage to the LIDAR’s much higher sensitivity to
weak reflectance signals but on the other hand, its narrow
swath footprint (∼70 m) provides only a limited view of the
atmosphere. As a part of the ‘A-Train’ satellite constellation
(L’Ecuyer and Jiang 2010) the CALIPSO orbit is designed to
provide a detailed vertical cross-section of clouds and aero-
sols over the middle of the AQUA-MODIS swath with
∼1.5 min time delay.

3. Results

Figure 1, shows a MODIS granule over the Pacific Ocean
(near Eastern Australia, shown in the upper left corner of the
granule) from 2 October 2007. The real color image, features-
classification masking, cloud optical depth, and daily SST
data of the granule are presented.

The analysis of MODIS bands 1–7 for the same case is
shown in figure 2. Average reflectance values (calculated per

band) were plotted as a function of distance from the nearest
cirrus pixel. The standard error of the average reflectance
values is on the order of 6% (relative); error bars are omitted
from the figure for easier visualization. Note the systematic
exponential decay of the reflectance as the distance from the
nearest cirrus increases. The dependence of the average AOD,
Aexp, daily (Level-2) SST, and 8-day average (Level-3) SST
on the distance from the nearest cirrus cloud are shown in the
lower part of figure 2, with their corresponding standard
errors. Note that the average AOD (Aexp) decreases
(increases) monotonically with the distance from the nearest
cirrus cloud. Changes in the SST are significant only near the
cloud showing colder SST for the daily values (Level-2, blue)
as compared to the 8-day average, suggesting a contribution
of undetected cirrus to the signal.

Similar trends, like the ones presented in figure 2 were
observed for all of the analyzed granules (full details can be
found in the supporting material). High reflectance values in
the solar range of the spectrum suggests possible cirrus con-
tamination near detectable cirrus clouds which, in turn, affects
other retrievals over these areas (such as AOD and SST).
Assuming that measurements on a distance of 10 km from the

Figure 2. Analysis of the reflectance AOD Aexp and SST as a function of the distance from the nearest cloud. (top) Average reflectance
values calculated per band plotted as a function of distance from the nearest cirrus pixel. (middle) AOD (red) and Aexp (blue) average values.
(bottom) SST average values. The blue line presents the values calculated from the Level-2 daily SST product; the red line presents the
Level-3, 8-day-averaged SST product.
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nearest detectable cirrus represent the background conditions,
with no significant cirrus contribution, and comparing it to the
reflectance values at 1 km away from the detectable cirrus
yields systematic changes in the reflectance, AOD, Aexp and
most of the SST cases.

The average increase in the AOD and decrease in Aexp is
0.03 ± 0.01 and −0.22 ± 0.20, respectively. For each of the 23
cirrus cases studied, the distance at which the cloud-proximity
effect on reflectance decays tenfold was calculated for the
effect on AOD, Aexp as well as on the raw data reflectance
values for each of bands 1–7. The distance for tenfold decay
of the effect for AOD is 5.9 ± 1.8 km, for Aexp is 5.7 ± 1.9 km
and for the reflectance in the solar bands is 5.1 ± 1.9 km. The
trends in the SST as a function of distance from the nearest
cirrus were less systematic, but nevertheless in most cases, the
daily SST measurements have a clear shift to colder tem-
peratures near the detectable cirrus cloud. When comparing to
the 8-day SST data, the average decrease in SST is
−0.41 ± 0.55 °C within 1 km of the cirrus cloud.

To further evaluate the presence of optically thin cirrus
clouds that are not detectable by the passive instruments we
compared the MODIS cirrus detection with the CALIPSO’s
backscatter, depolarization and cloud-masking products. To
do so we picked daytime CALIPSO data that were acquired
close enough to the analyzed MODIS clouds. Figure 3 (upper
block) shows an example for such a comparison. The back-
scatter and depolarization data were collected and averaged
vertically along the horizontal levels in which the cirrus was
detected (lower left) by the CALIPSO algorithm (Level-2
VFM, Powell et al 2010). The averaged backscatter and
depolarization lines were plotted (upper right) with the loca-
tion of the cirrus edge marked according to MODIS (red) and
CALIPSO (black). As this is a daytime data the depolarization
(upper left) and backscatter data (lower right) are relatively
noisy. Nevertheless it can be seen that the edge of the cirrus is
characterized by a decay of the backscatter levels to the
background levels (where the black line crosses the magenta).
It also shows that the MODIS location of the cirrus edge is
shifted by ∼15 km compared to its location in the CALIPSO
data. Showing that around the MODIS cirrus edge backscatter
values are still slightly elevated indicating a possible residual
cloud.

In the nighttime case (figure 3, lower block) the depo-
larization and backscatter data have a much cleaner signal.
The edge of the cirrus cloud (black line on the upper left
panel) as determined by the CALIPSO algorithm is located
where the backscatter values decay to the cloud-free atmo-
sphere background level. However at the same location the
depolarization still shows some residual values suggesting the
presence of very weak cirrus cloud beyond the edge of the
detectable cirrus (for more examples of day and night
CALIPSO data analysis see the supporting material).

Finally, in our analyses we tried to avoid possible con-
tribution of low-level clouds to the observed trends. None-
theless, formation of low-level clouds below cirrus-flagged
areas may occur. Can small, low-level clouds that reside in
the analyzed area create similar patterns shown here? To
answer this, we conducted a simple theoretical experiment in

which we simulated the cirrus deck scene with gradual con-
tributions from small clouds.

Our tests suggested that the distance-from-the-nearest-
cirrus method produces results that are quite immune to the
contribution of small clouds (see supporting material for more
details). The size and shape differences between the detect-
able and relatively large, more linear, cirrus deck (used as a
proxy for the undetectable cirrus clouds) and the small,
mostly circular shallow clouds, allowed for a robust cirrus
signal. The distances calculated as a function of the cirrus
edge created coherent linear gradients. Local contributions
from undetectable (thus small) clouds created circular patterns
that might eventually affect the average background proper-
ties, but not the trends.

4. Discussion

For all of the analyzed cases the reflectance values decreased
as a function of the distance from the edge of the detectable
cirrus with a similar average tenfold-decay distance of
5.1 ± 1.9 km for all wavelengths. The spectral signature of the
increase in the reflectance for the MODIS solar channels is
reflected as an increase in AOD and as a reduction in the
Angstrom-exponent. The mean increase in AOD at 550 nm is
0.03 ± 0.01 when comparing the AOD values at 1 km away
from the edge of the detectable cirrus cloud to the background
levels at 10 km. At the same time the Angstrom-exponent
decreases when approaching the detectable cloud in
−0.22 ± 0.20. For both the AOD and Aexp the decay tenfold
distance is around 5–6 km. Such systematic enhancement of
the optical signal is suggested to be a contribution from the
relatively large cirrus particles. Similarly when comparing the
daily SST to the 8-day average, the estimated average
decrease in the daily SST is −0.41 ± 0.55 °C within 1 km from
the cirrus cloud. Again, suggesting a cooling effect by the
undetectable cirrus clouds.

Our findings support the notion of a transition zone near
cirrus clouds and represent an initial attempt to quantify the
magnitude of that transition zone’s effect on the retrieval of
other parameters.

While the average range of the effect on the AOD
retrieval, found here, is similar to what was found by Kauf-
man et al (2005), here we specify the spatial structure of the
effect by using detectable cirrus clouds as markers for the
higher likelihood of contribution from undetectable ones. We
show the signature of cirrus particles using statistical means
over areas in which cirrus clouds cannot be detected by
deterministic methods.

The previously defined twilight zone (Koren et al 2007)
is a complex mix of undetectable cloud fragments, evapor-
ating cloud droplets, humidified aerosols and escaping pho-
tons from cloud sides (Wen et al 2007). Because cirrus clouds
are typically thin and located high in the atmosphere (Sassen
and Wang 2008), while aerosol layers are usually located
below 5 km height (Winker et al 2013), they are usually
decoupled. Therefore, this cirrus transition zone is likely to be
composed only of thin undetectable cirrus particles.
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Understanding this cirrus transition zone is important
both for estimates of cirrus climatology for climate studies,
and for understanding how it affects the retrievals of other key
climate variables.
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Figure 3. Daytime (upper block, 4 panels) data retrieved by CALIPSO on 22 March 2007 over South America and nighttime (lower block)
data, 1 January 2012 over Western Pacific ocean. For each block the depolarization ratio is shown on the upper left panel, and the backscatter
on the lower right. The bottom left graph presents a vertical feature mask (VFM) and the upper right panel shows the averaged attenuated
backscatter (〈ABS〉) at 1064 nm (magenta) and averaged depolarization (<DPR>) values (blue) in between the two horizontal dashed black
lines shown in the other images. The vertical dashed black line represents the boundary between a cloud feature and clear air from CALIPSO,
while the vertical red dashed line represents cirrus boundaries inferred by MODIS. The nighttime case (lower block, 4 panels) of 1 January
2012 over Western Pacific Ocean shows much cleaner depolarization and backscatter signal in which the presence of the thin cirrus can be
detected.
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