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[1] Satellite aerosol remote sensing entered a new era with the deployment of advanced
satellite imaging instruments such as the Moderate Resolution Imaging Spectroradiometer
(MODIS) on the NASA Terra and Aqua satellites. These new instruments provide the
opportunity to learn more about aerosol properties than was possible using the simpler
NOAA Advanced Very High Resolution Radiometer (AVHRR), which has been used
to retrieve aerosol optical thickness for more than 20 years. Combining historical AVHRR
and the more advanced MODIS aerosol retrievals to form a long-term aerosol data
record is critical for studying aerosol climate forcing. To achieve this objective, it is
necessary to build a connection and establish consistency between the two retrievals
through a careful evaluation of the two retrieval methods applied to the same data. As a
first step in this effort, this paper exploits the potential of the Clouds and the Earth’s
Radiant Energy System (CERES) Single-Scanner Footprint (SSF) data set that includes
aerosol products derived from Terra MODIS data at the same locations using both the
multichannel MODIS and the two-channel AVHRR aerosol retrieval algorithms. The
analysis examines the differences in the results seen over oceans on a global scale. It was
found in a global mean sense that advancement in the aerosol retrieval over ocean from
the MODIS algorithm relative to the AVHRR method is realized mostly in the
improvement of the aerosol size parameter (ASP) rather than in the aerosol optical
thickness (AOT). However, regional differences were observed in both AOT and ASP
retrieved from the MODIS and AVHRR algorithms. These are examined further in
the second part of this two-part paper. Cloud contamination and surface roughness appear
to affect both aerosol retrievals, effects that need further investigation.
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1. Introduction

[2] It is widely recognized that aerosols cause the largest
uncertainties in assessing the radiative forcing of climate by
atmospheric constituents generated by anthropogenic activ-
ity [Intergovernmental Panel on Climate Change, 2001].
Nonintrusive satellite observations are a unique tool for
monitoring the global distribution of aerosol particles and
can be used to reduce those uncertainties [King et al.,

1999; Kaufman et al., 2002; Mischenko et al., 2004].
Satellite aerosol remote sensing has entered a new era
because of the successful deployment of advanced satel-
lite imaging instruments such as the Moderate Resolution
Imaging Spectroradiometer (MODIS) and the Multiangle
Imaging Spectroradiometer (MISR) on the NASA Earth
Observing System satellites, Terra and Aqua.
[3] Satellite aerosol retrievals require a very careful

separation of the relatively weak aerosol signal from the
other factors influencing the retrieval including those asso-
ciated with radiometric and calibration errors of the sensors,
inaccurate assumptions in the retrieval algorithm, variable
atmospheric gas absorption and surface reflectance, and
cloud contamination [Tanré et al., 1996; Mischenko et al.,
1999]. These uncertainties, which are associated with all
aerosol retrievals from satellite sensors, such as the Ad-
vanced Very High Resolution Radiometer (AVHRR), are a
major concern in applying historical satellite aerosol data in
global aerosol radiative forcing studies [Penner et al.,
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2002]. These uncertainties are expected to be reduced in the
aerosol retrievals from more advanced imaging sensors such
as MODIS because of its high spectral and spatial resolu-
tions and lower radiometric noise.
[4] Some preliminary comparisons of the more advanced

MODIS and simpler AVHRR aerosol retrieval methodolo-
gies were recently conducted by Ignatov et al. [2005] but
they did not systematically evaluate the improvement
gained by using the MODIS technique relative to the
AVHRR method. Results from the two methodologies
applied over the same locations have been combined by
the Clouds and the Earth’s Radiant Energy (CERES) project
in the Terra/CERES-MODIS Single Scanner Footprint
(SSF) data [Wielicki et al., 1996, 1997]. The SSF data offer
a unique opportunity for such a systematic evaluation. The
two retrievals, MODIS [Remer et al., 2005] and AVHRR-
type [Ignatov and Stowe, 2002], use the radiances from the
same source (MODIS) with the same calibration uncertain-
ties. Any differences in their results can be attributed to
algorithm issues and sampling approaches but not to instru-
ment radiometric bias.
[5] Intercomparison of these two SSF aerosol products

and their validation against surface measurements will help
us to quantitatively evaluate the improvement of the MODIS
aerosol retrieval as well as to build connection and consis-
tency between the more advanced MODIS aerosol product
and the long-term (�20 year) historical AVHRR aerosol
record. Moreover, the Terra/CERES-MODIS SSF data in-
clude a comprehensive, high-quality compilation of satellite
cloud, aerosol, earth radiation budget, and meteorological
information (more than 140 parameters). The multiple
SSF parameters of cloud and surface properties also offer
a unique opportunity for a comprehensive study of cloud
and surface roughness effects on both aerosol retrieval
techniques.
[6] Detailed comparisons and evaluations of the two SSF

aerosol products and the results are summarized in two
companion papers. This first paper describes the global (or
first-order) comparison and analysis of the two aerosol
products in the CERES-MODIS SSF data. The regional
(or second-order) comparison and analysis are presented in
the second paper. The results contained in these two papers
will benefit the studies of aerosol radiative forcing using the
SSF data and provide a basis for evaluating the long-term
variation in aerosol properties derived from the AVHRR
data.

2. SSF Data

[7] This study uses the daytime Edition-1A Terra/
CERES-MODIS SSF data [Wielicki et al., 1997; Geier et
al., 2003] derived for the entire year of 2001. Two sets of
SSF data are available in the CERES product and they are
derived respectively from the two CERES instruments
aboard the Terra satellite platform. The first set is derived
from the CERES instrument operating in a cross-track (CT)
scan mode, called Flight Mode 1 (FM1). The second set is
derived from the CERES instrument operating in biaxial
scan mode, called Flight Mode 2 (FM2), to provide new
angular flux information. Broadband radiative fluxes from
the CERES, CERES-derived cloud data and aerosol param-
eters from the MODIS measurements, and assimilated

meteorological fields are mapped into a single CERES
footprint with a spatial resolution of about 20 km � 20 km
at nadir. Both sets use the same cloud and aerosol fields
derived from the MODIS data.
[8] There are two aerosol products (I and II) in the SSF

data set. Product I is obtained by averaging the standard
10-km MODIS aerosol products [see Kaufman et al.,
1997; Tanré et al., 1997; Remer et al., 2005] in each
CERES footprint weighted by the CERES Point Spread
Function (PSF). The MODIS aerosol retrieval over ocean
is based on a multichannel algorithm and is sensitive to
aerosol type since the solution is determined from 20
possible combinations of aerosol model output (four
aerosol models for small particles and five aerosol models
for large particles). The retrieval assumes a wind speed of
6 m/s. The standard MODIS cloud mask termed as
MOD35 for Terra [Ackerman et al., 1998] and a spatial
variability test [Martins et al., 2002] are used to determine
clear-sky radiances. A total of 29 output parameters constitute
the standardMODIS ocean aerosol product (refer to Remer et
al. [2005, Table 7]). Only 15 parameters [see Ignatov et al.,
2005, Table 2] aremapped into a CERES footprint to form the
CERES SSF MODIS aerosol product. Only two aerosol
optical thicknesses (t1 and t2 at l1 = 0.66 mm and l2 =
1.60 mm, respectively) and the derived Ångström wavelength
exponent (AWE) parameter (a = �ln[t1/t2]/ln[l1/l2]) are
used here to compare with those derived using the AVHRR-
type methodology. The MODIS Collection 3 aerosol product
(MOD04) is used in the Edition-1A SSF data.
[9] The AVHRR-type product, product II, is derived from

the simple independent two-channel NOAA/NESDIS aero-
sol retrieval algorithm [Stowe et al., 1997; Ignatov and Stowe,
2002; Zhao et al., 2003; Ignatov et al., 2005]. The 1-km
MODIS radiances (MOD02 L1B Radiance) are sampled to
achieve an effective resolution of 2 km and screened for cloud
contamination using the CERES cloud mask scheme [Trepte
et al., 1999; Minnis et al., 1995, 1999, 2002]. Pixels that are
classified as cloud-free undergo further sunglint screening.
Similar to the operational AVHRR aerosol retrieval, clear
uniformity and adjacency tests [Stowe et al., 1999; Vemury et
al., 2001] are also applied in the AVHRR-type retrieval. The
radiances for these filtered clear pixels are then averaged into
a CERES footprint according to the CERES PSF to form the
so called ‘‘aerosol reflectance’’ for a CERES footprint. This
‘‘aerosol reflectance’’ is input to the AVHRR aerosol retrieval
algorithm to make the final retrieval for the footprint. The
algorithm assumes a wind speed of 1 m/s but a small diffuse
flux is added to the lower boundary to mimic the global mean
lower boundary condition. Twooptical thicknesses, t1 and t2,
at l1 = 0.66 mm and l2 = 1.60 mm channels are derived and
reported for eachCERES clear footprint.We also derive a size
parameter a(= �ln[t1/t2]/ln[l1/l2]) in our analysis and
comparison. The major concern for this simple algorithm is
the use of a fixed aerosol model so that the retrieval may have
difficulty in capturing the regional/temporal aerosol var-
iations [Zhao et al., 2004]. However, the simplicity and
economy of the algorithm is still valuable for simpler
imaging instruments, such as AVHRR, as long as its
performance is carefully evaluated [Zhao et al., 2002,
2003, 2004]. Appendix A provides a detailed description
of how the two SSF aerosol retrievals are mapped into
the CERES footprints.
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[10] Ignatov et al. [2005, Table 1] compares the major
components of the MODIS and AVHRR-type retrieval
algorithms. The sampling approach, cloud screenings, sur-
face reflection computation, and aerosol model assumptions
are the four potential processes that can produce differences
in the two retrievals. Since sampling issues were discussed
in detail by Ignatov et al. [2005] using the same SSF aerosol
data, we will focus the following analyses on the last three
components, which need at least one year of data for a
relatively complete investigation. Ignatov et al. [2005]
found that the difference between the two SSF aerosol
products introduced by the dissimilar sampling approaches
of the two methods can be neglected for those CERES
footprints for which both MODIS and AVHRR-type retriev-
als are available. To minimize the sampling issue, the
current analysis uses only those SSF footprints with both
types of aerosol retrievals. Moreover, the analyses focus on
the monthly mean values of the two SSF aerosol products,
which are subject to fewer sampling effects compared to
daily and weekly mean values. Since the MODIS clear-sky
radiances serve as input for both retrievals, the uncertainties
associated with the instrument biases (an important issue
needing a separate study) are eliminated. Thus the present
study focuses, as much as possible, on the analysis of the
uncertainties associated with the algorithms. This is the
biggest advantage of using the SSF data in the comparison
of the two aerosol retrievals.
[11] The comparison will focus on monthly mean values

of the retrieved aerosol optical thickness (AOT), t1 (at l1 =
0.66 mm channel) and t2 (at l2 = 1.60 mm channel), and the
derived aerosol size parameter (ASP), the Ångström wave-
length exponent,

a ¼ �ln t1=t2½ �=ln l1=l2½ �: ð1Þ

[12] Sensitivity tests performed by Mischenko et al.
[1999] indicate that the monthly mean AOTs are relatively
insensitive to the size distributions used in the AVHRR
aerosol retrieval compared to the retrieved monthly mean
effective radii (reff), which depends significantly on the
aerosol size distribution. However, a is much less sensitive
than reff because it depends entirely on the ratio of the
spectral optical thickness. Ignatov and Stowe [2000] further
explained that the retrieved a tends to be closer to the real a
rather than to the a defined by the fixed aerosol model in
the AVHRR aerosol retrieval because the departure of t1
and t2 from their real values because of the assumption of a
fixed aerosol model is coherent in the two retrieval chan-
nels. In other words, if t1 is overestimated for a regional
retrieval because of the assumption of an inappropriate
aerosol model, t2 is also overestimated (rather than under-
estimated) and vice versa. The relative magnitude of the
overestimation (or underestimation) in the two channels is
also comparable according to Ignatov and Stowe [2000]. The
corresponding errors produced in t1 (or the product of w1P1)
and t2 (or the product of w2P2) tend to be in a multiplicative
rather than additive form as a result of the single scattering
formula of aerosol particles, t / [waPa(c)]

�1, where wa (w1

and w2) is the aerosol single scatting albedo, Pa (P1 and P2) is
the aerosol phase function and c is the scattering angle. The
errors mostly cancel each other when deriving ASP through
the ratio, t1/t2. Thus, as long as t1 and t2 are retrieved with a

sufficient accuracy (by minimizing sensor radiometric
errors, cloud contamination, and surface disturbance) for
a fixed aerosol model, the derived a value should not be
limited by the usage of the fixed aerosol model and
should fall within its natural range of variability [Higurashi
and Nakajima, 1999; Mischenko et al., 1999; Ignatov and
Stowe, 2000]. However, the exact values of a still depend on
the aerosol model used in the retrieval and the fixed
aerosol model should be as representative as possible of
the global mean condition. Zhao et al. [2002, 2004]
demonstrated that the AVHRR-type algorithm meets this
‘‘global’’ criterion.
[13] To compare the ASPs, values of a were computed

directly from the AOTs (t1 and t2) derived from the
MODIS and AVHRR-type algorithms, t(MODIS) and
t(AVHRR), respectively. Because the latter is a ‘‘global’’
algorithm, the differences between the SSF MODIS and
AVHRR-type a values will also strongly depend on the
differences between the actual regional and seasonally
variant aerosol types and the global model used by the
AVHRR-type method. Since the MODIS retrieval attempts
to account for the actual aerosol type, it is expected that the
SSF MODIS a values, a(MODIS), represent a better
seasonal and/or regional variation compared to the SSF
AVHRR-type a, a(AVHRR). This expectation will be
carefully examined below and also in the regional evalua-
tion in the work by Zhao et al. [2005].
[14] Although some results will be presented for all

months during 2001, data from January, April, July, and
October will be used to check the seasonal variations in
detail. Only CERES FM1 data are used in the analyses since
the differences between FM1 and FM2 data are small for a
monthly value. Furthermore, only data taken over ocean are
compared since the AVHRR-type algorithm is used only
over water surfaces.

3. Global Comparison of the Two SSF
Aerosol Products

[15] Figure 1 shows the global distribution of the monthly
mean parameters for March 2001 using 1� � 1� averages of
t1, t2, and a for the SSF aerosol products I (Figure 1, top)
and II (Figure 1, bottom). The AOT patterns are similar in
most regions for the two products. Both products show
elevated AOT levels in the 30�N–45�N latitude belts, off
the west coast of Africa around 5�N (extending over the
northern shores of Brazil), over the Bay of Bengal, and the
South and East China Sea. However, significant differences
are also evident in some regions, particularly in the middle
and high latitudes of both hemispheres.
[16] The ASP patterns are less consistent than those for

AOT, especially where AOT differences are significant. For
example, product I indicates larger particles (smaller a)
around 45�S and smaller particles (larger a) between 15�S
and 30�S. The relatively small particles over the Atlantic
between Africa and North America and between 15�N and
30�N suggested by product I are absent in product II.
Detailed analyses are necessary to explain the similarities
and the differences of the two aerosol products. To facilitate
the analysis of the effects of cloud contamination and surface
roughness, three CERES parameters, the Clear Strong Index
(CSI), Cloud Fraction (CF), and Surface Wind Speed (SWS)
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are computed as described in Appendix B. CSI and CF are
used to describe the extent of the clear-sky and cloudy
condition within a CERES footprint and the SWS provides
a measure of surface roughness. Since the results using CSI
and CF are very similar so that only the results using CSI are
presented below. The CSI is an objective evaluator of the
absence of clouds in pixels used to retrieve the aerosol
properties in the CERES data. Use of this discriminator
could systematically eliminate scenes with very heavy dust
concentrations that can be misclassified as clouds or weak
clear scenes in the CERES mask (see Appendix B).

3.1. Optical Thicknesses

[17] Figure 2 displays the time series of global oceanic
monthly mean values of t1 and t2 during 2001. Four
different subsets of the data are considered. Scenario 1 uses
all of the data and scenario 2 uses only strong clear
conditions (with minimal cloud effect) defined by sampling
the CERES footprints with CSI > 90%. Scenario 3 selects the
smoothest surface by sampling the CERES footprints with
SWS < 1 m/s and scenario 4 uses only the clearest and
smoothest conditions defined by sampling the CERES foot-
prints with both CSI > 90% and SWS < 1 m/s. On average,
t(MODIS) exceeds t(AVHRR) year-round by �0.02 when

all of the matched SSF data are considered. This difference
(solid minus dashed lines with the same symbol) is markedly
reduced for the other three scenarios with t(AVHRR)
becoming slightly larger than t(MODIS). This result implies
there are differences either in the cloud screenings, the
response of the two aerosol retrievals to the cloud effect in
the cloudy environment, or both. For example, during July
t1(MODIS) rebounds after a June minimum for scenario 1
while t1(AVHRR) continues decreasing. For the other three
scenarios, t1 for both methods increases from June to July.
Thus differences in cases that appear cloudier in the CSI
drive this marked discrepancy in July. The origin is not
known at this time, but it could be a result of missing heavy
dust scenes. These could be due to more frequent misclassi-
fications of dusts as clouds by the CERES algorithm
compared to the MODIS algorithm, but this cannot be
confirmed without an in depth analysis of both methods’
ability to separate dust and clouds. The remaining difference
in scenario 4 is associated with the difference in the aerosol
model and surface assumptions and the retrieval procedures
in the two algorithms since the other effects have been
minimized through the specified samplings.
[18] It should be pointed out the discrepancies between

the AOTs for the smoothest surface and the clearest skies do

Figure 1. Monthly mean global maps (1� � 1�) of t1, t2, and a from SSFs for March 2001. (top)
MODIS and (bottom) AVHRR-type retrievals. See color version of this figure at back of this issue.
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not represent the global mean difference anymore because
of the resulting limited sample size. However, it does
indicate that the assumptions used by the two algorithms
can make a significant difference in the regions covered by
these limited sample points.
[19] The time series in Figure 2 show a change in the

relative values of channels 1 and 2 AOTs for both products.
Except for scenario 4, the t1 values are generally larger
before than after June, while the trend is reversed for t2.
This pattern and the dips in June are thought to be an artifact
caused by a change in the calibration uncertainties. Accord-
ing to the MODIS Characterization Support Team (MCST)
report (available at http://www.mcst.ssai.biz/mcstweb/per-
formance/terra_instrument.html), the MODIS instrument
experienced a Power Supply 2 (electronics Side-B) shut-

down anomaly and did not take science data during the time
period from 15 June to 2 July of 2001. When the MODIS
recovered, it was commanded to take science mode data
using Power Supply 1 (or electronic Side-A). Different
calibrations were applied to the reflected solar bands in
the preanomaly and postanomaly stages and the calibration
correction is relatively difficult to ascertain for the time
period close to the power switch (J. Sun and X. Xiong,
personal communication, 2004). Aerosol properties, espe-
cially size related parameters, are known to be very sensi-
tive indicators of sensor radiometric uncertainties [Ignatov
et al., 1998] and the change in the t pattern observed in
Figure 2 is most likely due to the power supply anomaly.
[20] To confirm this conclusion, the time series of aerosol

fine mode fraction (a size parameter) from the standard

Figure 2. Time series of global monthly mean values of (a) t1 and (b) t2 during 2001. All or original
data (diamonds), CSI > 90% (triangles), SWS < 1m/s (circles), and CSI > 90% and SWS < 1m/s
(squares). MODIS values are in solid lines, and AVHRR-type values are in dashed lines.
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Figure 3. Time series of global monthly means of fine mode fraction of the MODIS aerosol during
2001. Data are taken from the standard MODIS aerosol product.

Figure 4. Scatterplots of t1 (at l = 0.63 mm) for the two SSF aerosol products during April 2001 for
four subsets of the matched SSF data: (a) original data, (b) CSI > 90%, (c) SWS < 1m/s, and (d) CSI >
90% and SWS < 1m/s. Number density of the points is represented by the brightness. Solid line is the 1:1
relationship, and dashed line is a linear fit; n is the total number of points, r is correlation coefficient, e is
standard deviation, and RMS is the root mean square error of the linear fit.
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MODIS aerosol products is plotted in Figure 3. The
fractional values change dramatically after the power supply
anomaly. There is no natural explanation for this precipitous
change after June except for the disruption associated with
the power supply anomaly. More discussion of this issue is
give by Chu et al. [2005]. In contrast, there are no similar
changes in t and a being observed for the same time period
in the independent GACP AVHRR aerosol retrievals [see
Geogdzhayev et al., 2004, Figure 4]. The anomaly impact
on AOT in Figure 2 is more evident for the three subset
scenarios, especially in the 1.60-mm channel. This is be-
cause the magnitudes of the aerosol signals contained in the
solar reflectances for the three resampled scenarios are
relatively small (especially in a longer-wavelength channel),
resulting in a greater sensitivity to radiometric changes.
[21] The two data sets were also compared in scatterplots

using the monthly mean 1� � 1� values derived from the
original SSF footprints. Figure 4a shows an example for t1
during April. For the majority of the grids (with bright
color), the two values of t1 compare reasonably well. Most
of the outliers MODIS values are significantly larger than
the AVHRR-type values. These outliers are responsible for
many of the regional differences seen in Figure 1.
[22] To examine the causes of the outliers, the SSF

footprints were resampled using same criteria employed
for scenarios 2–4 to derive new monthly mean 1� � 1�
values for the three conditions. The scatterplots of t1 for the

three conditions during April are displayed in Figures 4b–
4d, respectively. For the strong clear condition (Figure 4b),
the outliers disappeared almost completely (the RMS error
decreased and the correlation increased). Figures 5a and 5b
further display the April mean global maps of the t1
difference (AVHRR � MODIS) for scenarios 1 and 2.
The large differences between the two methods, observed
in the original data in the middle and high latitudes of both
hemispheres are significantly reduced in the strong clear
conditions, which is consistent with the scatterplot compar-
ison. The annual mean global MODIS values of t1, t2, and
a for 2001 are given in Table 1 along with their absolute
and relative differences with the corresponding AVHRR-
type values for the original and strong clear SSF data. The
global mean differences in t (Dt) and a (Da) between the
two SSF aerosol products are less than 0.02. However, Dt is
reduced to less than 0.01 when the cloud effects are
minimized, but the value of Da increases to 0.13. These
results further indicate there is a difference in the response
of the two retrieval methods to the cloud effects, which may
include both subpixel cloud contamination and real cloud
effect on the surrounding aerosols.
[23] For the scenario 3 (Figure 4c), most of the outliers

disappear (RMS decreases and correlation increases). How-
ever, only about 2 to 4 thousand grids over the globe are
included in this least rough surface condition. For the
clearest and smoothest conditions (Figure 4d), more outliers

Figure 5. Global maps of monthly mean differences (AVHRR – MODIS) of (a and b) t1 and (c and d)
a for April 2001. Figures 5a and 5c show original data, and Figures 5b and 5d show CSI > 90%. See
color version of this figure at back of this issue.
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are removed compared to scenarios 2 and 3 (RMS and
correlation are further improved), but even fewer grids
included for these ideal conditions. Since the contributions
from the other potential error sources have been minimized
and the errors introduced by incorrect surface assumptions
affect the offset more than the slope for a linear regression
[Zhao et al., 2002, 2003], the remaining difference between
the two AOTs in Figure 4d are mainly due to the different
assumptions of the aerosol model in the two algorithms. For
t1 < 0.15, the two values are close to each other. The
difference increases with increasing t1 with the t(AVHRR)
somewhat larger than t(MODIS). The MODIS retrieval
uses several aerosol models to capture the variations in
aerosol type over the globe that are missed with the fixed
AVHRR model. The resultant differences in the AOTs are
likely to be more prominent when t1 is large, which is
consistent with the current results. Similar results were also
obtained for January, July, and October and their regression
statistics are summarized in Table 2.
[24] Figure 6 displays the zonal mean values of t1 and a

for both products for the original data and scenario 2 using
the 4 sample months (January, April, July, and October).
Most major zonal extremes (such as peaks at 50�S and
15�N, minimum at 20�S, etc) in t are similar for the two
retrievals. The major differences in the AOT in the original
data are poleward of 40� latitude, where the MODIS values
are much larger than their AVHRR-type counterparts. The
maximum Dt1 is greater than 0.1 around 50�N. These
differences are reduced significantly for the strong clear
condition mainly because of the reduction in the MODIS
values. This suggests that the MODIS retrievals are subject
to more cloud effects than the AVHRR-type retrieval,
especially at high latitudes. The cloud effects here may
include different responses in the retrieval algorithms to
aerosols near the clouds or due to residual cloud contamina-
tion or both, which will be further investigated in section 4.
Over the tropical oceans, t(AVHRR) is only slightly larger
than (Dt1 < 0.03) t(MODIS) for both scenarios. In general,
the twoAOT retrievals agree very well when the cloud effects
are minimized. Because the potential for obtaining a CSI > 90
is greatly reduced for very heavy aerosol, primarily dust,
loading (see Appendix B), this agreement may not hold for
areas where heavy dust occurs.

3.2. Size Parameter

[25] Scatterplots of a from the two methods were devel-
oped for the same four scenarios. Only the results for April

are shown in Figure 7 since the results for the other months
are similar. For the unconditional matching (Figure 7a), the
values of a do not agree as well as those for t, probably
because a is more sensitive than t to the retrieval uncer-
tainties, especially those associated with aerosol model
assumptions [Ignatov et al., 1998; Zhao et al., 2002] as
discussed earlier. The degradation in the RMS and correla-
tion coefficients (Figures 7a–7d), quantifies the diminishing
agreement between the two size parameters with improving
retrieval conditions, a trend opposite to that seen for AOT in
Figure 4. This variation suggests that cloud and surface
roughness effects may mask differences in a caused by the
different aerosol model assumptions in the two methods.
The differences in the two ASPs become more obvious after
the most significant external effects have been minimized.
In general, a(MODIS) is larger than a(AVHRR). Because
several aerosol models are used in the MODIS retrieval, the
dynamical range of a(MODIS) also exceeds that of
a(AVHRR). Figures 5c and 5d also display the April mean
global map of the difference, a(AVHRR) � a(MODIS).
The differences are more obvious for strong clear condi-
tions, which is consistent with the scatterplot comparison.
[26] The zonal means of a in Figure 6 reveal that, for

the original data, a(MODIS) exceeds a(AVHRR) by up to
0.2 in the tropics but falls below a (AVHRR) at the
highest latitudes. The differences at high latitudes drop
significantly in strong clear conditions, indicating that
these differences are associated with different responses
of the two retrievals to cloud effects. However, the differ-
ences over the tropics are enhanced in the strong clear
condition both in magnitude (Da can be up to �0.3) and
in spatial coverage over the subtropics. This result suggests
that the differences in the size parameters at low latitudes
are caused by the aerosol model assumptions in the two

Table 1. Annual Global Mean MODIS t1 and t2 and a in the

2001 SSF Dataa

Original Data Strong Clear (CSI > 90%)

t1 (MODIS) 0.144 0.080
Dt1 (AVHRR-MODIS) �0.017 0.009
Dt1/t1, % �11.8 11.3
t2 (MODIS) 0.100 0.056
Dt2 (AVHRR-MODIS) �0.018 0.006
Dt2/t2, % �18.0 10.7
a(MODIS) 0.419 0.493
Da(AVHRR-MODIS) 0.019 �0.129
Da/a, % 4.5 �26.2

aAbsolute and relative differences from the corresponding AVHRR-type
values are also shown.

Table 2. Linear Regression (tM = a + btA) Statistics for

t1(MODIS) Versus t1(AVHRR) for Selected Months During 2001a

Case a b r e RMS

January
1 0.02 0.90 0.749 0.048 0.049
2 0.00 0.81 0.895 0.023 0.030
3 0.00 0.84 0.891 0.038 0.043
4 0.00 0.83 0.927 0.019 0.025

April
1 0.03 0.93 0.694 0.075 0.078
2 0.02 0.70 0.879 0.026 0.034
3 0.01 0.82 0.849 0.052 0.056
4 0.00 0.81 0.948 0.023 0.030

July
1 0.04 0.88 0.726 0.065 0.071
2 0.03 0.60 0.808 0.025 0.034
3 0.02 0.78 0.816 0.054 0.058
4 0.02 0.64 0.854 0.032 0.043

October
1 0.05 0.74 0.538 0.071 0.074
2 0.02 0.70 0.742 0.034 0.040
3 0.01 0.77 0.820 0.046 0.051
4 0.01 0.72 0.892 0.026 0.036
aDefinitions are as follows: r is correlation coefficient, e is standard

deviation, and the RMS is the root mean square error of the linear fit. The
original SSF data, the strong clear, the smoothest surface, and the clearest
and smoothest cases are indicated as cases 1, 2, 3, and 4, respectively.
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Figure 6. Zonal mean t1 and a for the SSF MODIS and AVHRR-type aerosol products for the average
of January, April, July, and October, 2001 for original SSF data and for CSI > 90%. AWE is Ångström
wavelength exponent a.

Figure 7. (a–d) Same as Figure 4 but for the size parameter a.
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retrieval algorithms and not by cloud effects. The better
agreement in a at high latitudes for the strong clear cases
suggests that cloud effects, not the aerosol models, are the
primary source of the differences. Section 4 explores these
differences in more detail.

4. Effects of Cloud and Surface Roughness

[27] Subpixel cloud contamination or extra illumination
of aerosols by sunlight from the sides of clouds may
contribute to the cloud effect for satellite aerosol retrievals
[Wagener et al., 1997]. On the other hand, not all cloud
effects are contamination. Aerosol optical thickness can
increase in proximity to clouds because of the growth of
particles with increasing relative humidity [e.g., Nemesure
et al., 1995]. Because of MODIS’ high spatial resolution,
aerosol retrievals can be performed closer to clouds and the
enhanced aerosols in proximity to clouds can be detected.
Similarly, surface roughness may not only affect the aerosol
retrievals but also may be physically linked to an enhance-
ment of aerosols through the injections from bubble bursts
and the evaporation of sea spray [e.g., Heintzenberg et al.,
2000; Lewis and Schwartz, 2001]. The following analyses
attempt to isolate the effects of clouds and surface rough-
ness on the two aerosol products.

4.1. Cloud Effect

[28] Figure 8 displays t1, t2, and a as functions of CSI
for the two aerosol products in January. The values were
averaged for the globe according to selected bins of CSI.
The corresponding number (frequency) of footprints used
for averaging in each bin is also plotted. CSI shows a strong
negative correlation with t for both aerosol products
(Figure 8a), especially when CSI < 20%. CSI is posi-
tively correlated with a for CSI > 85% and negatively
correlated for CSI < 20% (Figure 8b).
[29] The dependence of AOT on CSI may be due to false

aerosol signals associated with the subpixel cloud contam-
ination and the extra illumination of aerosols by sunlight
from the sides of clouds or due to a real aerosol signal that

either is enhanced in the moist environment around the
clouds or due to the inability of the CERES cloud mask to
render a ‘‘strong clear’’ classification in heavy aerosol
conditions. Or, both enhanced aerosol signals and cloud
effects are occurring simultaneously. Separating the false
and real aerosol signals near the clouds is almost impossible
using only the current satellite observations, especially for
global monthly mean data. A definitive conclusion about
the cloud effects on the satellite aerosol retrievals would
require a combination of existing satellite observations
(such as MODIS and MISR) with those from future
space-based observing systems (such as CALIPSO and
CloudSat) in addition to surface-based measurements of
both aerosols and clouds.
[30] On the other hand, correlation analyses based on

some statistical characteristics associated with the false and
real aerosol signals near the clouds can be performed by
using the multiple cloud, aerosol, and meteorological
parameters that are available in the SSF data. Such analyses
should provide additional insight into the issue of cloud
effects on satellite aerosol retrievals. In general, cloud
contamination should reduce the spectral dependence of
the AOT derived from AVHRR [see Mischenko et al.,
1999], which results in smaller a values that should change
drastically from a noncontaminated regime to a contami-
nated regime. The sudden drop in a in Figure 8b from
strong clear (CSI > 90%) to clear (CSI < 90%) fits the cloud
contamination characteristics so that the corresponding
minor increase in AOT is likely to be associated with the
false aerosol signal from cloud contamination. This analysis
is also consistent with the ensemble AERONET validation
presented by Zhao et al. [2005].
[31] However, the rapid increase (observed in Figure 8a)

of t along with the corresponding slow increase of a (see
Figure 8b) in weak clear conditions (CSI < 20%) is not
consistent with the cloud contamination characteristics.
Thus the candidate that is responsible for the increase of t
in the weak clear conditions is either a real aerosol signal or
the surface roughness effect coexisting with the clouds that
are often associated with a weather system. Surface rough-

Figure 8. Globally averaged (a) t1 and t2 and (b) a as functions of CSI for January 2001. The
corresponding number (frequency) of footprints used for averaging in each CSI bin is also shown.
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ness is unlikely to be important because the increase of t for
CSI < 20% remains even for the smoothest surface as
defined with SWS < 1 m/s (Figure 9).
[32] The remaining candidates are that AOT is actually

enhanced in the vicinity of clouds or that the CERES mask
is frequently unable to classify scenes with heavy dust as
strong clear scenes. Clouds can act as sources of new
aerosol particles through in-cloud aqueous production and
near-cloud particle nucleation [Hegg, 2001]. In addition,
higher humidities in cloud fields can enhance the water
vapor uptake by aerosol particles and the aerosol extinction
even without generating new particles [Nemesure et al.,
1995]. The cloud haloes [see Lu et al., 2002] often noticed
also indicate that the aerosols are enhanced in the moist
environment around the clouds. The correlations of t and
a with CSI observed here for CSI < 20% indicate the
cloud effect on aerosol is significant even on a global
scale.
[33] The increase of t(MODIS) with decreasing CSI is

somewhat faster than that of t(AVHRR) in Figure 8a. It

may be associated with the fact that the MODIS cloud
masking allows MODIS retrievals about 25% closer to
cloudy pixels than the CERES cloud mask used in the
AVHRR-type retrieval. The difference in the sensitivity of
the two retrievals (due to different aerosol model assump-
tions) to the changes of aerosol properties from clear to
weak clear conditions may also contribute to the slope
discrepancy. For example, the MODIS retrieval may re-
trieve AOTs for pixels with heavy dust that were classified
as cloudy by the CERES mask. More investigation beyond
the scope of this paper is needed to examine each of these
issues to understand the differences in the relationship
between CSI and AOT.

4.2. Surface Roughness Effect

[34] The aerosol parameters were also correlated with
surface wind speed (SWS). The January results in Figure 10
are typical in that t and a smoothly increase and decrease
with SWS, respectively. A secondary peak in t also appears at
SWS=2.5m/s in Figure 10a. These variations of t andawith
changing SWS are maintained for the strong clear condition
(CSI > 90%) as shown in Figure 11, except for loss of the
secondary maximum in t.
[35] Since the surface wind speed is fixed for the MODIS

(6 m/s) and AVHRR-type (1 m/s) retrievals, the surface
reflectance is underestimated (or overestimated) for SWS
greater (or less) than the assumed values. Correspondingly,
t will be overestimated (or underestimated). The wind
speed used in the MODIS retrieval is close to the global
mean value, which is intentionally used to capture the
global mean surface roughness for the MODIS aerosol
retrieval. The wind speed of the AVHRR-type retrieval is
biased low and will result in an overestimation of the
retrieved global mean AOT with all other effects being
equal. To reduce this overestimation, a fixed small diffusive
reflection is added to the AVHRR-type retrieval. The
MODIS algorithm assumes a dark surface, except at
0.55 mm. The diffusive reflection is added for the AVHRR-
type retrieval to best represent the global mean surface
condition. Thus the difference between the computed surface
reflectance for the global mean condition in the two aerosol
retrievals is minor. The difference in AOTs between the two

Figure 9. Same as Figure 8a except for pixels with SWS <
1 m/s.

Figure 10. (a and b) Same as Figure 8 except as functions of SWS.
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methods is not expected to be very large as seen in Figure 11
where t(AVHRR) is only slightly larger than t(MODIS).
[36] If surface roughness contamination is the only effect

on the two SSF aerosol products, the two algorithms should
agree best at the global mean surface wind (SWS � 6 m/s)
condition. This is not the case as observed in Figure 11a.
There are at least two factors that may contribute to the
observed dependence of t and a on SWS. One is the
presence of real aerosol signals associated with wind driven
aerosols resulting from injection of bubble bursts and
evaporation of sea spray over the rough ocean surface.
Large particles with smaller a values are mainly produced
in this case. The other source is due to the cloud effect since
large surface wind speed is often associated with a strong
weather system and cloudy conditions as seen in Figure 12.
[37] Fortunately, the cloud effect can be separated from

the wind driven aerosol signal by resampling the SSF
footprints for the strong clear condition with a criterion of
CSI > 90%. As a result, the cloud effect will be removed or
minimized in the resampled data, which are displayed in
Figure 11. Apparently, the secondary peak in Figure 10a
that disappears in Figure 11a is due to the cloud effect. The
general trends in t and a seen in Figure 10 are maintained
in Figure 11, which is consistent with the dependence of
these parameters on SWS from the AERONET observations
[see Smirnov et al., 2003]. Near-surface observations also
show that the sea spray generation of sea salt increases with
SWS and become saturated at large wind speeds [e.g.,
Heintzenberg et al., 2000; Lewis and Schwartz, 2001;
Andreas, 1998]. Thus the aerosol optical properties derived
from the two SSF aerosol retrievals should be similar at
large wind speeds when the wind driven aerosols become
dominant. This expected convergence of t and a for the two
SSF aerosol products occurs at SWS values around 10 m/s
in Figure 11. All these characteristics suggest that the trend
in the two aerosol products with the surface wind speed is
mainly due to the wind driven aerosols and is not a retrieval
artifact.

5. Summary and Conclusions

[38] As the first step in building connection and consis-
tency between the advanced multichannel MODIS aerosol

retrieval and the simple two-channel AVHRR aerosol re-
trieval, a global comparison over ocean was performed
using one year of Terra/CERES-MODIS SSF data. The
comparisons indicate that the AOTs from the two SSF
aerosol products are in reasonably good agreement, espe-
cially for small optical thicknesses. The difference increases
with increasing AOT. Regional differences in the two
optical thicknesses are mainly associated with the effects
of clouds and surface roughness. The cloud effects are seen
in both aerosol retrievals and are most obvious over high
latitudes. The agreement between the size parameter a of
the two SSF aerosol products is not as close as that for
optical thickness. Cloud effects and surface roughness
reduce the AOT agreement but mask the difference in size
parameter caused by differences in the aerosol model
assumptions used by the two retrieval algorithms. An
increase in AOT was found to increase with surface wind
speed presumably because of an injection of wind driven
aerosols. Cloud contamination appears to occur simulta-
neously with a real enhanced aerosol signal enhanced near
clouds when subpixel cloud cover exceeds 20% in a SSF
footprint. The cloud effects can have a noticeable global

Figure 11. (a and b) Same as Figure 10 but for the strong clear case (CSI > 90%).

Figure 12. Global mean SSF Cloud Fraction (CF) and
Clear Strong Index (CSI) as functions of Surface Wind
Speed (SWS) for January 2001. The corresponding number
(frequency) of the footprints used for averaging in each bin
is also shown.
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impact on the retrieved aerosol optical properties as shown
in Table 1.
[39] Separating the cloud contamination effect from the

enhanced aerosol loading near clouds is difficult without
careful determination of cloud cover at relatively high
(1 km) spatial resolutions at multiple wavelengths from
well-calibrated data. The availability of both CERES
and MODIS aerosol retrievals from well-calibrated global
MODIS data has greatly facilitated the examination of the
impact of clouds on aerosols. The enhanced cloud effect, not
just cloud contamination, on aerosol properties deserves
further study. Conclusive resolution of the issue will require
a combination of existing satellite observations (such as
MODIS and MISR) with those from active sensors on future
space platforms, such as CALIPSO and CloudSat, and at the
surface. In the meantime, the correlation analyses performed
here can be considered as an initial effort to study the issue.
The second paper [Zhao et al., 2005] will demonstrate that the
correlation analysis is more effective for the analysis of cloud
and surface roughness effects on the aerosol retrievals at the
regional scale since the problem can be more easily defined
regionally compared to globally.
[40] From the results of this study it is concluded that,

overall, the gain in aerosol retrieval accuracy over the ocean
from the MODIS multichannel algorithm relative to the
AVHRR two-channel algorithm is mostly in the improve-
ment of aerosol size parameters rather than in optical
thickness in a global mean sense, except for heavy aerosol
loadings, which require additional analysis. Aerosol model
assumptions are more important for regional retrievals,
which will be further demonstrated in the regional evalua-
tion of the two SSF aerosol products in part 2 of this study
[Zhao et al., 2005]. Cloud and surface roughness effects on
the two SSF aerosol products require further investigation.

Appendix A: Mapping Strategy of Two SSF
Aerosol Products

[41] Both the standard MODIS (MOD04) aerosol gran-
ules (�10 km at nadir) and the resampled 1-km MODIS
reflectances for the AVHRR type retrieval are mapped and
averaged to the CERES field of view (FOV) with a
resolution of about 20 km at nadir. The averaging is
weighted with the CERES Point Spread Function (PSF)
for each footprint to form two CERES SSF aerosol products
(I and II). Only CERES footprints with at least one MODIS
pixel (which satisfies the AVHRR-type retrieval criteria) are
retained in the aerosol processing and those without MODIS
pixels are discarded. Additionally, if a MODIS pixel falls
outside all CERES FOVs, it is excluded from averaging
computation in the mapping process. Thus overlaps of some
CERES FOVs may occur and some MODIS pixels may be
counted more than once in the averaging computation. For a
CERES footprint containing at least one MODIS pixel, the
MOD04 aerosol products in that footprint are averaged to
form the CERES SSF aerosol product I. The AVHRR-type
aerosol retrieval based on the ‘‘aerosol reflectance’’ for the
same footprint serves as the CERES SSF aerosol product II.
[42] The MODIS pixel count statistics (N) in a CERES

footprint are stored as a SSF parameter, which is defined by
the relative sizes of the CERES footprints and the MODIS
pixels (N ffi [CERES footprint size/MODIS pixel size]2). If

both sensors point at nadir, N is �(20 km/1 km)2 or �400,
and it changes with the CERES and the MODIS view zenith
angles (qC and qM). MODIS scans within �±55� off nadir in
a fixed azimuth plane (FAP) perpendicular to the orbit plane
(termed as cross-track scan), which provides a swath width
of �2330 km from its altitude of 705 km. CERES allows
scans up to �±89� off nadir in both FAP mode and rotated
azimuth plane (RAP) mode and the corresponding SSF
products are called flight model 1 (FM1) and flight model
2 (FM2) products, respectively. In the FAP mode, the
CERES sensor can scan both cross-track (CT) and along-
track (AT). For a FAP/CT scan, MODIS and CERES
basically view the same scene when their view zenith angles
are sufficiently close (qC � qM). CERES footprints in the
SSF data are confined by the maximum MODIS view zenith
angle (qM � ±55�) so that the maximum size of CERES
footprint in the SSF data is about 50 km for the FAP/CT
mode even though the footprint size of CERES at ±89� view
zenith angle can be quite large.
[43] In the SSF processing, only near-nadir MODIS

pixels are retained for the FAP/AT scan. As a result, large
SSF footprint size exists only in the RAP mode. Selecting
two 1-week Terra SSF FM1 data in a FAP/CT mode and
FM2 data in either a RAP or a FAP/AT mode, Ignatov et al.
[2005] estimated the footprint size of the SSF data is
between �20 and 50 km for FM1 and between �20 and
360 km for FM2. They also studied the accuracy of
geographical referencing of the aerosol product in the above
SSF mapping process considering the average footprint size
for selected FM1 data is expected to be smaller than for
selected FM2 data. They found the effect is only noticeable
for large footprints in the SSF data when the CERES
instrument is in RAP mode. The effect of geographical
referencing will be smoothed by temporal and spatial
averaging. In this regard, we prefer to use gridded and
monthly mean values of the SSF aerosol data in our
analysis.

Appendix B: Complementary SSF Parameters

[44] Direct broadband measurements from the CERES
instrument and products derived from these measurements
are highly accurate because of the onboard calibration
sources and the use of the latest anisotropic correction
models in the CERES data processing [Loeb et al., 2003].
MODIS provides accurate retrievals of cloud and aerosol
properties since the retrieval algorithms are based on the
combination of multiple spectral radiances with high
spatial resolution and accurate onboard calibration. The
CERES SSF data sets combine CERES radiation measure-
ments, MODIS microphysical retrievals, and ancillary
meteorology fields and form a comprehensive, high-quality
compilation of satellite-derived cloud, aerosol, and Earth
radiation budget information for radiation and climate
studies. There are about 140 parameters in the SSF data
[Geier et al., 2003] and some of the nonaerosol parameters
can be very useful for studying cloud and surface rough-
ness effects on the two SSF aerosol products. The current
analysis uses three of these SSF parameters: Clear Strong
Index (CSI), Cloud Fraction (CF), and Surface Wind
Speed (SWS). These three parameters are briefly described
below.
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[45] The CERES cloud mask scheme [Trepte et al., 1999;
Minnis et al., 1999, 2002] involves a three-step analysis of
each resampled MODIS pixel. The first step is a simple
infrared test that flags pixels that are too cold to correspond
to a surface and must be a cloud. The second step involves
three kinds of threshold tests comparing pixel radiances to
estimated background or clear-sky values for reflectance,
infrared brightness temperature, and infrared/near-infrared
brightness temperature difference, respectively. The thresh-
old values are specified as functions of geographical loca-
tion, time, and illumination-observation geometry, based
upon empirical analyses, radiative transfer computations,
and interpolations. If the three kinds of tests unanimously
determine the pixel to be clear, this pixel is labeled ‘‘strong’’
clear. If one or two tests fail, a series of relaxed tests are
performed to determine whether or not the pixel can be
labeled as ‘‘weak’’ clear or cloudy. The third step, used for
aerosol retrievals only, consists of homogeneity and adja-
cency tests that are based on the experience of the opera-
tional AVHRR aerosol retrieval [Stowe et al., 1999; Vemury
et al., 2001]. The tests are used to eliminate residual cloud
contamination and cloud shadow effect and are critical for
aerosol retrievals. The spatial homogeneity test, which
applies to a 2 � 2 (or 4 km � 4 km) clear-pixel array,
requires that the difference between the maximum and
minimum 0.66-mm reflectances in a 2 � 2 array is less than
0.003. The adjacency test further requires that all eight
pixels surrounding the test pixel must be clear.
[46] The CERES cloud mask classifies each CERES

subpixel (or resampled MODIS pixel) as clear, cloudy,
bad data, or no retrieval. Each clear pixel is further
categorized as ‘‘weak’’ or ‘‘strong’’ to indicate the degree
of confidence in the selection (see the above discussions). A
Clear Strong Index (CSI) is reported for each CERES
footprint as one of the CERES parameters which is calcu-
lated as the PSF-weighted percent (from 0 to 100) of clear-
strong pixels in the CERES field of view (FOV) relative to
all the clear and cloudy pixels (bad data and no retrieval
pixels are not included in the computation). If there are no
clear-strong pixels in the FOV, the coverage is set to zero
(CSI = 0). If there are clear-strong pixels in the FOV, the
coverage is set to 1% or greater (1� CSI � 100). It should
be noted that the CERES cloud mask often misclassifies
cloud-free pixels with heavy dust loadings (t1 > 2) as
cloudy pixels so that those pixels will rarely accompany a
strong clear classification.
[47] In addition to CSI, a Clear Area Percent Coverage

(CAPC) is also reported in the SSF data. The CAPC is
based on the subpixel cloud fraction and is also PSF
weighted. The average is performed for all the clear and
cloudy pixels without considering bad data and no retrieval
pixels. It is set to zero when the percent coverage is less
than 0.5%. A Cloud Fraction (CF) is derived in our analysis
by subtracting the SSF CAPC from 100.
[48] The U and V components of surface wind speed are

also reported in the SSF data. These two SSF parameters
are taken from ECMWF and GMAO assimilation wind
fields and linearly interpolated to the latitude and longitude
of CERES footprints. A linear interpolation is also per-
formed in the temporal domain to produce the hourly SSF
values from the 6-hourly input data samples. Since sea
surface conditions, such as roughness, foam, and whitecaps

are strongly related to the surface wind speed, the Surface
Wind Speed (SWS) derived from the SSF U and V
parameters is a good indicator of the variability of the
surface condition and roughness. A more detailed descrip-
tion of the SSF parameters and their definition is given by
Geier et al. [2003].
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Figure 1. Monthly mean global maps (1� � 1�) of t1, t2, and a from SSFs for March 2001. (top)
MODIS and (bottom) AVHRR-type retrievals.
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Figure 5. Global maps of monthly mean differences (AVHRR – MODIS) of (a and b) t1 and (c and d) a
for April 2001. Figures 5a and 5c show original data, and Figures 5b and 5d show CSI > 90%.
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