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Abstract Cloud properties have been retrieved from the
Moderate Resolution Imaging Spectroradiometer (MODIS) over
12 years of continuous observations from Terra and over nine
years from Aqua. Results include the spatial and temporal dis-
tribution of cloud fraction, the cloud top pressure and cloud top
occur over Antarctica and the high clouds in the tropics. The
cloud effective particle radius of liquid water clouds is signi cantly
larger over ocean (mode 12 13 pm) than land (mode 10 11 pm),
consistent with the variation in hygroscopic aerosol concentrations
that provide cloud condensation nuclei necessary for cloud for-
mation. We also nd the effective radius to be 2 3 pm larger in
the southern hemisphere than in the northern hemisphere, likely
re ecting differences in sources of cloud condensation nuclei.

Index Terms Aqua, cloud remote sensing, clouds, Moderate
Resolution Imaging Spectroradiometer (MODIS), satellite appli-
cations, Terra, terrestrial atmosphere.

l. INTRODUCTION

HE MODERATE Resolution Imaging Spectroradiometer
(MODIS) is an instrument that is currently flying aboard
the Terra and Aqua spacecraft. In addition to its use in the global
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monitoring of terrestrial ecosystems, fires, ocean biological
properties, and sea surface temperature, it is well suited to the
monitoring of atmospheric properties from space. The wide
spectral range (0.41-14.24 um), frequent global coverage (one
to two days revisit), and two high spatial resolution bands
track is imaged on 40-, 20-, and 10-element arrays for the
250-, 500-, and 1-km bands, respectively. There are a total
of 470 detectors on the four focal planes, and much effort is
expended in characterizing and monitoring the calibration and
performance of each detector as it sweeps out an image, with
extra attention being played to the reflectance and emission
characteristics of each side of the scan mirror [4], [5].

The global distributions of clouds and their physical and
optical properties have been derived from this sensor since
February 24, 2000, when the first analysis of Terra/MODIS
data became available. Prior to the launch of Terra, cloud
properties had been derived from a wide variety of sensors from
aircraft [6]-[10] as well as satellite [11]-[19], but the advent
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for the sth pixel in the grid cell. All nonfill QA = 0 pixels
are included in regular statistics (mean, standard deviation), but
they are screened (removed) from the QA-weighted statistics.

Of particular value in the Level-3 daily file is the marginal
histogram that contains pixel counts showing the distribution
of nonfill Level-2 geophysical parameters that went into the
computation of Level-3 statistics, such as mean and standard
deviation. This histogram can readily be converted into a
marginal probability density function if one takes account of
the various widths of the bin boundaries in the histogram. In
many cases, the distribution of geophysical parameters is highly
non-Gaussian, and thus, the distribution of retrieved values
provides information that is often distorted by only looking at
the mean value. For selected cloud properties, the Level-3 file
also contains a joint histogram (or equivalently joint probability
density function) between selected cloud parameters for each
grid cell.

B. Eight-Day and Monthly Gridded Products

The Collection 5.1 Level-3 MODIS atmosphere eight-day
and monthly global products contain over 900 statistical SDSs
that are derived from statistics within the daily L3 global
product only [45]. Among these, 509 SDSs are cloud properties.
To generate multiday Level-3 products, the only inputs that
are used are the Level-3 daily files, and there are two differ-
ent multiday weighing schemes used for the cloud products:
1) unweighted (a simple time-averaged mean) and 2) pixel-
count weighted (a count-averaged mean). An unweighted statis-
tic is computed by taking the average of all Level-3 daily
values for a given 1° x 1° grid cell and for the time period in
question. This is the multiday weighing scheme used for the
cloud fraction and all cloud top properties. The SDS name for
these files contains a suffix such as _Mean_Mean that denotes
“mean of the daily mean.” Hubanks et al. [45] describe this and
all the other multiday simple mean SDSs.

For cloud optical properties, such as cloud optical thickness,
effective radius, and water content, a pixel-count weighing is
employed for multiday Level-3 grid cell characteristics. A pixel
count of all nonfill Level-2 pixel data is read in and used
to compute statistics at Level-3. This is computed by simply
summing the daily pixel count SDS.

The Level-3 eight-day and monthly files also contain
marginal histograms that are computed by simply summing the
daily counts in each histogram bin. A confidence histogram is
also provided that provides the number of pixels with various
levels of QA that went into the computation of Level-3 statistics
within the grid cell. For selected cloud properties, the Level-3
eight-day and monthly files also contain joint probability den-
sity functions (or joint histograms) between selected cloud
parameters for each grid cell. There are 23 joint histograms
defined in the Level-3 atmosphere product for Collection 5.1,
all of which are derived from the cloud product. These joint
histograms, which are summarized by Hubanks et al. [45], are
stored as 4-D arrays (latitude, longitude, parameterlbins, and
parameter2bins) and thus constitute a large fraction of the file
size in MODO8 for Terra and MYDO08 for Aqua.
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IV. GLOBAL-LEVEL CLOUD PROPERTIES
A. Cloud Fraction

Fig. 1 shows the Collection 5.1 monthly mean cloud fraction
(amount) as derived by the MODIS cloud mask for July 2006
from Aqua. As different spectral bands are used to detect clouds
during the daytime and nighttime, it is valuable to separate
the cloud fraction derived during the daytime [Fig. 1(a)] and
nighttime [Fig. 1(b)]. These results, as illustrated here, show a
remarkably similar cloud amount detected during daytime and
nighttime. Ackerman et al. [24] have demonstrated, through
comparison with ground-based, airborne, and spaceborne lidar,
that the cloud mask detects clouds down to an optical thickness
Tc  0.4. This sensitivity is partially the result of the relatively
high spatial resolution and broad spectral range available in
MODIS, but very thin clouds below this threshold are very dif-
ficult to detect using passive remote sensing. The global cloud
fraction detected by MODIS is approximately 0.67, somewhat
smaller than that detected by CALIOP on the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation satellite,
which has a detection limit down to 7. 0.1 [45]. Similarly,
Ackerman et al. [24] find that the Geoscience Laser Altimeter
System on ICESat (Ice, Cloud, and Land Elevation Satellite)
detects 5% more clouds than MODIS.

The large-scale patterns illustrated in Fig. 1 are similar to
other satellite data sets of cloud amount [12], [18], [21], [39],
with generally high cloud amount in the intertropical conver-
gence zone (ITCZ), “roaring 40s” of the southern hemisphere,
western tropical Pacific, and the marine stratocumulus regions,
with correspondingly low cloud amounts over the subtropi-
cal gyres of the oceans, deserts, Greenland, and Antarctica.
Fig. 1(a) does not show daytime cloud amount over Antarctica
because there is polar darkness and no solar illumination in July,
but the nighttime cloud fraction is low over Antarctica, as also
noted by Wu et al. [47] from spaceborne lidar observations.

Fig. 2 shows the seasonal mean daytime cloud fraction from
Terra and Aqua based on averages over multiple years. Terra,
shown in the left hand column, is based on Collection 5.1
retrievals from 2000 to 2011, and the right-hand column shows
Agqua results from 2002 to 2011. These multiyear averages
show similar seasonal distributions, with the ITCZ systemati-
cally moving in latitude as the sun moves throughout the year,
reaching its highest northern latitude in the boreal summer
[June to August, Fig. 2(c)] and its lowest southern latitude in the
boreal winter [December to February, Fig. 2(a)]. Throughout
the year, Greenland and Antarctica exhibit very low amounts
of cloudiness, and there is only minor seasonal variation in
the frequency of clouds in the marine stratocumulus regions
off Angola and Namibia in Africa and Ecuador and Peru in
South America. Of particular note is that the peak frequency of
marine stratocumulus clouds in the southern hemisphere occurs
between June and November, whereas California stratocumulus
peak in June to August, and thus, these cloud systems are not
six months out of phase as one might expect.

One of the advantages of MODIS is that there are two space-
crafts carrying the MODIS sensor. A visual comparison of the
Terra and Aqua cloud fractions shows that there are generally
more clouds over land from Aqua (afternoon), whereas the
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oceans are cloudier at the time of the Terra overpass (morning).
Fig. 3 illustrates this diurnal variation in cloud fraction more
explicitly, where each figure shows Aqua minus Terra (i.e.,
1330 minus 1030 local time) for a different three-month season
and for a nine-year period (September 2002 to August 2011).
In all instances, the marine stratocumulus areas show less (and
generally optically thinner, not shown) clouds in the afternoon
(Aqua) than the morning (Terra), leading to blue colors in
Fig. 3(a)—(d). The diurnal effect is greatest in the Peruvian

06 08 1.0

Monthly mean cloud fraction (from cloud mask) for July 2006 from Aqua during (a) daytime and (b) nighttime.

and Angolan stratocumulus regions in September to February
[Fig. 3(a) and (d)] than in March to August [Fig. 3(b) and (c)],
as also noted by Ackerman et al. [24]. During all seasons,
the land exhibits more cloudiness in the afternoon than the
morning, by up to 20%, as also observed by Meskhidze et al.
[48], Minnis et al. [21], and Ackerman et al. [24].

Fig. 4 shows the zonal mean daytime cloud fraction for
both Terra and Aqua, separated by ocean and land, for all four
seasons. These results are based on multiyear averages for Terra
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Fig. 2. Seasonal mean daytime cloud fraction from Terra (2000-2011) and Aqua (2002-2011) for (a) December—February, (b) March-May, (c) June—August,
and (d) September—November.
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Fig. 5. Global mean daytime cloud fraction as a function of time for Terra and Aqua differentiated by surface type.

to seasons for which sunlight is present and thus is absent
during months of polar darkness. The location of the ITCZ over
the ocean is clearly seen to move north and south of the equator,
depending on season. Aqua and Terra have comparable zonal
cloud top pressures, with Aqua having somewhat higher clouds
(smaller cloud top pressures) over land due to afternoon deep
convection.

With the advent of the multiple wavelengths and high spatial
resolution capability of MODIS, the cloud top pressures range
to much lower pressures (higher altitude clouds) than ISCCP,
which relies primarily on one visible and one thermal infrared
window band to determine cloud top pressure. Rossow and
Schiffer [51] report annual mean zonal cloud top pressures that
are much larger over land (and much closer to Fig. 7 over ocean)
as a result of the inadequate sensitivity to high thin clouds in
ISCCP that MODIS is able to achieve. Pincus et al. [39] also
report that MODIS has more high cloud and more low cloud
than ISCCP and less mid-level cloud.

Fig. 8 shows the seasonal mean cloud top temperature during
the daytime from Terra (left-hand column) and Aqua (right-
hand column) for the same multiyear time periods as shown
in Fig. 6 for cloud top pressure. These multiyear averages show

well-known cloud characteristics commensurate with the cloud
top pressure expectations. However, in low-level boundary level
marine stratocumulus that often exhibits a temperature inver-
sion above cloud top, the cloud top temperature is often more
accurate than cloud top pressure; this is due to the selection of
an incorrect cloud top pressure in search of increasing pressure
associated with the correct cloud top temperature. One resulting
artifact is the absence of the well-known decrease in cloud top
pressure with distance from the coast [29]. The coldest cloud
tops generally occur over Antarctica and the high clouds in the
tropics (ITCZ and the deep convective clouds over the western
tropical Pacific and Indian subcontinent). The cold clouds over
the Sahara, although infrequent (cf. Fig. 2), are generally high,
thin cirrus.

C. Cloud Optical and Microphysical Properties

One of the strengths of MODIS is its ability to retrieve
cloud optical thickness and effective radius and thereby derive
integrated water content for both liquid water and ice clouds.
This is accomplished in part by the high spatial resolution
and wide wavelength range available on the MODIS sensors.



3846 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 51, NO. 7, JULY 2013
(a) Liquid Water (b) Ice
(0007 o o e e o e e e O o T T T
 PaTe— Mode t. ~ 3-4 . Terra Aqua
Mean tc ~ 135 (13.8) f ~ oo — e Ocean 4
Mode Tt ~ 4-5 . 8 ang
<~ 1 0.08F = Mode 1. ~ 2-3 -
Land E—_ eTc
§ 0.06f Mean t¢ ~ 6.2 (I8.l)} 1t Mean 1 ~ 20.7 (21.9) § O°="
(9] S
c
2 —1 Mode ¢ ~ 2-3 }
> X R | 006 Mean 1. ~ 207 21.9) f 2™ 1
G 0.04f
(@) | L]
2 | 0.04+ -
0 i L
8
go002f]} 00000 ", 94 H W =
) 0.02H
000 N Y P Y S I U (N U O Ooojl . S R Y O [ 1 1 1 ﬂ
0 2 4 6 8I1012141618202224262830 0 2 4 6 8 10 I5 20 25 30
Cloud Optical Thickness Cloud Optical Thickness
(c) Liquid Water
0.'0 rrrrrrroeoreoerrererrerrid 1 1 I i 1 I ) 1 ) 1 3
; Mode rg ~ 10-11 pm Aqua Terra 3
_ Mean rg ~ 13.5 pm : R
_ 008 (134 pm) \ode e ~ 25-30 ym §
< [ "L —_ Mode re~12-13 pm | Mean rg ~ 24.0 pm }Ocean§
£ I Mean rg ~ 14.9 pm (24.0 pm) :
. 0.06F F (14.8 pm)+ Mode re ~ 25-30 pm 3
:rn; [ ' Mean rg ~ 23.2 pm }Land _
a I b (23.1 pm)
Z 0.04F
o i 3
3 :
£ s
0.02F 3
1 [ I [ S () Y ) N D A (BN 11 1 L — ]
0‘002 4 6 8 101214 16 18 20 22 24 26 28 300005 1015 2025 30354045 50 55 60 90

Cloud Effective Radius (pm)

Fig. 15.
2006. Panels (c) and (d) show corresponding probability density function of cloud
sufficient metric when the distribution is highly skewed, as is the case for the cloud
The mean values of the various parameters for Aqua are in the parentheses. These

is for Terra and Fig. 16(b) is for Aqua. For this region of
widespread boundary-layer stratocumulus, the cloud optical
thickness and effective radius are positively correlated such that
clouds having larger optical thickness also have larger effective
radius. The bin boundaries of the aggregated histogram are
clearly seen in this figure. Nakajima et al. [57] studied this same
region of marine stratocumulus from airborne observations and
found some days in which 7. and r. were positively correlated
and other days for which they were negatively correlated.

Cloud Effective Radius (pm)

Probability density function of cloud optical thickness of (a) liquid water and (b) ice clouds over both land and ocean for Terra and Aqua during July

effective radius of liquid water and ice clouds. Note that mean values are not a
optical thickness and, to a lesser extent, effective radius of liquid water clouds.
results correspond to global clouds from 90° N to 90° S.

Fig. 16 represents a monthly average and thus reflects a mixture
of meteorological conditions such that it is not feasible to draw
any cause and effect conclusions from such relationships. Joint
histograms such as these nevertheless represent the dominant
statistical characteristics of cloud optical properties for a given
region and time period and are thus useful properties with
which to compare to general circulation models.

As a comparison to the marine stratocumulus clouds off
California, we have also extracted the joint histogram of liquid
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(b) Aqua (July 2006)
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Monthly joint histograms of cloud optical thickness and effective radius for liquid water clouds over the ocean between 32° —40° Nand 117°—125° W

for (a) Terra and (b) Aqua for July 2006, and between 12°—24° S and 68°—80° W for (c) Terra and (d) Aqua for September 2006. Note the somewhat
smaller cloud optical thickness values in the afternoon, consistent with the normal diurnal cycle for marine stratocumulus clouds off both California (a), (b) and

Peru (c), (d).

water clouds over ocean for a region off Peru and Chile bounded
by 12°—24° S and 68°—80° W for the month of August 2006,
where Fig. 16(c) is for Terra and Fig. 16(d) is for Aqua. As in
the case of California stratocumulus, this region also shows that
the cloud optical thickness and effective radius are positively

correlated such that clouds having larger optical thickness also
have larger effective radius. In both California and Peruvian
stratocumulus, the joint probability density function is normal-
ized such that a summation over the probability density function
and the area of each grid cell sums up to unity. Hence, the actual
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