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Abstract
One of the most important remaining questions surrounding the impact of aerosol particles on climate is the extent
to which they increase or decrease cloudiness upon an increase in aerosol loading. This issue has been examined in
biomass burning regions of the Amazon but not in an urban area. This study begins to look at this question with
MODIS-Aqua satellite retrievals of aerosol optical depth (AOD) and cloud optical depth (COD) over Los Angeles,
New Delhi, and Beijing. Results suggest that, for Los Angeles, as AOD increased, COD generally decreased; for
New Delhi, COD increased at low AOD and then decreased with increasing AOD; and for Beijing, COD remained
approximately level as AOD increased. When the data retrievals were separated by season, the COD curve was
either boomerang-shaped (increasing then decreasing COD as AOD increased) or decreasing for most city-seasons.
Exceptions included New Delhi in autumn and Beijing in autumn and winter, for which COD remained nearly
constant as AOD increased. These results generally support previous satellite and 3-D modeling results for biomassburning regions of the Amazon that found boomerang-shaped relationships of COD versus AOD. However, the
paucity of valid satellite retrievals suggests that the results here are of questionable statistical significance and much
more work is needed to confirm them.

1. Introduction
Most every global and regional computer model of the impacts of aerosol particles on clouds and climate to
date has assumed that cloud optical depth (COD) increases linearly with aerosol optical depth (AOD) (e.g.,
Myhre et al., 2013). At least one reason is that such models have considered only aerosol indirect and semidirect effects, but not cloud absorption effects, of aerosol particles on clouds. The indirect and semi-direct
effects don’t capture cloud burnoff, which can occur at high aerosol loading due to cloud absorption effects
(Jacobson, 2012). As such, most climate models may overestimate aerosol cooling, thus underestimate
global warming resulting from aerosol feedbacks to clouds.
The aerosol first indirect effect is the increase in cloud aggregated cross-sectional area, thus
reflectivity, due to the spreading of cloud water over an increased number of aerosol cloud condensation
nuclei (CCN) (Twomey, 1977). The second indirect effect is the increase in cloud lifetime and timeaveraged liquid water content and fractional cloudiness due to a decrease in cloud drop size and rainfall rate
resulting from a higher aerosol loading (Gunn and Phillips, 1957; Albrecht, 1989).
The semi-direct effect is the decrease in cloud reflectivity due to the decrease in near-cloud relative
humidity (RH) and increase in atmospheric stability caused by absorbing aerosol particles below, within, or
above a cloud (Hansen et al., 1997; Ackerman et al., 2000; Jacobson, 2002; Koch and Del Genio, 2010;
Bond et al., 2013). All studies of the semi-direct effect have assumed that black carbon (BC) and other
absorbing aerosols are either externally mixed or internally mixed with the same coating (at the same RH)
outside a cloud as inside the cloud.
Such an assumption, however, does not hold for aerosol particles within clouds, as aerosol
particles interstitially between hydrometeor particles are at the RH of the cloud and swell and absorb more
strongly by optical focusing than do aerosol particles within a cloud under the assumption that they are at
the RH of the outside air. In fact, the transition between the ambient RH and the in-cloud RH that aerosol
particles are affected by occurs within 0.5 km of a cloud (e.g., Flores et al., 2012). In addition, scattering by
hydrometeor particles within a cloud enhances the exposure of interstitial absorbing aerosol particles to
solar radiation, increasing absorbing aerosol heating more in a cloud compared with the clear sky
(Jacobson, 2012).

More specifically, like swollen aerosol particles, hydrometeor particles containing absorbing
aerosol inclusions absorb more sunlight than do aerosol particles without a coating due to optical focusing.
Several studies have examined the potential effects of absorbing aerosol inclusions in hydrometeor
particles. Danielson et al. (1969) calculated that such inclusions might explain partly why data indicate that
thick clouds often have a low albedo. Absorption by inclusions in individual cloud drops has also been
included in calculations of drop heating as a function of BC position in the drop (Chylek et al., 1996).
Chuang et al. (2002), Sandu et al. (2005). Radiative forcing due to different BC volume fractions within
liquid clouds has also been simulated (e.g., Erlick et al., 2006; Zhuang et al., 2010), as has global
temperature change due to modeling radiative transfer through liquid and ice cloud particles with BC
inclusions of different size (Jacobson, 2006, 2010).
The additional effects of absorbing aerosol particles at the relative humidity of the cloud on incloud heating are cloud absorption effects (CAEs) I and II. These are, respectively, the effects on cloud
heating of both (I) absorption by aerosol inclusions within hydrometeor particles at the relative humidity of
the cloud and (II) absorption by aerosol particles interstitially between hydrometeor particles at the in-cloud
RH (Jacobson, 2012). CAE I and II are not part of the semi-direct effect, since the semi-direct effect has a
specific historic definition and application that does not include CAE I or II. Whereas indirect effects
usually enhance cloudiness, the combination of semi-direct and cloud absorption effects tends to burn off
clouds (Kaufman et al., 2002; Kaufman et al., 2005; Kaufman and Koren, 2006; Rosenfeld et al., 2008; Ten
Hoeve et al., 2012; Jacobson, 2012).
Several studies (e.g., Andreae et al., 2004; Kaufman and Nakajima, 1993; Koren et al., 2004;
Koren et al., 2008; Ten Hoeve et al., 2011; 2012) have used satellite data to examine, by correlation, the net
impact (thus the summed impacts of indirect, semi-direct, and cloud absorption effects) of aerosol particles
on warm clouds over Rondonia, Brazil, during the biomass-burning season. These studies consistently
found that the cloud optical depth (COD) – aerosol optical depth (AOD) relationship exhibits a
“boomerang” shape in which COD initially increases with increasing AOD but then decreases as AOD
continues to increase beyond some critical level. This result is thought to reflect the balance between the
microphysical (indirect effects) and radiative (semi-direct and cloud absorption effects) components of a
cloud’s response to aerosols. The microphysical process dominates at low AOD, whereas the radiative

process dominates at high AOD. Ten Hoeve et al. (2012) subsequently showed by cause and effect
(through 3-D modeling compared with data) the same boomerang curves over the Amazon found by
satellite correlation.
Whereas the COD-AOD relationship has been probed extensively for biomass-burning regions, it
has been examined only sparsely in other regions. Jacobson (2012) modeled the AOD-COD relationship on
a global scale at course resolution, and Gradey et al. (2013) examined the AOD-cloud fraction relationship
at a course global resolution. No study to date has examined the relationship at high resolution over
urbanized regions. This study uses satellite data to examine this issue for Beijing, New Delhi, and Los
Angeles, where the primary source of pollution is the combustion of fossil fuels or solid biofuels rather
than open biomass.
These three megacities were chosen based on a combination of size, local meteorology, reputation
for air quality, and potential impact on global climate. Los Angeles has a Mediterranean climate with cool,
moderately rainy winters and warm, dry summers. Approximately 85% of precipitation occurs between
December and March. New Delhi's climate is a cross between semi-arid and humid subtropical, with cool,
dry winters and hot, wet summers. The climate's distinguishing feature is the monsoon season that runs
from late June or early July to early October. The peak monsoon months of July and August are
characterized by high humidity and copious amounts of rainfall, with approximately 60% of the annual
rainfall occurring during July and August. Beijing has a humid continental climate with hot, humid, rainy
summers and cold, relatively dry winters. Almost 75% of Beijing's precipitation occurs from June through
August.

2. Data
Level 2 swath data from NASA’s MODIS-Aqua satellite were collected for 1.5° x 1.5° regions
encompassing the Los Angeles (33-34.5 N, 117-118.5 W), New Delhi (27.8-29.3 N, 76.4-77.9 E), and
Beijing (38.7-40.2 N, 116-117.5 E) metropolitan areas. The 1.5° boxes were chosen to contain the city
centers and major surrounding suburbs.
The data, from MODIS Collection 5.1, comprised daily satellite retrievals for one month (January,
April, July, and October) during each of the four seasons over the years 2007 through 2012. MODIS Level

2 data are available at an output resolution of 10 km for aerosol properties, 5 km for cloud top properties,
and 1 km for cloud optical properties. Because the resolutions of the raw outputs differ, the cloud top and
cloud optical products were aggregated to match the 10 km x 10 km pixel size of the aerosol products. The
cloud data were merged with the collocated aerosol data in preparation for analysis.

3. Methods
MODIS instruments generally cannot retrieve cloud and aerosol properties from the same area, but a 10-km
output pixel contains 100 1-km input pixels, some of which are cloud free and used by the MODIS
algorithms to compute representative aerosol properties for the 10-km region. Other 1-km pixels within the
10-km region contain cloud cover; these 1-km retrievals were averaged to yield the cloud properties for the
10-km region. The analysis was then conducted on the 10-km aggregates using the 10-km aerosol
properties provided by NASA and the average 1-km cloud properties within each 10-km region.
Data from the MOD07 profile product, available at a resolution of 5 km, were also combined with the
cloud and aerosol data to control for the effect of water vapor on the cloud-aerosol relationship. The
analysis was performed on the 10-km aggregates. As in Ten Hoeve et al. (2011), observations were
restricted to AOD below 0.8 to avoid aerosol misclassification as cloud.
Data quality is a major issue when working with satellite retrievals, and a tradeoff exists between
the quantity and quality of the observations available for analysis. For each MODIS granule, NASA
provides a quality assurance (QA) file to accompany the retrieved cloud and aerosol properties. The QA
data can be used to screen the retrievals according to one’s desired confidence level in the accuracy of the
outputs. The analysis conducted here used both the unscreened outputs and those that were screened by the
first (“marginal”) level of confidence. QA screening that required “good” confidence in the data made the
analysis impossible due to a lack of observations. The low confidence level in the accuracy of the retrieved
data must be kept in mind when interpreting the results.
After the data were collected, the data for each region were pooled across all days during the
period of study. The cloud fraction (CF) and COD of each output pixel were plotted versus the pixel’s
AOD. Next, the four seasons for which data were collected were examined separately to test whether or not
seasonal differences in atmospheric conditions affected the cloud-aerosol relationship. The pixels were then

stratified according to their water vapor content, and the COD-AOD relationship was examined for
different levels of water vapor in the column.

4. Results
The data were examined for correlations between the cloud and aerosol properties during each season, with
a particular focus on the relationship between COD and AOD. Figure 1a shows all observations of colocated AOD and COD during the period of study. COD is binned by AOD, with each point representing
the average COD within 12.5-percentile of the AOD value. This binning approach was used in Lin et al.
(2006) and Ten Hoeve et al. (2011) for their studies of cloud-aerosol relationships. For Los Angeles, COD
decreases with increasing AOD until AOD reaches approximately 0.2, after which COD remains
approximately flat. For New Delhi, COD exhibits a boomerang shape in which it increases with AOD until
AOD reaches 0.4 and then decreases with further increases in AOD. For Beijing, COD increases slightly at
low AOD and then remains approximately flat as AOD continues to increase. Figure 1b displays the
observations that remain after quality assurance (QA) screening. Only 12-25% of the original observations
remain, depending on the city. With QA, the New Delhi COD-AOD curve loses its boomerang shape. The
Los Angeles and Beijing curves retain their basic shape. Since aerosols can sometimes be misclassified as
cloud, only AODs below 0.8 were included in the analysis (Brennan et al., 2005; Ten Hoeve et al., 2011).

Figure 1. (left) Cloud optical depth binned by aerosol optical depth for all co-located retrievals over Los
Angeles (red), New Delhi (blue), and Beijing (green) areas. Plotted data include all observations from the
months of January, April, July, and October over the years 2007 through 2012. Error bars indicate 95%
confidence intervals. (Right) Same as (left) but with quality assurance screening.

The six years of data were then separated by season. Figure 2 shows results for Los Angeles.
Figure 2a indicates a decrease in COD with increasing AOD during January, and qualitatively (although
not statistically) an increasing-then-decreasing trend during the other months. Figure 2b indicates that,
depending on the season, between 24% and 33% of the original observations remain after quality screening.
With QA, the same trends hold for January and July but not for April or October. Figure 2c shows that CF
is flat to slightly increasing with increasing AOD for all months but January, in which CF increases with
increasing AOD below an AOD of 0.1, but then decreases with increasing AOD thereafter. The error bars
in Figure 2 are based on the observations in the sample and do not account for possible sampling bias due
to retrieval failures.

Figure 2. (a, top left) Los Angeles cloud optical depth binned by aerosol optical depth for all co-located
retrievals during January (red), April (blue), July (green), and October (yellow) for the years 2007 through
2012. Error bars show 95% confidence intervals. (b, top right) Same as top left but with quality assurance
screening. (c, bottom left) and (d, bottom right) Same as (a) and (b) but with cloud fraction on the vertical
axis instead of cloud optical depth.

Figure 3 shows the same seasonal plots for New Delhi. The increasing-then-decreasing trend of COD with
increasing AOD can be seen for all months in New Delhi except October. Fewer successful retrievals of
AOD occur in July than in other months because of the presence of thick cloud cover associated with the
summer monsoon during July. With quality screening (Figure 3b), the boomerang shapes of January and
April are less pronounced but still present. Figure 3c indicates that in April, CF increases with increasing

AOD below ~0.45 and then decreases as AOD increases further. CF is approximately flat with increasing
AOD during January and October. As with COD, fewer co-located observations of CF and AOD occur
during July than other months because of the summer monsoon.

Figure 3. Same as Figure 2 but for New Delhi.

Figure 4 shows some qualitative evidence of an increasing-then-decreasing COD trend with
increasing AOD for Beijing during January, April, and July. During October, COD is slightly flat or
increasing with increasing AOD. Unlike with COD, CF appears to increase with increasing AOD during all
seasons, although the increase is steepest during July.
Aerosols can sometimes be misclassified as cloud, so only AODs below 0.8 were considered in the
analysis (Brennan et al., 2005; Ten Hoeve et al., 2011). Similarly, to make sure that cloud retrievals were
really clouds, the data were re-analyzed with CODs only greater than 2.0. This restriction made little
difference in the results. The retrievals were then categorized by water vapor content to investigate the
effect of water vapor on the aerosol-cloud relationship. Data from the MOD07 profile product were merged
with the cloud and aerosol properties, and the data were separated into top, middle, and bottom thirds by
their water vapor content. The top and bottom thirds by water vapor content were then compared for each
location and season. For no region did the COD-AOD relationship differ significantly between water vapor

levels. The data were also stratified by cloud fraction, but this yielded no insights beyond the seasonal
analysis.

Figure 4. Same as Figure 2 but for Beijing.

Data quality is a problem when working with satellite retrievals. A major concern is the possibility
that one property of interest affects the retrieval success rate or the values computed for another property of
interest. For example, MODIS retrievals of aerosol properties are typically only successful for “cloud-free”
pixels, meaning that areas with optically thick cloud cover might be underrepresented in the sample. The
blue bars in Figure. 5 illustrate the distribution of CF for all pixels with co-located retrievals of CF and
AOD in the Los Angeles area. These are overlaid on the distribution of CF for all successful retrievals of
CF, illustrated by the red bars. For each month, there are far fewer retrievals of the co-located CF, and its
distribution (blue) is skewed sharply toward lower values relative to the distribution (red) of all CF
retrievals. This discrepancy suggests that pixels with high CF are underrepresented in the analysis.

Figure 5. Los Angeles histogram of cloud fraction retrievals by month during the five year period of
analysis. The red bars show the distribution of all cloud fraction retrievals. The blue bars show the
distribution of cloud fraction retrievals for which there were successful co-located aerosol optical depth
retrievals.

Figure 6 is similar to Figure 5 but for New Delhi. Compared with Los Angeles, the distribution of
co-located retrievals for New Delhi is much closer to that of all CF retrievals. In other words, for New
Delhi, the CF observations with co-located AODs are less skewed toward lower CF values. The exception
is July, during which there were few successful retrievals of aerosol properties due to summer monsoon
cloudiness. A similar analysis was conducted for Beijing. As with Los Angeles, the co-located distribution
for Beijing shifted significantly toward lower CF relative to the full distribution. The similarity between the
full and co-located distributions for New Delhi (July excepted) suggests that there may be less sampling
bias for New Delhi than for Los Angeles or Beijing.

Figure 6. Same as Figure 5 but for New Delhi.

5. Discussion
Ten Hoeve et al. (2011; 2012) observed a “boomerang” relationship between COD and AOD for a region
in the Amazon where the aerosols are primarily derived from biomass burning. Using a similar method, this
study examined the COD-AOD relationship over three global megacities where the aerosols are largely
generated by fossil-fuel combustion. When quality-screening procedures were not implemented, the CODAOD relationship was observed to either decline or remain approximately constant at high aerosol
concentrations. With quality screening, the size of the dataset was significantly reduced, and the CODAOD relationship was often unclear. For both Los Angeles and Beijing during July, the boomerang curve
still appeared to be intact with quality screening, but the small number of observations made it impossible
to draw firm conclusions.
These results should be interpreted with several caveats in mind. The MODIS algorithms classify
the AOD retrieval as successful for only about 6% of the 10-km pixels, and the success rate for COD (at 1km resolution) is even lower. The spatial aggregation of a 1-km cloud property to 10 km might not
accurately represent the cloud property in the 10 km x 10 km region if many of the 1-km retrievals are
missing. Co-location of the clouds and aerosols in the vertical domain is also uncertain because the MODIS
satellites carry passive sensors whose imagery lacks vertical resolution.

Any dependence of retrieval success rates on the properties of interest can bias the sample used in
the analysis (Wilcox et al., 2009). The retrieval failures might be systematically related to the cloud-aerosol
relationship; for example, MODIS retrievals of aerosol properties are typically only successful for “cloudfree” pixels, meaning that areas with optically thick cloud cover might be underrepresented in the sample.
Furthermore, aerosol properties that are retrieved from pixels adjacent to clouds are subject to greater
uncertainties.

6. Conclusions
Although there is significant uncertainty in the data quality, the results of this study generally corroborate
the principal finding of Koren et al. (2004; 2008) and Ten Hoeve et al. (2011), namely a boomerang-shaped
relationship between AOD and COD, but in this case for major urban areas (Beijing, New Delhi, and Los
Angeles), where the dominant sources of pollution is the combustion of fossil fuels and, in the case of
Beijing and New Delhi, biofuels. The agreement of these results suggests that the aerosol semi-direct effect
plus cloud absorption effects have the potential to dominate aerosol indirect effects at high AOD across a
range of aerosol types and atmospheric conditions. If this result holds true, then most models of regional
and global climate, which almost all ignore cloud absorption effects, may overestimate the cooling
feedback of aerosol particles to clouds, thus underestimate anthropogenic global warming. However, the
poor sample size of quality data used here suggests that more work needs to be done to verify the results.
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