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Abstract. Substantial uncertainties exist in the current knowledge of aerosol-cloud-precipitation
relationships and stem from the complicated interactions among the atmospheric constituents.
We use a straightforward statistical method, the regression analysis technique, to examine the
aerosol-cloud-precipitation relationships from satellite observational data sets, including the
aqua moderate resolution imaging spectroradiometer (MODIS) aerosol and cloud products
and the tropical rainfall measuring mission (TRMM) precipitation rate. Furthermore, the con-
ventional MODIS aerosol product is combined with the Deep Blue algorithm product to recon-
struct a complete global map of aerosol optical depth. Numerical simulations using the latest
version of the community earth system model (CESM) are also carried out. Globally, distinct
statistically significant relationships between aerosol optical depth, cloud fraction, and precipi-
tation rate are obtained over both land and ocean. Signals agreeing with the first and second
indirect effects of aerosols are detected, but other factors are likely contributors. The modeling
results are found to generally agree with satellite observations, but the model usually overes-
timates the aerosol-cloud-precipitation relationship. An increasing trend in cloud fraction with
the increase of aerosol optical depth (AOD) over ocean regions is found in the observations,
while the reverse is true in the model simulation. It is mostly consistent that the model and
observation both show a negative relationship between AOD and precipitation rate over land
and a positive relationship over ocean. © 2012 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1.JRS.6.063503]
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1 Introduction

Atmospheric aerosols are known to affect cloud properties through indirect aerosol effects.1,2 The
first indirect effectofaerosolsonclouds, theTwomeyeffect,3 refers toadecrease in theclouddroplet
size, an increase in the cloud droplet number concentration, and an increase in the cloud albedo
resulting from an increase in aerosol loadingwhen other atmospheric conditions are constant. As a
result of the decreased cloud droplet size, the second indirect effect is an increase in cloud lifetime
andcoveragewithasuppressionofprecipitationandan increase incloud liquidwaterpathandcloud
physical thickness.4 The semi-direct effect of absorbing aerosols is to warm an atmospheric layer
and to dissipate clouds.

Many previous studies5–7 report detecting signals of aerosol-cloud interactions, while cases are
also found where the aforementioned aerosol-cloud effects do not apply.8–10 Understanding the
relationship between aerosol and various cloud properties is the first step in reconciling this pro-
blem. Different approaches have been used in previous investigations. For example, Sekiguchi et
al.11 investigated the correlation of cloud properties and aerosol number concentration using global
satellite data sets and estimated the radiative forcing by aerosols. From a modeling perspective,
Lohmann et al.12 analyzed the aerosol indirect effect on cloud fraction and compared it with factors
such as meteorological conditions.
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Compared to the well-established theories of aerosol-cloud interaction, the aerosol-
precipitation relationship is less clearly understood.13 According to the first and second indirect
effects and the semi-direct effect of aerosols, a negative relationship between aerosol and
precipitation is expected. As a follow-up consequence of the first indirect effect of aerosol, Rosen-
feld et al.14 proposed that cloud invigoration and additional precipitation is generated in deep con-
vective clouds. The reaction of precipitation to aerosols, however, depends on many factors,15,16

including themeteorological conditions andcloud types. In several studies,17–19 anegative relation-
ship is observedbetween aerosol concentration andprecipitationamount, but, in others, an increase
in rainfall is detectedwith increased aerosol loading.20 The former situation is usually found in low
rain rate cases, while the latter situation is found in high rain rate cases. Different relationships
between aerosol and precipitation have been found, but this does not necessarily mean that the
aerosol-precipitation theory is contradictory in various situations.

Although there are ample studies using ground-based and airborne measurements, not much
attention has been focused on investigating the aerosol-cloud-precipitation relationship based on
global climate model (GCM) simulation. The representation of aerosol indirect effects within
GCMs is still in a preliminary stage. Quaas et al.21 evaluated the aerosol-cloud-radiation relation-
shipwithin 10differentGCMsusing three data sets fromsatellite observations. In particular,Quaas
et al.22 analyzed the results from aGCM to find an explanation to the positiveAODand cloud cover
relationship. To continue on the path of the previous research, the present study is intended to inves-
tigate aerosol-cloud-precipitation relationships usingglobal aerosol, cloud, andprecipitationprop-
erties derived from satellite observations and numericalmodel simulations.We strive to answer the
question of whether current GCM simulations can reproduce similar aerosol-cloud-precipitation
relationships to those found in the satellite observations.

2 Data and Method

2.1 Aerosol Properties, Cloud Properties, and Precipitation Rates

This study uses monthly AOD at 550 nm from the MODIS Aqua Level 3 1 × 1 deg product23

(Collection 5.1) for the period from July 2002 to December 2009 (total of 78 months). A new
feature in Collection 5.1 is the inclusion of the Deep Blue AOD algorithm24 products over
bright surface areas, such as deserts, where data gaps occur in the operational MODIS AOD.

Fig. 1 Seasonal climatology of MODIS Aqua AOD combined with Deep Blue algorithm AOD
at 550 nm: (a) March-April-May (MAM); (b) June-July-August (JJA); (c) September-October-
November (SON); and (d) December-January-February (DJF).
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We attempt to combine the conventional MODIS AOD and the Deep Blue AOD to construct
a complete global map of AOD (henceforth referred to as “combined AOD”). Figure 1 shows
the multi-year climatology of the combined AOD in each season. The spatial distribution of
the combined AOD is very similar to the multiangle imaging spectroradiometer (MISR) AOD
(figure not shown25), except the global average is smaller. Seasonal variations are apparent,
with the highest AOD loading found in March-April-May (MAM) and the lowest in Septem-
ber-October-November (SON). For comparison, monthly AOD at 555 nm in the MISR level 3
products from March 2000 to December 2009 is also included.

Cloud properties are taken from the MODIS Aqua Level 3 Collection 5.1 products. Cloud
fraction (CF), which has the same temporal and spatial resolution as the MODIS AOD data, is
the main variable of interest.

Two sets of precipitation data with the same temporal length as the MODIS AOD are
employed in this study: the tropical rainfall measuring mission (TRMM) 3B43
0.25 × 0.25 deg monthly precipitation rate and the global precipitation climatology project
(GPCP) 1 × 1 deg daily precipitation estimate. Although GPCP data are based on several
different sources (satellite observations and ground-based measurements), in our analysis, we
find that the TRMM precipitation rate data produce almost the same results as those of
GPCP. Thus, we primarily show the results using the TRMM data, while the GPCP data are
used in the geographical regions where TRMM products are not available.

2.2 Numerical Model

The simulation of aerosol, cloud, and precipitation is carried out with the latest version of the
Community Earth System Model (CESM) in this study. The CESM model with CAM5 physical
processes is the first in its series that fully considers the parameterization of aerosol indirect
effect on cloud properties. Extensive improvements in physical parameterization, such as repla-
cement of the dry turbulence scheme in CAM3 with a moist turbulence scheme,26 improvement
of the stratiform cloud microphysics scheme,27 and implementation of a new three-mode aerosol
scheme,28 greatly enhance the model capability in representing aerosol-cloud interactions.

The standard CESM model using the finite volume (FV) dynamical core is run from January
2000 to December 2005 with 1.9 × 2.5 deg horizontal resolution. The model is forced
with historical sea surface temperatures. Simulated variables, such as AOD at visible wavelength
(550 nm), cloud fraction, and precipitation rate, are used for comparison with the satellite
observations.

2.3 Method

A straightforward linear regression method29 is used to study the relationships between aerosol
loading and cloud fraction or precipitation rate. By using regression analysis, we assume that
there is a causal relationship between the predictor and the predictand. The regression coefficient
obtained also reflects the correlation between the two variables. Prior to the regression analysis,
all input variables are re-gridded to the same grid resolution and are standardized (scaled by
removing the mean and dividing by the standard deviation). The regression procedure finds
a linear relationship ŷ ¼ aþ bx between a predictor x (AOD) and the predictand y (cloud fraction
or precipitation rate) by minimizing the squared differences between y and ŷ. The slope of the
line, b, is the coefficient of interest. Data are sampled using the different months at each grid
point location. A statistical hypothesis test, with a 95% confidence level, is used to evaluate the
statistical significance of the result, assuming that the residuals (y − ŷ) are statistically indepen-
dent, normally distributed random variables.

3 Validation of Model Simulations

The spatial and temporal variations of the variables (AOD, cloud fraction, precipitation rate, etc.)
simulated within the model are first examined and compared with observational data on a global-
averaged basis. It should be noted that the sampling differences30 existing among satellite
observations and the model could be contributing to the shown discrepancies and, thus, further
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influence the correlation analysis results. Figures 2–4 show the observed and simulated temporal
variation of anomalies of area-averaged AOD, cloud fraction, and precipitation rate over land and
ocean. The annual cycle of the variables has been removed by subtracting the climatological
mean for each calendar month. From the temporal variation of the AOD anomaly, it is clear
that the amplitude of model simulated AOD variability is consistently smaller than satellite
observations over both land and ocean. The two satellite observation products, MISR and
MODIS AOD, are more consistent over ocean than over land. The model results and observa-
tions share the characteristic that the amplitude of the AOD anomaly is much larger over land
than over ocean. For the cloud fraction anomaly, the observed and model simulated cloud frac-
tion anomalies are comparable and agree well over land and ocean. Good agreement between
simulations and observations for total precipitation rate is found over both land and ocean.
Generally, we believe the simulated quantities well reproduce the observed features.

Fig. 2 Satellite observed and model simulated AOD anomaly variation with time over global land
(a) and ocean (b). Anomalies are computed with respect to the long-term time mean.

Fig. 3 Similar to Fig. 2, but for cloud fraction (CF) anomaly.
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For analysis purposes, the globe is divided into 10 land regions and five ocean regions
(Fig. 5). We apply a land-sea mask to study the land/ocean regions separately. According to
the regional analysis (figures not shown), the simulated AOD is underestimated in almost all
the regions except over northern Africa and the Indian Ocean. The largest discrepancies between
modeled and observed AOD exist over land, such as North America and northern and eastern
Asia. The AOD simulations over ocean regions agree closely with the observations in terms of
the magnitude of variation; however, for the cloud fraction simulation, the reverse is true. Ocean
regions have larger cloud fraction discrepancies between simulations and observations than land.
Again, the cloud fraction differences between observations and simulations over Asian regions
are among the largest. Except for a few regions, including the European continent and the north-
ern Pacific Ocean, the precipitation rate simulations match GPCP precipitation rates very well in
all regions.

From the previous comparisons, we can conclude that the model gives reasonable estimates
of aerosol, cloud, and precipitation distributions and their variations. We will further analyze the
aerosol-cloud-precipitation relationships based on the observed and simulated results.

4 Results and Discussion

To determine whether the satellite retrieval products and the model can reflect the first and
second indirect effects of aerosols on clouds, regression relationships between AOD and
cloud fraction are calculated.

Fig. 4 Similar to Fig. 2, but for precipitation rate anomaly.

Fig. 5 Map of land regions (solid line boxes) and ocean regions (dash line boxes).

Bingqi et al.: Aerosol-cloud-precipitation relationships from satellite observations : : :

Journal of Applied Remote Sensing 063503-5 Vol. 6, 2012

Downloaded from SPIE Digital Library on 23 Mar 2012 to 128.194.229.230. Terms of Use:  http://spiedl.org/terms



The relationship between AOD and cloud fraction has been a subject of controversy in pre-
vious studies. Figure 6 shows regression coefficients between the AOD and cloud fraction from
MODIS satellite observations and numerical model simulations. The annual cycle of AOD and
cloud fraction were removed before the regression analysis. The areas highlighted with slash
patterns indicate that the corresponding co-relationships exceed the 95% confidence level. In
the MODIS satellite observations, the areas with significant relationships are generally positive
and are found mostly over ocean and only partially over land. In the model simulation, the
AOD-cloud fraction relationship is much more negative over all and with positive areas primarily
over land and negative areas over the ocean. The most consistent differences between the two
panels in Fig. 6 occur over ocean areas. The AOD-cloud fraction relationships agree somewhat
better over land surfaces. The differences are more evident in Table 1, which shows the regres-
sion coefficients for each regional box. In Table 1, the linear regression coefficient between AOD
and cloud fraction for each region is shown with standard errors and corresponding confidence
levels. In most regions over land, the cloud fraction increases as the AOD increases and is highly
consistent in both observations and simulations. The simulated trend is usually larger than the
observed trend. The area over southeastern Asia is the only region in which the cloud fraction
decreases with the increase in AOD, and this can be seen in both observed and simulated results.
It should be noted that these are the regions where the largest discrepancies in AOD and cloud
fraction are found in observations and simulations. Southern Africa, northern Asia, eastern Asia,
and Australia are the regions where distinctive AOD-cloud fraction regression relationships are
found in both observations and simulations. Contrary to the situation over land, the model and
the satellite observation disagree over most ocean regions and indicate that model simulated
cloud fraction over ocean can be problematic. Our results are similar to the previous studies
by Myhre et al.31 and Kaufman et al.32

Aerosol-precipitation interaction is a more difficult question. According to theory, the semi-
direct and indirect effects of aerosols should all act to reduce precipitation. However, increased
precipitation with enhanced aerosol loading can happen based on the theory by Rosenfeld et al.14

Although both precipitation enhancement and reduction have been reported in previous studies,
the circumstances of the occurrences remain largely unknown. A comparison of relationships

Fig. 6 Regression coefficient between AOD and cloud fraction: (a) Aqua MODIS AOD and cloud
fraction; and (b) CAM5 simulated AOD and cloud fraction.
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between the AOD and precipitation rate is given in Fig. 7, and the two panels show limited
similarities. Model simulation tends to produce much stronger correlations than the satellite
observations. Most precipitation reductions by AOD occur over the equatorial regions and
over land. Extra-tropical oceans, however, experience precipitation increases with increasing
AOD. Again, Table 2 gives the details of the AOD-precipitation rate relationship over various
regions on land and ocean. Similar to what is found in previous studies, both increases
and decreases in precipitation rate with increasing AOD is detected over different regions.
The observation and the model agree on a positive relationship between AOD and precipitation
only over the European continent. Over other land regions, the observations and simulations
either disagree on the trend or consistently show negative correlations. The smoke/soot aerosols
resulting from the biomass burning in southeastern Asia is a possible reason for the much stron-
ger negative AOD-precipitation relationship there. In the lower-precipitating Sahara region, dust
aerosols act to increase precipitation, while in the higher-precipitating Sahel region, where
smoke/soot aerosols are predominant, precipitation is suppressed. For some other regions,
no consensus has been reached for the AOD-precipitation rate relationship. The complexity
of aerosol types and atmospheric conditions may be the cause, but without further study, it
is not possible to attribute the relationship to any single factor.

Table 1 Regression coefficients and confidence levels between AOD and cloud fraction for
observation and model simulation.

Observation Simulation

Region
Regression
coefficient

Confidence
level lower
than 99%

Regression
coefficient

Confidence
level lower
than 99%

North America 0.036� 0.003 No 0.115� 0.006 No
South America 0.113� 0.003 No −0.011� 0.008 82.83%
Europe 0.125� 0.003 No 0.211� 0.007 No
Northern Africa 0.071� 0.004 No 0.100� 0.007 No
Southern Africa 0.065� 0.004 No 0.025� 0.011 97.70%
Northern Asia −0.002� 0.003 38.33% 0.005� 0.006 56.22%
Central-Southern Asia 0.094� 0.004 No 0.060� 0.010 No
Eastern Asia 0.048� 0.004 No −0.050� 0.009 No
South-Eastern Asia −0.046� 0.006 No −0.157� 0.016 No
Australia 0.168� 0.004 No −0.067� 0.012 No
Global Land 0.072� 0.001 No 0.034� 0.002 No
Northern Atlantic Ocean 0.261� 0.002 No −0.053� 0.006 No
Southern Atlantic Ocean 0.178� 0.002 No −0.207� 0.006 No
Indian Ocean 0.157� 0.002 No −0.085� 0.005 No
Northern Pacific Ocean 0.217� 0.002 No −0.048� 0.005 No
Southern Pacific Ocean 0.177� 0.001 No −0.197� 0.004 No
Global Ocean 0.162� 0.001 No −0.091� 0.002 No

Fig. 7 Regression coefficient of MODIS Aqua Combined AOD and TRMM precipitation rate (a) as
compared with CAM5 model simulation (b).
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5 Summary

This work represents an attempt to use a complete global distribution of atmospheric aerosol
optical depth constructed by combining the MODIS operational and Deep Blue algorithm pro-
ducts to examine the relationship of AOD with cloud properties and precipitation in both satellite
data and a GCM simulation. Variability of the model simulated AOD, cloud fraction, and pre-
cipitation rate agrees reasonably well with the satellite observations on a global space and
monthly time scale. The results indicate that significant relationships between the AOD and
cloud property, corresponding to the first and second indirect effects and the semi-direct effect
of aerosols, are found in various regions, but, in contradiction to theory, many other regions have
insignificant or even inverse relationships. The model and observations agree on the positive
correlation between AOD and cloud fraction over most of the land regions, but over ocean
regions, distinctive AOD-cloud fraction relationships are shown. The model generally shows
stronger correlations than the observational data. Southeast Asia is the only continental region
where decreasing cloud fraction is found with increasing AOD. This unique feature is believed to
be related to the particular type of aerosol existing over that region. Except for the European
region, most continental regions have a clear reduction in precipitation with increasing AOD. On
the other hand, ocean regions predominantly show precipitation enhancements as AOD
increases. Although correlations with similar signs are found in the observations and simulations
in most regions, disagreements in magnitude are evident. These differences may be attributed to
factors such as satellite observational error, model deficiencies, atmospheric condition changes,
and/or various combinations of each. The goal of this study is to illustrate how the aerosol-cloud-
precipitation relationships are reflected in the present satellite observational data and in the most
up-to-date GCM. To fully resolve the questions, new satellite products with aerosol types and
rainfall types and more sophisticated statistical methods are greatly needed.
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Table 2 Regression coefficients and confidence levels between AOD and precipitation rate for
observation and model simulation.

Observation Simulation

Region
Regression
coefficient

Confidence
level lower
than 99%

Regression
coefficient

Confidence
level lower
than 99%

North America −0.061� 0.003 No 0.071� 0.006 No
South America −0.016� 0.003 No −0.136� 0.008 No
Europe 0.017� 0.003 No 0.082� 0.008 No
Northern Africa −0.062� 0.004 No −0.178� 0.007 No
Southern Africa 0.035� 0.004 No −0.217� 0.011 No
Northern Asia −0.142� 0.004 No −0.015� 0.007 97.70%
Central-Southern Asia −0.018� 0.004 No −0.055� 0.010 No
Eastern Asia −0.049� 0.004 No −0.135� 0.009 No
South-Eastern Asia −0.137� 0.006 No −0.326� 0.015 No
Australia 0.076� 0.004 No −0.177� 0.011 No
Global Land −0.036� 0.001 No −0.060� 0.002 No
Northern Atlantic Ocean 0.031� 0.002 No −0.036� 0.006 No
Southern Atlantic Ocean 0.033� 0.002 No 0.136� 0.007 No
Indian Ocean 0.026� 0.002 No 0.115� 0.005 No
Northern Pacific Ocean 0.029� 0.002 No 0.042� 0.005 No
Southern Pacific Ocean 0.056� 0.001 No 0.099� 0.004 No
Global Ocean 0.033� 0.001 No 0.082� 0.002 No
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