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Abstract

Long-term and large-scale correlations between Advanced Very High-Resolution Ra-
diometer (AVHRR) aerosol optical depth and International Satellite Cloud Climatology
Project (ISCCP) monthly cloud amount data show significant regional scale relation-
ships between cloud amount and aerosols, consistent with aerosol-cloud interactions.5

Positive correlations between aerosols and cloud amount are associated with North
American and Asian aerosols in the North Atlantic and Pacific storm tracks, and mineral
aerosols in the tropical North Atlantic. Negative correlations are seen near biomass
burning regions of North Africa and Indonesia, as well as south of the main mineral
aerosol source of North Africa. These results suggest that there are relationships be-10

tween aerosols and clouds in the observations that can be used by general circulation
models to verify the correct forcing mechanisms for both direct and indirect radiative
forcing by clouds.

1. Introduction

Aerosols can perturb atmospheric radiation through a direct effect of scattering and15

absorption of radiation, and indirect effect via interaction with cloud. Interactions be-
tween cloud and aerosols are critical to understanding climate change (IPCC, 1995).
Many studies, including measurements and modeling, have been taken to understand
the interactions between aerosols and clouds (Warner and Twomey, 1967; Twomey,
1974; Radke et al., 1989; Ackerman et al., 2000; Chameides et al., 2002). There are20

several mechanisms by which aerosols are thought to interact with clouds: for example
by changing the number concentration of cloud droplets which changes both the cloud
optical depth and the persistence of clouds in the atmosphere. In addition, aerosols in
cloud droplets have different optical properties than pure water cloud droplets, and the
aerosols can change the radiative structure of the atmosphere, thereby changing the25

clouds (IPCC, 2001). In this study, we for the first time explore the effect of aerosols
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on cloud properties using large-scale and long-term correlations between aerosol op-
tical depth from AVHRR and cloud optical depth and cloud amounts from ISCCP. The
observed relationships between aerosols and cloud should include the effects of direct
and indirect forcing of climate by aerosols.

2. Methodology5

Aerosols optical thickness (AOT) was measured by National Oceanic and Atmospheric
Administration (NOAA) Advanced Very High-Resolution Radiometer (AVHRR) polar
orbiting satellite. It provides information on aerosol distributions based on backscat-
ter radiation measurements that yield a measure of the “radiatively equivalent” aerosol
optical thickness (EAOT) over the oceans. The AOT is estimated from backscatter10

radiation measurements made at an effective wavelength of 630 nm, and AOT distribu-
tions are presented as 1◦×1◦ composites of the retrieved data in global area over the
oceans (Husar et al., 1997). Validation tests (Ignatov et al., 1995) show good agree-
ment between the AVHRR EAOT measurements (after retuning) and ground based
AOT measurements. Figure 1 shows the averaged AVHRR optical depth distribution15

over the ocean averaged from 1984–1999. The plumes in North Atlantic and Arabian
Sea are dominated by desert dust (e.g. Tegen et al., 1997). The plume in west coast
of South Africa near equator is most likely carbonaceous aerosols emitted by biomass
burning (Ducan et al., 2003). The plume in the west North Pacific is likely to be com-
bined anthropogenic aerosols and mineral aerosol (Phadnis and Carmichael, 2000;20

Song and Carmichael, 1999). Due to volcanic eruptions, data is only considered for
years from 1985–1989, and 1992–1999.

The monthly mean cloud amounts from the International Satellite Cloud Climatology
Project (ISCCP) D2 dataset from 1984–1999 (Rossow and Schiffer, 1991, 1999) were
used in this study. ISCCP D2 data separate clouds by height of the top of the cloud (low,25

medium and high clouds), as well as by optical thickness (thin, medium and thick) and
whether the clouds are liquid or ice phase. Individual ISCCP observations matched
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with over 670 000 individual surface cloud observation, as well as comparisons with
the surface based cloud climatology (Rossow and Schiffer, 1999). Comparisons show
that total cloud amounts are correct over ocean and lower over the land (Rossow et
al., 1993). Comparisons show that the overall bias of ISCCP low-level cloud cover
fraction is <0.1, and overall cloud types, the rms uncertainty in individuals ISCCP cloud5

amounts appears to be about 0.15 (Rossow and Schiffer, 1999). Uncertainties in this
dataset come from the misidentification of clouds and inaccurate retrieval algorithms
and are thought to be <10% (Rossow and Schiffer, 1991). Figure 2 shows the total
cloud amounts averaged from 1984–1999 of ISCCP data. Observational data suggests
that the ISCCP D2 dataset does not clearly identify thin cirrus clouds, especially in the10

morning hours, perhaps because of low-level clouds beneath the cirrus clouds (e.g.
Stubenrauch et al., 1999).

The ISCCP data is interpolated onto the AVHRR 1 degree by 1 degree grid. Because
both cloud datasets and aerosols contain large seasonal cycles, we remove the clima-
tological monthly mean and consider only the monthly deviation from mean seasonal15

cycle (monthly mean-climatological monthly mean) for the correlation analysis. We
conduct spatial correlation between time series of aerosols and cloud using monthly
averaged anomalies point by point globally. Only correlations that are statistically sig-
nificant at the 95% are shown in the resulting figures. We calculate standard deviations
for AVHRR AOT and ISCCP cloud amounts. Since the uncertainty of AVHRR AOT is20

less than 0.04 (Stowe et al., 1997; Cakmur and Miller, 2001), and uncertainty of to-
tal cloud amount less than 0.1 (Rossow and Schiffer 1991), our correlation of these
anomalies from two data sets is meaningful to the extent that the standard deviation is
larger than the uncertainty of each retrieval.

3. Results25

Figure 3 shows the spatial correlation between total cloud amount (cloud cover) and
aerosol optical depth of AVHRR over the ocean globally. It can be seen that the signif-
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icant positive correlations (0.2 to 0.5) were found in the North and South Atlantic, and
in the North and South Pacific. Significant negative correlations (−0.2 to −0.6) were
found in the equatorial Atlantic between 10 W–30 W, and over Southeast Asia (around
Malaysia and Indonesia). There could be several explanations for these correlations:
(1), spurious correlation (2), correlated bias in the datasets, (3) both aerosols and5

clouds driven by same meteorological situation, and (4), interactions between aerosols
and clouds. Given the magnitude of correlation coefficient (r>0.3), and the number of
data in each point, the correlations are significant at a confidence level that is >99.9%,
suggesting that spurious correlations are not responsible for the correlations seen in
Fig. 3. Noting that aerosol optical depths are generally two order of magnitudes smaller10

than cloud optical depths (Husar et al., 1997; Rossow and Schiffer, 1993), it seems
unlikely that aerosol optical depth could cause significant artifact in the cloud optical
depths, although it is likely that the thinnest clouds will be the most susceptible to
this artifact. We cannot eliminate that meteorological factors are simultaneously forc-
ing both aerosol and cloud changes, although we reduce the chance of this by using15

monthly anomalies from all months, and thus the large scale forcing will be season-
ally varying. The results are also consistent with an interaction between clouds and
aerosols, and next we explore the implications that these represent interactions be-
tween clouds and aerosols.

As discussed above, the ISCCP data segregates the data into high, medium and low20

level clouds. Analysis of the different types of clouds shows that the positive correla-
tions seen in the North Pacific, North Atlantic, South Pacific and South Atlantic tend
to be seen the strongest in the low level clouds, while the negative correlations tend
to be seen in the high level clouds, with a positive anomaly in the low level clouds in
the same locations. The positive correlation off the coast of North Africa and the nega-25

tive anomaly in the equatorial Atlantic region were seen in correlation just with mineral
aerosol (Mahowald and Kiehl, 2003), and are likely to be due to mineral aerosols. The
positive correlations of anomalies in the northern hemisphere storm tracks in the North
Atlantic and North Pacific are seen in both low and medium level clouds.
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Also seen in Fig. 3 is evidence for interactions between biomass burning aerosols
and clouds in the South Atlantic, equatorial Atlantic and near Indonesia and Malaysia.
Studies have suggested that biomass burning aerosols can interact with clouds both
through changes in the cloud microphysics as well as vertical structure changes (Ack-
erman et al., 2000; Levine, 1991; Levine et al., 1995). Since biomass burning tends to5

occur during distinct seasons we look for correlations during those seasons to isolate
the impact of biomass burning. Figure 4 shows the correlations between biomass burn-
ing season (a: July–November) and non-biomass burning (b: January–June and De-
cember) in Indonesian/Malaysian region; biomass burning season (c: January–March,
and December) and non-biomass burning season (d: April–May, October–November)10

in North Africa; and biomass burning season (e: June–October) and non-biomass
burning season (f: January–May, November–December) in South America and South
Africa. For the first two cases, the negative anomalies close to the biomass burning
areas are stronger during the biomass burning season. However, for the case of the
South Atlantic, the signals are less clear during the biomass burning season. This15

may be due to interference in the equatorial region with the equatorial biomass burning
(seen in Figs. 4c and d), or due to other causes. There is a hint of higher negative
anomalies close to the coast of Brazil and between Madagascar and Africa during the
biomass burning season. These results suggest that in parts of the globe there is a
decrease in cloud amount (especially high cloud) during anomalously high biomass20

burning aerosol months.
There are positive anomalies in the eastern South Pacific (Fig. 3) that appear to be

associated with very low levels of sea salt or sulfate aerosol optical depths (Fig. 1)
and thus may well be spurious. This may account for the lack of a clear signal for
biomass burning aerosols in the South Atlantic – this region also has low optical depths25

seen in the AVHRR retrievals (Fig. 1). The qualitatively similar results were obtained
as Fig. 3 using the NOAA Total Ozone Monitoring Spectrometer (TOMS) Absorbing
Aerosol Index (AAI) monthly averages for 1984–1990 (the most stable period of the
TOMS AAI, Torres et al., 1998; personal communication, O. Torres, 2000) instead of
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AVHRR, except that the storm tracks do not show up as well (consistent with sulfate
and organic carbon aerosols not being absorbing aerosols detected by the TOMS AAI)
and the signals are less distinct (consistent with the shorter time series).

4. Summary

This is first time that long-term and large-scale spatial correlation between satellite re-5

trieved aerosol optical depth and satellite-derived cloud amount have been presented.
The significant high correlations between anomalous monthly mean aerosol optical
depth from AVHRR (Husar et al., 1997; Ignatov et al., 1995) and monthly anomalies
in cloud amounts from ISCCP (Rossow and Schiffer, 1991, 1993, 1999) were found
in high mineral aerosol, biomass burning aerosol and anthropogenic aerosols areas,10

such as North Atlantic, North Pacific and Indonesia/Malaysian regions. Because we
conducted a correlation analysis, we cannot eliminate spurious correlations although
they are unlikely at the statistical significance levels we show here. Our results could
also be due to correlative biases in the satellite retrieved datasets, although since we
use different datasets, this is reduced in likelihood. Finally our results can be due to15

meteorology driving both aerosol optical depth and cloud amount fluctuations, aerosol
direct radiative forcing impacting clouds, or aerosols interacting with the microphysics
in clouds. Other studies have shown that aerosol cloud interactions can be important
(e.g. Albrecht, 1989; Charlson et al., 1992; Schwartz, 1996). The results here are
consistent with anthropogenic industrial aerosols in the North Atlantic and North Pa-20

cific, mineral aerosols in the North Atlantic and biomass burning aerosols in equatorial
Africa and Indonesia/Malaysia interacting with clouds.

As long as our results are not due to correlated biases in the datasets or spurious
correlations, these observations offer a method for testing aerosol models and their
feedbacks on climate in general circulation models. The results shown here can be due25

to meteorology driving both aerosols and clouds, aerosol radiative impacts on circula-
tion (and thus clouds) and aerosol microphysics interacting with clouds – all processes
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that are included in general circulation models today. Aerosol-cloud interactions are
one of the important feedbacks we need to constrain for understanding human impacts
on climate (IPCC, 2001), and this study provides a method for constraining aerosol
forcing on climate in general circulation models.
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AOT (AVHRR) @ 630 nm

      0.00      0.03      0.06      0.09      0.12      0.15      0.20      0.30      0.40

Fig. 1. AVHRR aerosol optical depth at 630 nm averaged from 1984–1999.
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 Cloud cover average from 84-99 (mon CA)

       20.       30.       40.       50.       60.       70.       80.       90.      100.

Fig. 2. ISCCP total cloud amounts averaged from 1984–1999.
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     -0.40     -0.30     -0.20      0.20       0.30       0.40       0.50

Fig. 3. Spatial correlation between anomalies monthly mean AVHRR aerosol optical depth and
anomalies monthly mean ISCCP total cloud amounts, the correlations are significant at the
95% level at ±0.2, and >99.9% level at ±.30.
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a b

c d

e

     -0.50     -0.40     -0.30     -0.20      0.20      0.30      0.40      0.50

f

     -0.50     -0.40     -0.30     -0.20      0.20      0.30      0.40      0.50

Fig. 4. Spatial correlation between anomalies monthly mean AVHRR AOT and anomalies
monthly mean ISCCP total cloud amounts in biomass burning and non-biomass burning sea-
sons in (a)–(b): Malaysia & Indonesia; (c)–(d): North Africa; (e)–(f): South America and South
Africa regions, the correlations are significant at the 95% level at ±0.2, and >99.9% level at
±.30.
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