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 Aerosols are tiny particles that serve as nuclei for cloud droplet and ice 

crystal formation.  Increases in aerosol concentration lead to clouds with smaller 

but more numerous droplets.  Some recent studies have found evidence that ice 

crystal size in deep convective clouds is also reduced by elevated aerosol 

concentrations.  In this study, aerosol, cloud, and radiation data in the Clouds and 

Earth’s Radiant Energy System (CERES) Single Satellite Footprint (SSF) 

datastream are used to examine the findings of the earlier studies.  Three years of 

CERES observations were used to survey the Earth for aerosols and deep 

convective clouds.  A CERES field of view (FOV) was taken to contain a deep 

convective cloud if the 11-m brightness temperature was below 210 K.  To 

ensure that the cloud was in a region of active convection, the cloud had to be 



 

 

opaque at 11 m.  South America, Equatorial Africa, and the Northern Indian 

Ocean exhibited relatively high frequencies of deep convective clouds and 

contained high aerosol burdens.  For each day, within each geographic region,  

2° × 2° latitude × longitude regions that contained both deep convective clouds 

and aerosol retrievals were examined.  If within a 10° × 10° region on a given 

day, two or more of the 2° × 2° regions were found, the differences in the 

properties of the clouds collocated with the large and small aerosol burdens were 

calculated.  Differences in cloud properties were compared to differences in 

aerosol burdens.  This strategy ensured that the clouds and aerosols existed 

simultaneously and that the clouds with large aerosol burdens shared similar 

large-scale meteorology as those with small aerosol burdens.  No link was found 

between the differences in aerosol burdens and cloud properties in any of the 

regions and seasons analyzed.  Relationships among ice crystal size, cloud optical 

depth, and 11-m brightness temperature were also investigated.  Ice crystal 

diameter was found to decrease with decreasing cloud temperature.  Likewise, 

cloud optical depth increased with decreasing cloud temperature.  Such 

relationships among cloud properties and the inclusion of semitransparent clouds 

in earlier studies may explain why the findings of this study differ from those of 

earlier studies. 
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EFFECTS OF AEROSOLS ON THE PROPERTIES 

OF DEEP CONVECTIVE CLOUDS 

 

CHAPTER 1 

INTRODUCTION 

 

 

1.1  Background 

 Atmospheric aerosols play a key role in the formation of clouds by serving 

as sites for cloud droplet and ice particle nucleation.  Changes in aerosol 

concentrations may therefore alter cloud structure and development.  The 

Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC 

2007) concluded that the largest source of uncertainty in estimates of the human 

contribution to global climate change is the influence of anthropogenic aerosol 

emissions on the radiative properties of clouds.  

 Anthropogenic emissions include both greenhouse gases and aerosols.  

Greenhouse gases absorb and re-emit infrared radiation, reducing the Earth’s 

emission of thermal energy to space and consequently warming the surface of the 

planet.  The IPCC concluded that the warming of the planet due to increased 

greenhouse gas emissions since the beginning of the Industrial Revolution is the 

response to a radiative forcing of 2.63 ± 0.26 W m
-2

.  The relatively small 

uncertainty associated with the forcing indicates the high level of scientific 

understanding in the radiative forcing by greenhouse gases. 

 On the other hand, aerosols injected into the atmosphere can increase the 

amount of sunlight reflected to space by scattering and by increasing the sunlight 
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reflected to space by clouds, thereby cooling the surface of the planet.  The 

cooling associated with the indirect effect of aerosols on cloud albedo is reported 

as -0.7 W m
-2

 with a range of -0.3 to -1.8 W m
-2

.  The range of uncertainty is large 

compared to the mean, indicating the low level of scientific understanding in the 

radiative forcing due to the cloud albedo effect.  Nonetheless, aerosol effects 

clearly have the potential to partially offset the radiative forcing due to 

greenhouse gases. 

 In the case of low-level liquid water clouds, the analysis of two cloud 

albedo effects has been offered.  The first cloud albedo effect, or Twomey Effect, 

is that the number concentration and size of cloud droplets are determined by the 

available number of cloud condensation nuclei (CCN) within clouds.  Assuming 

that the total cloud water content remains constant as the CCN concentration 

increases, the number of cloud droplets increases while the effective droplet 

radius decreases.  For a given amount of cloud liquid water, the larger number of 

smaller droplets provides a greater number of surfaces and greater total surface 

area for the scattering of solar radiation.  Since liquid water is not a significant 

absorber of light at visible wavelengths, scattering is enhanced for clouds affected 

by aerosols, and the reflectivity of the cloud is increased (Twomey 1974).    The 

second cloud albedo effect arises from changes in the interactions of clouds with 

their environment.  These changes result from the smaller but more numerous 

droplets.  A greater number of smaller droplets results in the suppression of 

precipitation since smaller droplets have reduced collision coalescence 
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efficiencies.  Albrecht (1989) argued that a reduction in precipitation efficiency in 

polluted clouds can lead to longer cloud lifetimes and greater liquid water 

accumulation compared to nearby unpolluted clouds.  Ackerman et al. (2003) 

suggested that precipitation suppression increased cloud cover by allowing liquid 

water to extend to polluted regions that without the additional CCN would not be 

cloudy.  Both cloud albedo effects contribute to what is commonly referred to as 

the ―Aerosol Indirect Effect.‖  As stated above, the IPCC (2007) estimates that the 

radiative forcing due to the first indirect effect on cloud albedo is -0.7 W m
-2

 with 

a range of -1.8 to -0.3 W m
-2

.  The IPCC considered cloud albedo effects due to 

changes in cloud lifetime to be a cloud climate feedback.  General Circulation 

Model (GCM) simulated global annual mean radiative perturbations due to 

aerosol indirect effects at the top of the atmosphere (TOA) are approximately 

-1.4 to -0.3 W m
-2

 due to changes in cloud lifetime for clouds with varying liquid 

water amount, and -1.9 to -0.5 W m
-2

 due to changes in cloud albedo for clouds 

with fixed water amount (Lohmann and Feichter, 2005). 

 While there have been numerous studies examining the effect of aerosols 

on low-level liquid water clouds (Ackerman et al., 2000; Platnick et al., 2000; 

Coakley and Walsh, 2002; Matheson et al., 2005), there have been relatively few 

such studies that examine the effect of aerosols on ice clouds.  One possible 

reason is the complexity of ice crystal geometry and the associated difficulty in 

interpreting radiances reflected and emitted by ice clouds compared those for 

water clouds.  Another reason may be the assumption that since most aerosols are 
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found at lower levels, low clouds are more likely to be affected by the presence of 

aerosols and therefore demand more attention.  In situ aircraft observations 

suggest, however, that aerosols also affect higher clouds including deep 

convective clouds and glaciated altocumulus (Lewis 1951).  At least one cloud 

model has predicted that aerosols should affect ice crystal size in deep convective 

clouds (Philips et al. 2002).  Furthermore, aerosol sources other than those at low 

altitude may affect deep convective clouds.  A study conducted by Fridland et al. 

(2004) predicted that aerosols entrained into the side of the clouds well above the 

boundary layer may play a critical role in affecting cloud effective ice particle 

diameter and cloud albedo. 

 Tropical cumulonimbus (Cb) transport large amounts of latent energy and 

moisture from the surface to higher altitudes and from the tropics to higher 

latitudes.  Optically thick tropical cirrus produced by deep convection also 

generate as much as 25% of the Earth’s net cloud radiative forcing (Harmann et 

al., 1992).  If the properties of deep convective clouds are influenced by the 

presence of aerosols, the effects may carry implications for the global 

hydrological cycle and the global climate.   

 A few global satellite analyses examining the correlation between aerosols 

and the properties of deep convective clouds have been conducted (Sherwood, 

2002;  Jiang et al., 2008; and Bell et al., 2008; Jiang et al., 2009).  One difficulty 

in determining aerosol effects on clouds is that cloud evolution can be affected 

not only by aerosols but also by the thermodynamics of the cloud environment.  
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Since there are often correlations between aerosol properties and the 

thermodynamics of the air in which the particles are suspended, distinguishing 

between factors that affect cloud evolution requires either special circumstances 

where there is a perturbation to an existing uniform cloud field, as is the case for 

ship tracks (Coakley and Walsh, 2002; Segrin et al., 2007; Christensen et al., 

2009), or statistical analysis of sufficiently large ensembles of similar 

observations. 

 Sherwood (2002) followed the latter course.  A retrieval of ice-crystal 

sizes in active, deep cumulonimbus clouds over a 12-year period was conducted 

using the Advanced Very High Resolution Radiometer (AVHRR).  The study was 

confined to the Tropics (25° S – 25° N) and restricted to active Cb cells identified 

by means of 11-m brightness temperatures T11 < 210 K.  When clouds become 

sufficiently opaque, the cloud reflectivity becomes independent of further 

increases in water content and depends primarily on cloud droplet sizes.  The 

relatively large optical thickness of Cb clouds was exploited to simplify the 

interpretation of near-infrared radiances at 3.7 m so that reflectances at 3.7 m 

and ice crystal size could be determined.  The monthly means of cloud properties 

for 5° × 10° latitude-longitude bins were calculated.  To make sure the 3.7-m 

reflectivity was insensitive to optical depth, the variations in 3.7-m reflectivity 

among all identified Cb were compared to those among only Cb with 0.63-m 

scaled radiance for each regional monthly mean containing at least 50 highly 

reflective cases.  The most reflective 5° × 10° latitude-longitude bins were 
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representative of randomly sampled bins from the entire dataset, and 3.7-m 

reflectivity was not considered to depend on optical depth. 

 Cloud reflectivity in the 3.7-m channel 3.7 was used as a metric of ice 

particle diameter De, with higher reflectivities corresponding to smaller particle 

size.  The 11-m brightness temperature T11 was used as a proxy for convective 

intensity.   Lower values of T11 indicated stronger updrafts.  The Cb occurrence 

rate was taken as an index of local hydrological activity and was tested as a 

potential predictor of mean particle size in the same region and time period.  In 

order to quantify the variations in the amount of cloud condensation nuclei (CCN) 

and assess their impact on clouds, a metric for aerosol loading was needed.  The 

Total Ozone Mapping Spectrometer (TOMS) Aerosol Index (TAI) was used as a 

proxy for aerosol column amount.  The TAI uses ultraviolet wavelengths from 

312 nm to 380 nm to measure how much the wavelength dependence of 

backscattered UV radiation from an atmosphere containing aerosols differs from 

that of a pure molecular atmosphere.   It is proportional to aerosol optical depth 

given a specific viewing geometry, aerosol type, and vertical aerosol distribution.  

The TAI is zero in the absence of aerosols.  The proportionality constant increases 

with aerosol absorption so that the TAI is near zero for non-absorbing aerosols 

such as sea salt and sulfates, but becomes appreciable with absorption by aerosols.  

The TAI increases with increasing absorption and is sensitive to elevated aerosols.  

In regions where little dust is present, the TAI is useful in observing large 

biomass burns (Thompson et al., 2001). 
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 Sherwood (2002) examined the seasonal and interannual variations of the 

TAI and cloud properties in six geographic regions.  Five of the six regions were 

identified by Herman et al. (1997) as having significant seasonal cycles of 

biomass burning.  A sixth region, the northern Indian Ocean, was added due to its 

strong TAI signal.  In the six regions, the seasonal variations of 3.7, TAI, and T11 

corresponded well to those of burning, which occurs mainly in the spring before 

the growing season. 

 South America was the only biomass burning region with significant 

interannual variation in TAI during the period examined.  It is also the only region 

of the six in which a trend in 3.7 was observed.  Sherwood states that there was 

clear correspondence in the TAI and 3.7 in the interannual variations.  As the 

time series of TAI increased, so too did the time series of 3.7.   Most notably, 

aerosol loading seemed to have the greatest impact on ice crystal sizes during the 

first onset of deep-convection since burning and aerosols are diminished during 

the peak of the convective season. 

 Sherwood (2002) concluded aerosols depress ice crystal sizes in Cb by 

several microns, and that this effect is independent of meteorological effects on 

De.  The index of convective intensity, the observed 11-m brightness 

temperature, did not capture all of the significant cloud dynamics, however, more 

intense convection was associated with smaller ice particles.  Aerosol loading was 

negatively correlated with De.  The correlations were present in regional and 

seasonal means, trends, and variations over South America.  Aerosols may have 
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been responsible for much of the spatial variability and interannual variations in 

De.  The observations suggested that agricultural burns are the major source of 

additional absorbing CCN or other influences on Cb ice crystal size. 

 In order to study the relationship between pollutants, ice clouds, and 

precipitation, Jiang et al. (2008) analyzed nearly simultaneous observations along 

the Aura Microwave Limb Sounder (MLS) tracks.  MLS carbon monoxide (CO) 

measurements were used as a proxy of pollution to classify ice clouds as either 

―clean‖ or ―polluted‖.  To investigate the differences in ice crystal effective radius 

(re) and precipitation associated with clean and polluted clouds, Aqua MODIS re 

and Tropical Rainfall Measuring Mission (TRMM) precipitation data were 

interpolated onto MLS measurement locations.  National Centers for 

Environmental Prediction (NCEP) vertical velocity and boundary layer 

divergence were also interpolated onto MLS tracks to study the differences in 

dynamical conditions for clean and polluted clouds.  The NCEP 6-hourly 500 hPa 

vertical wind data from the NCEP reanalysis was used.  The divergence at 

850 hPa was also computed from the 6-hourly horizontal winds.  The study 

focused on the South American region, where previous observations reported a 

reduction of droplet sizes in low-level warm clouds with an increase of aerosols 

from biomass burning (Kaufmann and Fraser, 1997; Andreae et al., 2004). 

 The nearly simultaneous measurements of CO and IWC from Aura MLS 

were used to distinguish polluted clouds from clean clouds.  CO is produced by 

fossil fuel and biomass burning.  It is not water soluble and has a relatively long 
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lifetime of approximately 2 months compared to most aerosols which have a 

lifetime of about one week.  High values of CO in the upper troposphere were 

interpreted as indicating pollution lofted by convection from the boundary layer.  

Convective clouds contaminated by aerosols exhibited higher values of CO (Jiang 

et al. 2008; Jiang et al. 2009).  ―Clean‖ clouds were defined as having a collocated 

CO concentration < 120 ppbv.  ―Polluted‖ clouds were defined as having a CO 

concentration > 240 ppbv.  MLS CO and MODIS aerosol optical depth data over 

South America were compared for both the dry, burning season, June through 

October, and the wet, rainy season, November through May.  During the wet 

season, the aerosol optical depth was significantly lower than the aerosol optical 

depth during the dry season, possibly due to lower source emissions and frequent 

precipitation that washes out particles from the atmosphere. Polluted clouds were 

generally associated with smaller ice particles than those in clean clouds, 

especially during the dry, biomass burning season when the aerosol concentration 

was relatively high.  The dynamical conditions, indicated by the large-scale 

vertical velocity at 500 hPa and the horizontal divergence at 850 hPa, could not 

explain differences in precipitation for polluted and clean clouds.  During the dry 

season, polluted clouds were associated with weaker precipitation than clean 

clouds.  The difference in precipitation between polluted and clean clouds was 

stronger in the dry season than in the wet season, an effect that may have been 

due to different large-scale atmospheric conditions and smaller aerosol 

concentrations during the wet seasons.  These findings suggested that aerosol-
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cloud-precipitation interactions may have played the dominant role in 

contributing to the suppressed rainfall when aerosols were abundant. 

 Jiang et al. (2009) expanded on the analysis of Jiang et al. (2008).  The 

relationships between aerosol optical depth and CO were analyzed for a number 

of regions and for all months throughout the year.  The variations in aerosol 

optical depth with CO were characterized into three categories:  high, moderate, 

and low sensitivity to CO.  For the high and moderate sensitivity periods, CO was 

a good indicator of aerosol burden.  The correlations of CO to aerosol optical 

depth appeared to be related to aerosol composition.  Since CO is produced in 

cases of biomass burning, regions with dry biomass burning periods had high or 

moderate CO-sensitivity.  As in Jiang et al. (2008), clouds were classified as 

polluted or clean based on the amount of CO present.  In regions of high 

CO-sensitivity, South America and southern Africa during the burning seasons, 

polluted clouds had smaller ice crystal sizes than clean clouds.  In regions of 

moderate CO-sensitivity the correlation between ice crystal sizes and CO levels 

was weaker, and in low CO-sensitivity cases, for example, South America and 

southern Africa during the wet seasons, the ice crystal sizes in clean and polluted 

clouds were similar. 

 Bell et al. (2008) examined Tropical Rainfall Measuring Mission (TRMM) 

data to identify possible correlations between precipitation and aerosol loading.  

Summertime rainfall over the Southeastern U.S. was significantly higher during 

the middle of the week than on weekends, attributed to a midweek intensification 
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of afternoon storms and an increase in area with detectable rain.  The TRMM data 

also indicated a midweek increase in the cloud top heights reached by the 

afternoon storms.  Weekly variations in model-reanalysis wind patterns and 

variations in rain gauge averages for the region were consistent with changes in 

convection implied by the TRMM measurements. 

 EPA measurements of surface particulate concentrations showed a 

midweek peak over much of the U.S.  These observations are consistent with the 

theory that anthropogenic air pollution suppresses cloud-droplet coalescence and 

early rainout during the growth of thunderstorms over land.  Early precipitation 

suppression allows more water to be lofted above the freezing height, where 

freezing yields additional latent heat, further invigorating the storms.  The 

development of downdrafts and the onset of precipitation is delayed, allowing the 

storm to eventually produce larger ice crystals.  The enhanced convection leads to 

regional surface convergence, uplifting, and an overall increase in rainfall.  

Compensating downward air motion suppresses convection over adjacent areas. 

 Although the results of the studies described above and others are 

compelling, there are ways in which an analysis of the relationships between 

aerosol and cloud properties can be improved: 

 

1) Previous studies have investigated interseasonal, interannual, and 

weekly variations of aerosol loading and cloud properties.  Since the 

effects of aerosols on cumulonimbus properties would become 

evident in a matter of minutes or hours, an investigation into the 
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correlations between deep convective cloud systems occurring on the 

same day with local aerosol loading would be informative. 

 

In Sherwood (2002), an additional check was performed to make 

sure cloud reflectivity at 3.7 m and ice crystal size were insensitive 

to cloud visible optical depth.  The monthly and regional 3.7-m 

mean reflectivities were calculated using all Cb and then using Cb 

that had visible reflected radiances greater than the median radiance.  

The Cb with the larger visible reflectivities were compared to 

random subsets of the entire Cb population.  The most reflective Cb 

were representative of the dataset.  Nonetheless, the 3.7-m 

reflectivities were determined using averages over 1-month periods 

and large areas.  Such averaging over large bins and areas may be 

unrevealing of relationships among cloud properties, such as visible 

optical depth and ice crystal diameter, since only comparisons of the 

populations of clouds are being made, rather than comparisons of 

cloud properties from individual cloud retrievals.  An analysis of the 

relationships among simultaneous cloud properties for individual 

cloud retrievals would therefore be helpful in identifying 

relationships among cloud properties that may be affected by the 

local aerosol burden but may also be dependent on the dynamics or 

underlying physics of the clouds. 
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2) The use of only a 210 K threshold and the method of averaging over 

large areas and 1-month periods in Sherwood (2002) may have 

allowed the inclusion of thin cirrus or clouds systems that are below 

the 210 K threshold but were not undergoing active deep convection.  

Since only the means of populations of clouds were being compared, 

it would not be evident if the 3.7-m reflectivities of thin cirrus or 

other clouds were included in the mean 3.7-m reflectivities of each 

bin.  A method for determining the opacity of individual clouds is 

therefore necessary to avoid the inclusion of fields-of-view that have 

11-m brightness temperatures that are below the 210 K threshold 

but may not be undergoing active deep convection. 

 

3) Previous studies have used proxies of aerosol loading, such as CO 

(Jiang et al., 2008) and the TAI (Sherwood, 2002), to quantify 

aerosol burdens, but there are limitations in using the TOMS Aerosol 

Index or CO as proxies for aerosols that affect the clouds.  The ratio 

of the TAI to actual CCN is sensitive to aerosol type.  The TAI is 

primarily sensitive to elevated layers of absorbing aerosols and is 

less sensitive to nonabsorbing aerosols and absorbing aerosols near 

the surface.  In cases where both absorbing and nonabsorbing 

aerosols are present, the TOMS may provide an inaccurate indication 
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of the effective aerosol burden.  Also, the altitude of the aerosol 

layer is assumed when aerosol burdens are derived from the UV 

reflectances.  Incorrect altitudes would lead to large errors in aerosol 

burdens inferred from the TAI.   

 

Carbon monoxide, on the other hand, has a lifetime of about two 

months, relatively long compared to the lifetime of aerosols that is 

typically a few days to one week.  In periods where the local aerosol 

loading has dissipated but the CO levels remain high, ice clouds may 

be categorized as occurring with large aerosol burdens when the 

aerosol burdens are actually small. 

 

 An improved analysis of correlations between ice cloud properties and 

aerosol loading may be conducted by building on the foundations laid by previous 

work and by using more advanced datasets than those previously available.  

Employing a method that examines simultaneous retrievals of aerosol loading and 

cloud properties in combination with more advanced satellite datasets that include 

better aerosol retrievals is one way to improve the analysis of the effects of 

aerosols on the properties of deep convective clouds. 

 

1.2  Objective 

 Here, the Clouds and Earth’s Radiant Energy System (CERES) Single 

Satellite Footprint (SSF) dataset is used to examine deep convective systems that 
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are collocated in time and geographic region with varying levels of aerosol 

loading.  The goal of this study is to seek evidence for the effects of aerosols on 

the properties of deep convective clouds using retrieved cloud and aerosol 

properties included in the CERES SSF. 

 The relatively low frequency of Cb occurrence and the difficulties in 

distinguishing aerosol effects on cloud properties from those driven by dynamical 

factors requires a large statistical dataset.  The CERES SSF is well-suited for this 

type of study, since it incorporates radiance measurements, cloud property 

retrievals, and aerosol products in a single, compact dataset that reduces the 

technical burden of storing and examining large amounts of data to derive similar 

statistics.  The CERES SSF dataset is also superior to those used in previous 

studies since it includes aerosol and cloud property retrievals made by the MODIS 

and CERES Science Teams as well as calibrated narrow and broadband radiances 

and radiative flux estimates.  Each CERES SSF field of view (FOV) has a nadir 

resolution of approximately 20 km. 

 A strategy for identifying deep convective clouds was developed here 

(Chapter 4).   The method is similar to that used by Sherwood (2002), but with 

several refinements.  Deep convective cumulonimbus clouds were identified by 

examining the 11-m brightness temperature (T11).  SSF FOVs that had a T11 of 

less than 210 K and were opaque at 11 m were identified as containing deep 

convective clouds. 
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 Aerosol loading over ocean and land was quantified separately based on 

retrievals of ocean and land aerosol optical depths from the Moderate Resolution 

Imaging Spectroradiometer (MODIS) that are incorporated into CERES SSF.  

The algorithms are described in detail in Kaufman et al. (1997), Tanré et al. 

(1997), Levy et al. (2003), and Remer et al. (2005).  The total aerosol loading for 

areas that included both land and ocean aerosols was calculated by weighing 

aerosol optical depths retrieved separately for the land and ocean by the fractions 

of the FOV occupied by land and ocean.  These fractions are also included in the 

SSF. 

 As an initial test of the capability of the SSF to represent the cloud 

properties and radiances within the CERES FOVs, the SSF radiances, cloud 

optical depths, and ice crystal effective radii, were compared with their 

corresponding counterparts in the MODIS Level-1 Radiance product (MOD02) 

and MODIS Level-2 cloud product (MOD06).  For 1° × 1° regions and 2° × 2° 

regions in which 95% of the SSF FOVs registered a T11 below 210 K, the MODIS 

mean radiances and retrieved cloud properties for each region were compared to 

the corresponding CERES SSF means (Chapter 3).  

 Following the comparison of SSF and MODIS values, the relationships 

among ice crystal effective diameters, cloud optical depths, and 11-m brightness 

temperatures of deep convective clouds were investigated to identify any 

dependencies on the physical properties of clouds that may be unrelated to nearby 

aerosol loading (Chapter 5). 
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 The SSF radiances and retrieved cloud properties were then used to 

identify deep convective clouds collocated with instances of aerosol loading 

following a method similar to that employed by Matheson et al. (2005) and by 

Loeb and Schuster (2008).  The properties of deep convective cumulonimbus ice 

clouds occurring within a fixed-grid 2° × 2° latitude-longitude region that also 

contained retrieved aerosol properties were examined.  Observations were 

collected for fixed-grid 10° × 10° latitude-longitude regions in which at least two 

of the 2° × 2° subregions contained retrievals for both Cbs and aerosols on the 

same day.  The mean aerosol optical depth of each 10° × 10° region was 

calculated from the means of the 2° × 2° subregions.  The 2° × 2° subregions with 

mean aerosol optical depths greater than the mean aerosol optical depth of the 

10° × 10° region in which they fell were classified as having a large aerosol 

burden.   The 2° × 2° subregions with mean aerosol optical depths less than or 

equal to the mean aerosol optical depth of the 10° × 10° region in which they fell 

were classified as having a small aerosol burden.  The means cloud properties and 

aerosol optical depths associated with large and small aerosol populations for 

each 10° × 10° region on each day were then calculated.  Separating the aerosol 

optical depths into the two populations allowed for the comparison of the 

properties for deep convective observed simultaneously with large and small 

aerosol burdens.  The observations were confined to 10° × 10° regions so that the 

meteorology experienced by the different subregions was relatively similar.  The 

differences in the properties of the clouds collocated with the large and small 
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aerosol burdens were calculated, and the differences in cloud properties were 

compared to differences in aerosol burdens.    

 The use of 10° × 10° regions and 2° × 2° subregions is a compromise.  

Using larger regions and subregions could associate geographic areas with 

somewhat different meteorology, but it increases the number of regions that 

contain at least two subregions with both deep convective clouds and aerosol 

retrievals.  Using regions smaller than 10° × 10° more accurately associates areas 

of similar meteorology but greatly reduces the number of regions having at least 

two active subregions to be suitable for analysis. 

 The seasonal variations of potential aerosol effects on cloud properties 

were also investigated in four key geographic regions where the rate of Cb 

occurrence was relatively high or where previous studies had detected the effects 

of aerosols on deep convective clouds.  The monthly means of the daily means of 

aerosol optical depth, ice-crystal effective diameter, and cloud albedo were 

calculated over the period from January 1, 2001 through December 31, 2003.  The 

temporal variations of aerosol loading within each of the four geographic regions 

were compared to variations in cloud albedo and ice-crystal size over the same 

period. 
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CHAPTER 2 

DATA 
 

2.1  MODIS 

 The Moderate Resolution Imaging Spectroradiometer (MODIS) is the 

primary instrument for obtaining the properties of clouds aboard both the NASA 

Terra and Aqua satellites.  Terra is in a North-to-South orbit with an equatorial 

crossing time of 1030 local solar time.  Aqua is in a South-to-North orbit with an 

equatorial crossing time of 1330.  The analysis conducted here used data entirely 

from Terra.  MODIS is a 36-channel crosstrack scanning radiometer that makes 

near-global daily observations of the Earth in a spectral range from 0.41 to 

14.235 m (Platnick et al. 2003).  MODIS operates at surface resolutions of 1 km, 

with some of the visible and near infrared channels at 500 m and two at 250 m. 

 The MOD02 radiance product contains radiances observed at visible, near-

infrared, and infrared wavelengths.  The MOD04 aerosol product uses the wide 

spectral range of MODIS to derive spectral aerosol optical thickness and aerosol 

size parameters over both land and ocean.  The MOD04 data are produced at the 

spatial resolution of a 10×10 1-km pixel array.  The MODIS aerosol algorithm is 

actually two entirely independent algorithms, one for land and one for ocean.  

Separate aerosol retrievals are applied due to the difficulties in observing aerosols 

over land, including variations in surface reflectance beneath semitransparent 

aerosol layers.  The algorithms are described in depth in Kaufman et al. (1997), 

Tanré et al. (1997), Levy et al. (2003), and Remer et al. (2005).  The aerosol 
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products available over land include aerosol optical thickness at three visible 

wavelengths, a measure of the fraction of aerosol optical thickness attributed to 

the fine mode (particles < 1 m), and several parameters including reflected 

spectral solar flux at the top of the atmosphere.  Over ocean, the aerosol optical 

thickness is available in seven wavelengths from 0.47 to 2.13 m.  In addition, 

other aerosol size information is available, including effective radius of the 

aerosol and the fraction of optical thickness attributed to the fine mode.  Spectral 

irradiance contributed by the aerosol, mass concentration, and the number of 

cloud condensation nuclei are also available over ocean. 

 The MODIS cloud product, referred to as MOD06, contains information 

on the microphysical and optical cloud properties.  The analyses used in the 

production of the MOD06 product rely on a series of threshold tests to detect 

clouds, then derived properties such as optical depth, effective droplet and ice 

crystal radius, and cloud temperature, are obtained by matching the results of 

radiative transfer calculations to the observed radiances.  The MOD06 product is 

produced for both day and nighttime scenes at nadir resolutions of 5 km for cloud 

top pressure and temperature and 1 km for cloud optical properties, optical depth, 

and effective particle size. 

 

2.2  CERES 

 The Clouds and the Earth’s Radiant Energy System (CERES) experiment 

provides accurate measurements of the Earth’s Radiation Budget with information 
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to assess the contributions made to the energy budget by clouds and aerosols, 

among other factors (Wielicki et al. 1996).  The CERES instrument is designed to 

examine the role of the cloud radiative forcing in the climate system.  CERES 

data products include information on both the reflected solar radiation and Earth-

emitted radiation from the top of the atmosphere to the Earth's surface.  Cloud 

properties are determined by the analysis of simultaneous observations made with 

the MODIS instrument on the same satellite.  Cloud properties are determined 

separately for each CERES 20-km field of view (FOV). 

 The CERES instrument flies on the Terra and Aqua satellites.  The 

availability of measurements from two satellites instead of one reduces the 

likelihood of insufficient sampling of the angular variation of radiation.  While 

required for good spatial sampling over the globe, cross-track scanning produces 

limited and biased sampling of angular space.  Ideally, observations of radiation 

from a specific region are taken for all sun-target-satellite geometries.  For this 

purpose, Aqua and Terra have been equipped with two CERES scanners each, 

Flight Models 1 and 2 (FM1, FM2) on Terra, and Flight Models 3 and 4 

(FM3, FM4) on Aqua.   One instrument on each satellite is in cross-track scan 

mode to optimize spatial sampling and maintaining global coverage, and a second 

in rotating azimuthal plane (RAP) mode to improve angular sampling. 

 The CERES Single Satellite Footprint (SSF) dataset combines CERES 

radiances with information from coincident MODIS measurements.  (For the 

purposes described here, the terms ―Footprint‖ and ―FOV‖ are interchangeable.)  
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To infer cloud properties, CERES uses a 1-km resolution MODIS radiance subset 

that has been subsampled to include only the data that corresponds to every fourth 

1-km pixel and every second scanline to reduce processing time and data volume.  

The SSF retains FOV imager radiance statistics for 5 of the 36 MODIS channels.  

Aerosol type and optical depth are determined for the SSF in two ways:  by 

applying the algorithm of Ignatov and Stowe (2002), and from the MOD04 

aerosol product (Remer et al. 2005). 

 CERES broadband radiation data are obtained from the CERES scanner.  

Within each SSF FOV, the cloud properties for up to two distinct cloud layers 

may be recorded.  If there is a significant difference in cloud phase or layer 

effective pressure within a SSF FOV, two non-overlapping cloud layers are 

defined.  A single FOV may therefore contain a combination of clear area, or one 

or two cloud layers. 

 The CERES point spread function (PSF) defines the actual shape of an 

FOV by accounting for the response of the detectors and electronic filters.  The 

CERES SSF contains PSF-weighted averages of the MODIS radiances and 

retrieved cloud and aerosol properties.  As a result, the CERES SSF reduces the 

technical demands of storing and examining data spanning several years and 

covering most of the globe by combining sampled retrievals of aerosol and cloud 

properties based on MODIS radiances with radiative fluxes derived from the 

CERES broadband radiometers. 
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2.3  CERES SSF and MODIS Observations Used 

 The MOD02 radiance data and MOD06 cloud property data were 

downloaded from NASA using the search and ordering tools at 

http://ladsweb.nascom.nasa.gov/data.  The swath data were originally organized 

in 5-minute granules.  The downloaded granules contain the 1 km resolution 

radiances, geolocation, and cloud properties.  Table 2.1 shows the observations 

from the MOD02 data used in this study.  Table 2.2 shows the observations from 

the MOD06 data used in this study.  The MOD04 aerosol data used in this study 

were already incorporated into the SSF at the time of download. 

 CERES SSF Edition 2A data were obtained from the NASA Langley Web 

Ordering Tool at http://eosweb.larc.nasa.gov/jorder/ceres.html.  The data was 

collected from both Flight Models, FM1 and FM2, mounted on Terra.  The SSF is 

organized into hourly swaths.  The SSF includes observations made over the 

entire globe during both day and nighttime hours.   In this study, radiances, cloud 

retrievals, and aerosol retrievals were collected for each SSF FOV falling between 

60° S and 60° N during daytime hours.  Table 2.3 shows the observations from 

the SSF used in this study. 

 All other cloud and aerosol properties mentioned in this study were 

inferred from the observations listed in Tables 2.1, 2.2, and 2.3.  In Chapter 3, the 

MODIS data are used to evaluate the CERES SSF data.  The data used in the 

comparison of MODIS and CERES observations included 272 orbital SSF 

segments and the corresponding MODIS granules from 62 days spanning January 
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Observations from the MOD02 Data 
Observation Unit 

Time of observation day, minute, second 
Latitude degrees 
Longitude degrees 
Solar zenith angle degrees 
Satellite zenith angle degrees 

Mean 0.64-m radiance W m
-2

 sr
-1

 m
-1 

Mean 3.7-m radiance W m
-2

 sr
-1

 m
-1

 

Mean 11-m radiance W m
-2

 sr
-1

 m
-1

 

 

Table 2.1.  Observations from the MODIS radiance product (MOD02) 

used in this study.  The resolution at nadir is 1 km. 

 

 
Observations from the MOD06 Data 

Observation Unit 

Time of observation day, minute, second 
Latitude degrees 
Longitude degrees 
Solar zenith angle degrees 
Satellite zenith angle degrees 
Visible optical depth 

 

3.7-m ice crystal effective diameter m 

 

Table 2.2.  Observations from the MODIS cloud product (MOD06) used 

in this study.  The resolution at nadir is 1 km. 

 

Observations from the CERES SSF Data 
Observation Unit 

Time of observation day, minute, second 
Colatitude of FOV at surface degrees 
Longitude of FOV at surface degrees 
Scan mode RAPS, crosstrack, alongtrack 
Satellite zenith angle degrees 
Solar zenith angle degrees 
Shortwave top of atmosphere flux W m

-2
 

Mean 0.64-m radiance W m
-2

 sr
-1

 m
-1 

Mean 3.7-m radiance W m
-2

 sr
-1

 m
-1

 

Mean 11-m radiance W m
-2

 sr
-1

 m
-1

 

Mean MOD04 0.55-m land aerosol optical depth  

Mean MOD04 0.55-m ocean aerosol optical depth  

Fraction of FOV covered by land  
Percentage of FOV that is clear sky  percent 
Mean visible optical depth  
Mean effective cloud altitude km 
Mean effective cloud temperature K 

Mean 3.7-m effective ice crystal diameter m 
 

Table 2.3.  Observations from the CERES Terra SSF Edition 2A dataset 

used in this study.  The resolution is approximately 20 km at nadir. 
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through August 2001.  For the analysis conducted in Chapters 5 and 6, CERES 

Terra SSF satellite observations were analyzed for the period between January 1, 

2001 and December 31, 2003, although data was unavailable from the period June 

16, 2001 through July 1, 2001.   
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CHAPTER 3 

THE PROPERTIES OF DEEP CONVECTIVE CLOUDS DERIVED BY THE 

CERES AND MODIS SCIENCE TEAMS 
 

 

 The CERES SSF has not been previously used to examine ice crystal sizes 

and optical depths in opaque deep convective cloud systems.  As a preliminary 

exercise to test the quality of the CERES SSF properties for deep convective 

clouds, the properties and narrow band radiances were compared with MODIS 

retrievals and radiances for MODIS pixels collocated with the CERES fields of 

view.  The CERES SSF cloud property retrievals differ from the MODIS 

retrievals.  The CERES retrievals are detailed in Minnis et al. (2010), Minnis et al. 

(2009) and Minnis et al. (2003).  The MODIS retrievals are detailed in Platnick et 

al. (2003).  The algorithms used in the SSF retrievals assume randomly-oriented 

hexagonal ice crystal geometry (Minnis et al., 2002, 2003, 2009, 2010).  For the 

MODIS retrievals, a unified theory developed by Takano and Liou (1989, 1995) 

and Yang and Liou (1995, 1996a,b) provides properties for several ice crystal 

geometries.  Some of the MODIS cloud and aerosol products have been validated 

in previous studies through comparison with ground-based ARM and AERONET 

observations  (Mace et al., 2005; Remer et al., 2005;  Tripathi et al., 2005) and are 

considered to be fairly reliable.  The CERES SSF and MODIS retrieved cloud 

properties were compared for large 1° × 1° and 2° × 2° latitude-longitude regions 

that were completely covered by deep convective clouds.  These large regions, 

overcast by deep convective cloud systems, were adopted in order to reduce errors 
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in collocation that arises from the large differences in the MODIS and CERES 

FOV sizes.  Unfortunately, the MODIS products require large volumes of disk 

storage space and are therefore inconvenient for a complete analysis global, 

multiyear periods of deep convective clouds.  The SSF is a more concise and 

compact dataset, and if the cloud properties are well well-correlated with the 

MODIS cloud properties, the SSF would be suitable for the analysis of deep 

convective clouds. 

 The comparison between the MODIS and CERES SSF properties derived 

for deep convective clouds was undertaken as follows.  CERES SSF FOVs with 

11-m brightness temperatures (T11) below 210 K was identified as being 

overcast by a deep convective cloud.  Once a single SSF FOV was identified as 

containing a deep convective cloud, the FOV was used to define a corner of a 

1° × 1° or 2° × 2° region.  The bounds of a deep convective region were defined 

by adding or subtracting 1° or 2° of latitude and longitude to the position of the 

original FOV.  If 95% of the FOVs within the defined 1° × 1° or 2° × 2° latitude-

longitude region had T11 temperatures below 210 K, the region was identified as a 

deep convective region.  This method of keying on one FOV to define potential 

deep convective regions was used to minimize computing time and to maximize 

the number of deep convective regions identified by allowing the gridding of the 

data to be defined by the clouds rather than by a fixed latitude-longitude grid.  

Figure 3.1 shows the approximate scales and coverage of the MODIS pixels and 

CERES FOVs for a single 1° × 1° deep convective region. 
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Figure 3.1.  The approximate sizes and coverage of the MODIS pixels 

and CERES SSF FOVs for a single 1° × 1° deep convective region on 

January 1, 2001.  The black dots represent the centers of the 1 km 

MODIS pixels.  The red diamonds represent the centers of the SSF 

FOVs.  The blue ellipses represent the approximate half power extent of 

the SSF Point Spread Function.  The deep convective region in this case 

was defined by the SSF FOV in the lower left corner.  At least 95% 

percent of the FOVs falling within 1° of latitude and longitude greater 

than the FOV in the lower left corner had an 11-m brightness 

temperature lower than 210 K.  The satellite zenith angle for the center of 

this particular region was approximately 9°. 

 

 Once the deep convective regions were defined by the locations of the 

CERES SSF FOVs, the MODIS data were gridded within each 1° × 1° or 2° × 2° 

region.  Since MODIS measurements are only made at satellite zenith angles less 

than 60°, and SSF observations are made to zenith angles greater than 60°, the 

maximum satellite zenith angle allowed was 60° to ensure complete coverage by 
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MODIS pixels.   Within each day of observations, only deep convective regions 

farther than 1000 km from one another were considered to ensure that each 

convective region was statistically independent of the others.  The minimum 

separation of 1000 km is expected to be greater than the autocorrelation lengths 

for any of the cloud properties in large cloud systems.  In instances where 

multiple deep convective regions were within 1000 km of each other and all fit 

the selection criteria, the region with the lowest mean T11 temperature was used. 

 The criteria used to determine the opacity of individual FOVs was deemed 

unnecessary in this comparison.  Because the 1° × 1° and 2° × 2° deep convective 

regions identified were large relative to the size of the individual storm cells that 

compose them, and because they were required to be uniform in brightness 

temperature below 210 K over 95% of the area covered, the deep convective 

regions were assumed to be opaque so that the conditions for opacity detailed in 

Chapter 4 were not required. 

 For both the SSF and MODIS retrievals, mean values for radiances and 

cloud properties were calculated for all CERES FOVs and MODIS pixels falling 

within each deep convective region.  As no attempt was made to weight the 

MODIS observations by the CERES Point Spread Function (PSF), as is done in 

the SSF processing, comparisons of the mean radiances provided an assessment of 

errors arising from mismatches in geographic coverage, as shown in Figure 3.1, 

and the lack of PSF weighting in this comparison.  The SSF mean radiances and 

retrieved mean cloud properties were compared to the corresponding MODIS 
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means and least-squares fits were calculated for the ensemble of regions. 

 Figure 3.2 shows the locations of the deep convective regions overcast by 

clouds.  One hundred thirty-nine complete days of SSF data from the Flight 

Model 1 (FM1) CERES scanner was searched for deep convective clouds 

occurring between 60° S and 60° N.  Regions overcast by deep convective clouds 

were contained in 272 SSF orbital segments on 62 days spanning January, 2001 

through August, 2001.  The complete set of days and deep convective clouds from 

this period are not required for this preliminary analysis, since the comparisons of 

interest are between MODIS and SSF retrievals made of the same deep 

convective regions. 

 Figure 3.3 shows comparisons of the CERES SSF and MODIS 3.7-m 

derived ice crystal radius.  CERES SSF ice crystal sizes were approximately 10% 

larger than the MOD06 values. Figure 3.4 shows comparisons of CERES SSF and 

MODIS visible optical depth.  The SSF optical depths were 25% larger than the 

 

Figure 3.2.  1° × 1° (red solid circle) or 2° × 2° (blue plus sign) 

latitude-longitude regions overcast by deep convective cloud.  Within 

each region, 95% of the included CERES FOVs had 11-m 

brightness temperatures below 210 K.  Only regions separated by at 

least 1000 km on a given day are shown. 
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Figure 3.3.  CERES SSF and MODIS retrievals of ice particle effective 

radius.  The CERES SSF ice-particle size is approximately 10% larger 

than that reported by MODIS.  The red solid circles and red text 

correspond to the 1° × 1° regions.  The blue plus signs and blue text 

corresponds to the 2° × 2° regions.  For both the 1° × 1° and 2° × 2° 

regions, the slope and intercept of the linear best-fit are shown with 

associated standard deviations.  The number of cases used in the linear 

best-fit is also shown, as are the mean CERES and mean MODIS values 

for the entire distribution.  The dashed black line indicates 1 to 1 

correspondence. 
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MOD06 values.  To make sure the cloud property retrieval discrepancies were not 

due to differences in SSF and MODIS radiances, the mean radiances at 

0.64 m, 3.7 m, and 11 m were compared.  Figure 3.5 shows the 0.64-m 

radiances agreed to within sampling errors.  Figure 3.6 shows the SSF 3.7-m 

radiances were approximately 2% smaller than the corresponding MOD02 values, 

and Figure 3.7 shows the SSF 11-m radiances were approximately 10% larger.  

In all cases, the comparisons of 2° × 2° region means were in better agreement 

than the 1° × 1° region means.  The better agreement is probably the result of 

smaller mismatches in the areas covered by CERES and MODIS for the larger 

regions.  Although an SSF FOV may be centered inside of the deep convective 

region, the FOV may extend beyond the boundaries of the region, as shown in 

Figure 3.1.  For 1° × 1° regions, the fractional area covered by the SSF FOVs 

outside of the deep convective region is greater than that for 2° × 2° regions. 

 Since differences in the SSF and MODIS radiances cannot explain the 

difference in ice crystal size and optical depth, the disagreement between the 

CERES SSF and MODIS cloud properties is probably caused by differences in 

the models used to retrieve ice crystal size and cloud optical depth.  Despite the 

differences in cloud properties, the optical depths and effective radii are well 

correlated, and the CERES SSF is therefore suitable for further analysis of deep 

convective clouds in which differences in cloud properties are linked to 

differences in aerosol burdens. 
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Figure 3.4.  Same as Figure 3.3, but for cloud optical depth.  The SSF 

cloud optical depths are approximately 25% larger than MODIS optical 

depths.   
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Figure 3.5.  Same as Figure 3.3 but for 0.64-m radiances.  The CERES 

and MODIS radiances agreed to within expected sampling errors. 
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Figure 3.6.  Same as Figures 3.3 but for 3.7-m radiances.  The CERES 

radiances were approximately 2% smaller than MODIS radiances. 
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Figure 3.7.  Same as Figures 3.3 but for 11-m radiances.  The CERES 

radiances were approximately 5% larger than the MODIS radiances. 

 

 

 

 

 

 

 



37 

 

CHAPTER 4 

THE IDENTIFICATION OF DEEP CONVECTIVE CLOUDS 
 

 

 The deep convective clouds sought in this study are expected to occur 

relatively infrequently compared to low level liquid water clouds or convective 

clouds that do not reach such high altitude.  To insure the quality of any statistical 

analyses, a large number of deep convective systems will need to be identified, 

and a large amount of data will need to be searched for deep convective clouds.  

The concise SSF dataset is therefore an attractive choice for this study. 

 CERES SSF observations from the Terra satellite were analyzed for the 

period between 1 January 2001 and 31 December 2003.  Radiances, cloud 

retrievals, and aerosol retrievals were analyzed for each SSF FOV falling between 

60° S and 60° N during daytime hours. 

 Following the method of Sherwood (2002), SSF FOVs were considered to 

indicate the presence of a cumulonimbus ice cloud if the mean 11-m brightness 

temperature, T11, was below 210 K.  The T11 temperature was calculated for all 

CERES FOVs by inserting the 11-m radiance from each FOV into Planck’s Law 

for a black body emitting at 11.03 m.  In initial examinations of the data 

involving large, contiguous cloud areas (Chapter 3), the threshold of 210 K 

appeared to be sufficient in identifying deep convective cloud systems that 

spanned large geographic regions.  For smaller cloud areas and for isolated FOVs, 

the 210 K threshold appeared insufficient to reliably identify deep convective 

clouds as many of the FOVs appeared to contain clouds that were semitransparent 
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at 11 m.  The strong convective updrafts that are characteristic of clouds 

undergoing vigorous convection are generally associated with thick clouds 

extending upwards from lifting condensation levels near the surface.  Such clouds 

are highly reflective and opaque at 11 m. 

 The 11-m opacity of CERES FOVs with T11 less than 210 K was 

determined from the difference, Tdiff, between the 11-m brightness temperature 

and the retrieved cloud top temperature contained in the SSF.  The cloud top 

temperature is retrieved as part of the cloud property retrievals for the collocated 

MODIS imagery data within the CERES FOV.  The cloud top temperature is that 

of a cloud emitting like a blackbody placed at the altitude retrieved for the top of 

the cloud.  The 11-m radiance contains contributions due to emission by the 

lower parts of the cloud, emission by the atmosphere above the cloud, and the 

emission by the atmosphere and surface below the cloud that is transmitted 

through the cloud.  For active, opaque deep convective clouds, T11 should 

approach the retrieved cloud top temperature since the contribution to the 

radiance from the surface or atmosphere below the cloud would be negligible and 

attenuation and emission by the atmosphere above deep convective clouds is also 

negligible. 

Figure 4.1 shows the distribution of Tdiff.  The Tdiff observations appeared 

to follow a normal distribution for values lower than that of the peak frequency of 

occurrence with few outliers falling more than 0.5 K below the peak.  When the  
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Figure 4.1.  Number of FOVs and Tdiff.  Only FOVs having an 11-m 

brightness temperature lower than 210 K were compared (solid red line).  

The distribution of temperature differences below the peak of the total 

distribution was reflected about the peak of occurrence (solid green line).  

Actual temperature differences falling within one standard deviation of 

the peak of the reflected distribution (dotted blue vertical lines) were 

assumed to represent SSF FOVs containing deep convective clouds that 

were opaque at 11 m. 

 

T11 temperature is higher than the SSF cloud temperature, T11 probably contains 

contributions from emission by the atmosphere and surface beneath the cloud top.  

For values above the peak of the distribution of Tdiff, the distribution appeared 

contaminated by CERES FOVs in which thin cirrus, broken clouds, and other 
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multilayered cloud systems were present.   

In order to restrict the observations to optically thick deep convective 

clouds, the one-sided distribution of Tdiff below the peak of the total distribution 

was found and reflected about the peak of occurrence.  This reflected distribution 

is represented by the green line in Figure 4.1, and was used to approximate the 

distribution in Tdiff of clouds undergoing active deep convection. Scenes with Tdiff 

values within two standard deviations of the mode were assumed to be scenes 

representative of deep convective clouds.  The sensitivity of the observations to 

this threshold was qualitatively investigated.  Increasing the Tdiff threshold from 

two standard deviations from the mode to three seemed to allow clouds with 

properties inconsistent with active deep convective clouds, and there was 

increased noise in the relationships of cloud properties.  Limiting the threshold 

from two standard deviations to one standard deviation from the mode had no 

qualitative effect on the relationships of cloud properties.  The stricter criteria, 

however, reduced the number of clouds available for comparison. 

Figure 4.2 shows the Tdiff and visible optical depth for clouds with  

T11 < 210 K.  Qualitatively, FOVs with small optical depth and large Tdiff were 

relatively infrequent compared to the occurrence of large optical depth, and small 

Tdiff  FOVs.  A large number of FOVs, however, had Tdiff near zero and relatively 

small optical depths.  FOVs that had optical depths below 10 were assumed to  
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include thin cirrus, and FOVs with optical depths smaller than approximately 20 

were assumed to contain either thin cirrus or other thin, upper-level cloud layers 

above thicker, lower-level cloud layers.  FOVs with cloud optical depths of 20 or 

smaller were not considered to be deep convective clouds.  Table 4.1 shows the  

 
Figure 4.2.  Temperature difference, Tdiff, and cloud optical depth for 

CERES FOVs with T11 less than 210 K.  The solid horizontal lines 

indicate the deviations that were determined to be acceptable for deep 

convective clouds (corresponds to dotted lines in Figure 4.1).  The 

vertical solid line separates FOVs that had optical depths greater than and 

less than 20.  Those with optical depths greater than 20 were considered 

to contain deep convective clouds. 
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Conditions 

of Observed FOVs 

Number 

of CERES FOVs Percentage 
 

T11 < 210 K 

 

2104232 

 

100 

 

T11 < 210 K 

optical depth > 20 

opaque at 11 m 

 

1588296 

 

75.5 

 

T11 < 210 K 

Tdiff > upper threshold 

optical depth > 20 

 

410889 

 

19.53 

 

T11 < 210 K 

Tdiff < lower threshold 

optical depth > 20 11843 0.6 

 

Table 4.1.  The number of SSF FOVs covering 60° S to 60°N from 2001 

through 2003 with the given conditions and the percentage of those 

FOVs relative to the number of FOVs observed with T11 < 210 K. 

 

number of SSF FOVs over the entire globe from 2001 through 2003 with the 

conditions listed and the percentage of those FOVs relative to the number of 

FOVs observed with T11 < 210 K.  Approximately 25% of FOVs observed with 

T11 < 210 K were not considered to contain an active deep convective cloud.  

 Figure 4.3 shows Tdiff and cloud altitude for clouds with T11 < 210 K.  

Most of the FOVs with T11 < 210 K had altitudes of roughly 13 to 16 km, while a 

relatively small number were found at altitudes as low as approximately 9 km.  

FOVs that were identified as deep convective clouds at higher altitudes also 

tended to be in the low latitudes.  Likewise, the small number of FOVs identified 

as deep convective clouds at lower altitudes were typically in the midlatitudes.  

 SSF FOVs with a T11 less than 210 K, had Tdiff within two standard 

deviation of the peak of the reflected distribution for the FOVs with T11 less than  
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Figure 4.3.  Temperature difference and cloud top altitude for CERES 

FOVs with T11 less than 210 K and all visible optical depths.  The solid 

vertical lines indicate the Tdiff thresholds used in identifying FOVs that 

were opaque at 11 m. 

 

210 K, and a cloud optical depth greater than 20 were considered to be opaque 

and to reliably indicate the presence of deep convective ice clouds.  SSF FOVs 

were required to satisfy these criteria in order to be included in further analyses of 

deep convective clouds. 
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CHAPTER 5 

THE LOCATION, OCCURRENCE, AND CHARACTERISTICS OF 

DEEP CONVECTIVE CLOUDS AND AEROSOL BURDENS 
 

 

5.1  Location and Occurrence of Deep Convective Clouds and Aerosol 

Burdens 

 

 The relationships of cloud optical depth, cloud temperature, and ice crystal 

size were investigated to identify any characteristic relationships among cloud 

properties that may be affected by the local aerosol burden but may also be 

dependent on the dynamics or underlying physics of the clouds.  Cloud properties 

were compared within the same season and within the same geographic region to 

constrain the meteorology that may be influencing Cb ice crystal size, cloud 

temperature, and optical depth.  The geographic location and seasonal variation of 

aerosol optical depth was also investigated to gain an understanding of the global 

distribution of aerosol loading and to identify regions with large aerosol burdens 

for further study.   

 CERES Terra SSF satellite observations were analyzed for the period 

between January 1, 2001 and December 31, 2003.  Radiances, cloud retrievals, 

and aerosol retrievals were analyzed for each SSF FOV falling between 60° S and 

60° N during daytime hours. 

 For this study, SSF FOVs were taken to be overcast by a deep convective 

cloud if the 11-m brightness temperature was below 210 K, the clouds were  
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Figure 5.1.  Location and relative frequency of SSF FOVs that had deep 

convective clouds.  The bins are 1/2° × 1/2° in latitude and longitude. 
 

opaque at 11 m, and visible optical depths were greater than 20, as described in 

Chapter 4.  Figure 5.1 shows the location of all SSF FOVs that contained deep 

convective clouds. 

 Figure 5.2 shows the seasonal occurrence of SSF FOVs that were 

determined to contain a deep convective cloud for a) December through February, 

b) March through May, c) June through August, and d) September through 

November.  The greatest occurrence in each season occurs over the Pacific warm 

pool, but there is also significant activity over South America, the Northern Indian 

Ocean, and Equatorial Africa. 

 Figure 5.3 shows the mean ocean and land aerosol optical depths.  In 

determining aerosol loading, any retrieval of land or ocean aerosol optical depth 

was used.  The mean value of all aerosol optical depth retrievals falling within 
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Figure 5.2.  Same as Figure 5.1 but for a) December through February, 

b) March through May, c) June through August, and d) September 

through November. 

 

a given bin on a given day was calculated, and the mean of these mean values is 

displayed in Figure 5.3.  The mean of the daily mean aerosol optical depth was 

used here to avoid weighing days with a larger number of aerosol optical depth 

retrievals more heavily than days with fewer retrievals.  By weighing days evenly, 

the depiction of aerosol loading for a given region is more representative of the 

seasonal variation.  Figure 5.4 shows the mean ocean and land aerosol optical 

depths for each season.  A large variation in aerosol burden is seen over South 

America that peaks between September and November.  The peak of aerosol 

d) c) 

b) a) 
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Figure 5.3.  Mean land and ocean aerosol optical depth.  The land and 

ocean aerosol optical depths are derived using different retrieval 

algorithms and also tend to differ in magnitude of aerosol optical depth.  

For convenience, the above figure is a composite image of the ocean and 

land aerosol optical depths.  The color scale of the ocean aerosol optical 

depths has been expanded to better highlight relative differences in 

aerosol loading.  The bins are 1/2° × 1/2° in latitude longitude.  The daily 

mean value of all aerosol optical depth retrievals falling within each bin 

was calculated, and the mean value of these daily mean values is 

displayed. 

 

 

loading over the Pacific warm pool and the Northern Indian Ocean is in the 

Northern Hemisphere spring and summer, respectively. 

 

5.2  Geographic Regions and Periods Examined 

 The data were organized into seasons in order to group situations of 

similar meteorology.  The winter season included December, January, and 

February;  spring included March, April and May;  summer included June, July, 

and August; and fall included September, 
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Figure 5.4.  Same as Figure 5.3 but for a) December through February, 

b) March through May, c) June through August, and d) September 

through November.   

 

October, and November for the northern hemisphere.  To increase the useable 

statistics for each season, data were combined for the corresponding seasons from 

2001, 2002, and 2003. 

 For each season, several geographic regions were examined.  The regions 

are listed in Table 5.1 along with the latitudinal and longitudinal boundaries that 

define them.  The Pacific Warm Pool was selected because of its relatively high 

frequency of Cb activity and its proximity to potential aerosol sources.  The 

d) c) 

b) a) 
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Region Latitude Longitude 
   

Pacific Warm Pool 10° S – 30° N 100° E - 140° E 

Northern South America 30° S - 10° N 80° W - 30° W 

Northern Equatorial Africa 0° N – 30° N 20° W – 30° E 

Northern Indian Ocean 20° S – 30° N 60° E – 100° E 

 

Table 5.1  List of the geographic regions examined and the latitude-

longitude boundaries used that define them. 

 

 

northern South American region was selected because Sherwood (2002) and 

Jiang et al. (2008) identified signals of aerosol effects on cloud properties in the 

region.  Northern Equatorial Africa was examined due to its high aerosol loading 

and relatively high frequency of deep convective clouds.  The northern Indian 

Ocean was previously studied by Chýlek et al. (2006), although no signals of an 

aerosol indirect effect were detected in that study.  Like the African region, the 

northern Indian Ocean was chosen because of its large aerosol burdens and 

relatively high frequency of deep convective clouds. 

 

5.3  Relationships among Deep Convective Cloud Properties 

 For each season and each of the four regions, the frequency distributions 

of effective ice crystal diameters, brightness temperatures, and optical depths 

were examined for all deep convective FOVs.  Figure 5.5 shows the average 

values of a) optical depth and brightness temperature, b) ice crystal effective 

diameter and brightness temperature, and c) ice crystal effective diameter and  
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optical depth, obtained for each CERES SSF FOV that contained deep convective 

clouds over the Northern Indian Ocean region during the months of December 

through February, 2001 through 2003.  Figure 5.6 shows the frequency 

distributions of a) optical depth, b) brightness temperature, and c) ice crystal 

effective diameter, for the same FOVs displayed in Figure 5.5.  Figure 5.7 shows 

comparisons of a) optical depth and brightness temperature, b) ice crystal 

diameter and brightness temperature, and c) ice crystal diameter and optical depth 

for statistically independent FOVs that contained deep convective clouds.  Two 

FOVs occurring on the same day were considered to be statistically independent if 

they were separated by at least 1000 km.  As in Chapter 3, the minimum 

separation of 1000 km is expected to be greater than the autocorrelation length for 

any of the retrieved cloud properties.  In instances where multiple deep 

convective FOVs were within 1000 km of each other and all fit the selection 

criteria, the initial FOV was randomly selected from the FOVs within 1000 km of 

the first deep convective FOV identified.  The solid line is the least-squares fit for 

all of the statistically independent FOVs.  Figure 5.8 is similar, but the data have 

been binned by tenth percentiles for the variable on the abscissa.  The points give 

the means for each of the bins and the error bars represent the standard error of 

the means.  The linear least-squares fit line is calculated from all of the 

independent FOVs as in Figure 5.7.  Figures 5.9 through 5.20 show the results for 

the other three seasons in the northern Indian Ocean region.  Figures 5.21 through 

5.28 show the results from the South American region, with the seasons defined 
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as in Jiang et al. (2008).  The northern Indian Ocean and South American regions 

were selected for display here since the results of these regions were typical of the 

other regions examined.  Table 5.2 shows the slopes, intercepts and associated 

statistical uncertainties of the least-squares fits of brightness temperature and 

optical depth, ice crystal diameter and brightness temperature, and ice crystal 

diameter and optical depth for the periods December through January and June 

through August for each region.  The fits were calculated from all independent 

FOVs.  The fits for the ―wet‖ and ―dry‖ periods as defined by Jiang et al. (2008) 

are also shown. 

 The slope of the least-squares fit of optical depth and brightness 

temperature was always negative.  A linear fit was not appropriate for the 

relationship of optical depth and 11-m brightness temperature.  The least-squares 

fit was applied here only to identify patterns in the relationship of brightness 

temperature and optical depth.  While FOVs with large optical depths occurred 

across the entire range of brightness temperatures, clouds at the coldest 

temperatures had the largest average optical depths and relatively few FOVs with 

small optical depths.  The slope of the least squares fit reflects this trend.  

Evidently, colder temperatures are associated with thicker clouds.  In most of the 

regions examined, there was a decrease in ice crystal effective diameter with 

increasing cloud optical depth over the four highest optical depth bins, or at 

optical depths greater than about 100, as can be seen in Figures 5.24 and 5.28.  

Table 5.3 shows the slopes, intercepts and uncertainties of the least-squares fits 
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similarly to Table 5.2, but only for the FOVs that were within the four largest 10
th

 

percentile optical depth bins in the comparison of ice crystal size to optical depth. 

 The slope of the least-squares fit of ice crystal diameter and brightness 

temperature was generally positive, and the slope of ice crystal diameter with 

optical depth was typically flat and within the range of the uncertainty in the slope 

for clouds of optical depth greater than 20. 

 The slope of ice crystal diameter with increasing cloud optical depth for 

the deepest clouds (Table 5.3) is negative for each region, although the 

uncertainties are large relative to the slope in some cases.  The slope that is most 

significant relative to the magnitude of the uncertainty is for the dry season over 

South America. 

 Note, the uncertainties given for the slopes represent the statistical 

uncertainty.  No attempt was made to include effects due to the errors in retrieved 

cloud properties on the uncertainties in the slopes.  Errors in the retrieved 

properties for ice clouds have received little attention.  The discrepancies between 

the MODIS-derived and CERES SSF-derived cloud properties presented in 

Chapter 3 are typical of the errors expected for optically thick ice clouds when ice 

particle shapes and sizes are unknown (Yang et al., 2007). 

 The decrease in ice crystal diameter and the increase in cloud optical depth 

with decreasing cloud temperature may be due to large numbers of supercooled 

cloud droplets being lofted above the freezing level by strong updrafts as has been 
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Figure 5.5.  Average values of a) optical depth and brightness 

temperature, b)  ice crystal effective diameter and brightness 

temperature, c) ice crystal effective diameter and optical depth for 

individual CERES SSF FOVs that contained deep convective clouds 

over the Northern Indian Ocean region during December through 

February of 2001 through 2003. 
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Figure 5.6.  Distributions of a) optical depth b) brightness temperature 

and c) ice crystal effective diameter for FOVs that contained deep 

convective clouds for the Northern Indian Ocean region during 

December through February of 2001 through 2003. 
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Figure 5.7.  Comparisons of a) optical depth and brightness temperature, 

b) ice crystal diameter, and c) ice crystal diameter and optical depth  

using independent FOVs that contained deep convective clouds.  The 

observations were made over the northern Indian Ocean region from 

December through February of 2001 through 2003. 
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Figure 5.8.  Comparisons of a) optical depth and brightness 

temperature, b) ice crystal diameter and brightness temperature, 

and c) ice crystal diameter and optical depth using independent, 

FOVs that contained deep convective clouds.  The observations 

were made in the Northern Indian Ocean region from December 

through February of 2001 through 2003.  Each point represents the 

means for the 10
th

 percentile bin of the independent variable.  The 

error bars are one standard error of the means.  In each case, the 

least-squares fit is calculated using all independent FOVs.  The 

number of independent FOVs, and the slope and intercept of the fit 

are displayed along with their RMS uncertainties.  Note the 

difference of scales on the y-axes from Figure 5.7. 
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Figure 5.9.  Same as Figure 5.5 but for the period March through May. 
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Figure 5.10.  Same as Figure 5.6 but for the period March through May. 



59 

 

 

Figure 5.11.  Same as Figure 5.7 but for the period March through May. 
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Figure 5.12.  Same as Figure 5.8 but for the period March through May. 
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Figure 5.13.  Same as Figure 5.5 but for the period June through August. 
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Figure 5.14.  Same as Figure 5.6 but for the period June through August. 
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Figure 5.15.  Same as Figure 5.7 but for the period June through August. 
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Figure 5.16.  Same as Figure 5.8 but for the period June through August. 
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Figure 5.17.  Same as Figure 5.5 but for the period September through 

November. 
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Figure 5.18.  Same as Figure 5.6 but for the period September through 

November. 
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Figure 5.19.  Same as Figure 5.7 but for the period September through 

November. 
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Figure 5.20.  Same as Figure 5.8 but for the period September through 

November. 
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Figure 5.21.  Same as Figure 5.5 but for the South American region and 

the period June through October. 
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Figure 5.22.  Same as Figure 5.6 but for the South American region and 

the period June through October. 

 



71 

 

 
 
Figure 5.23.  Same as Figure 5.7 but for the South American region and 

the period June through October. 
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Figure 5.24.  Same as Figure 5.8 but for the South American region and 

the period June through October. 
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Figure 5.25.  Same as Figure 5.5 but for the South American region and 

the period November through May. 
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Figure 5.26.  Same as Figure 5.6 but for the South American region and 

the period November through May. 
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Figure 5.27.  Same as Figure 5.7 but for the South American region and 

the period November through May. 
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Figure 5.28.  Same as Figure 5.8 but for the South American region and 

the period November through May. 
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Table 5.2.  The number of independent FOVs (FOV), and the slopes and intercepts of the least-squares fits for cloud optical 

depth and 11-m brightness temperature (), 3.7-m effective ice crystal diameter and 11-m brightness temperature (De / 

T11), and 3.7-m effective ice crystal diameter and cloud optical depth. 

 

 

 

 

 

 

 

Region Season FOV



Slope 

(K
-1

) 



Intercept 

( K
-1

)

De / T11  

Slope 

(m/K)

De / T11 

Intercept 

(m/K) 

De /
Slope 

(m) 

De /
Intercept 

(m) 

Pac. Warm Pool Dec - Feb 507 -1.3 ± 0.4 337.2 ± 88.7 0.3 ± 0.1 -1.7 ± 28.0 0.03 ± 0.01 66.5 ± 9.8 

Pac. Warm Pool Jun - Aug 643 -1.3 ± 0.3 353.4 ± 74.8 0.0 ± 0.1 78.7 ± 33.4 0.03 ± 0.02 66.5 ± 13.0 

S. America Dec - Feb 534 -1.9 ± 0.5 488.7 ±110.9 0.3 ± 0.2 4.4 ± 45.4 -0.03 ± 0.02 70.3 ± 12.0  

S. America Jun - Aug 408 -0.8 ± 0.5 267.9 ± 113.6 0.7 ± 0.2 -85.6 ± 38.5 0.08 ± 0.02 60.5 ± 10.7 

S. America Jun - Oct 724 -0.7 ± 0.4 231.7 ± 92.7 0.6 ± 0.2 -58.7 ± 35.1 0.04 ± 0.01 63.5 ± 11.7 

S. America Nov - May 1154 -2.0 ± 0.4 505.3 ± 84.1 0.5 ± 0.1 -35.3 ± 33.2 -0.01 ± 0.01 68.7 ± 11.7 

N. Ind. Ocean Dec - Feb 475 -1.0 ± 0.5 279.3 ± 113.2 0.4 ± 0.2 -19.3 ± 37.3 -0.01 ± 0.02 70.9 ± 10.5 

N. Ind. Ocean Jun - Aug 722 -2.2 ± 0.3 551.3 ± 77.7 0.3 ± 0.2 3.6 ± 36.1 0.05 ± 0.02 62.5 ± 13.6 

Equ. Africa Dec - Feb 221 -1.2 ± 0.7 333.0 ± 152.9 0.8 ± 0.2 -95.6 ± 43.8 0.02 ± 0.02 61.7 ± 9.6 

Equ. Africa Jun - Aug 433 -1.6 ± 0.5 428.8 ± 98.7 1.0 ± 0.2 -148.5 ± 38.0 0.05 ± 0.02 61.9 ± 11.3 
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Table 5.3.  Same as Table 5.2, but for the FOVs that were within the four largest bins of cloud optical depth in the 

comparison of ice crystal diameter and cloud optical depth.

Region Season FOV



Slope 

(K
-1

) 



Intercept 

( K
-1

)

De / T11  

Slope 

(m/K)

De / T11 

Intercept 

(m/K) 

De /
Slope 

(m) 

De /
Intercept 

(m) 

Pac. Warm Pool Dec - Feb 153 -0.4 ± 0.2 187.6 ± 46.0 0.5 ± 0.2 -30.7 ± 36.4 -0.04 ± 0.07 73.8 ±11.2 

Pac. Warm Pool Jun - Aug 193 0.0 ± 0.1 128.7 ± 22.0 0.3 ± 0.2 16.4 ± 47.9 -0.06 ± 0.16 77.7 ± 22.5 

S. America Dec - Feb 161 -0.2 ± 0.3 168.5 ± 26.2 0.2 ± 0.3 25.8 ± 58.7 -0.53 ± 0.17 129 ± 22  

S. America Jun - Aug 123 -0.1 ± 0.1 140.9 ± 18.7 0.6 ± 0.2 -51.8 ± 51.8 -0.27 ± 0.26 102 ± 33 

S. America Jun - Oct 218 0.0 ± 0.1 127.2 ± 19.4 0.4 ± 0.2 -19.2 ± 52.2 -0.67 ± 0.18 148 ± 24 

S. America Nov - May 347 0.0 ± 0.1 121.4 ± 18.6 0.3 ± 0.2 8.8 ± 45.0 -0.24 ± 0.13 94.6 ± 19.1 

N. Ind. Ocean Dec - Feb 143 -0.7 ± 0.2 250.2 ± 44.8 -0.2 ± 0.3 109.1 ± 54.2 -0.28 ± 0.10 100 ± 15 

N. Ind. Ocean Jun - Aug 217 -0.1 ± 0.1 147.7 ± 21.2 0.4 ± 0.2 -14.4 ± 50.1 0.19 ± 0.16 45.8 ± 22.5 

Equ. Africa Dec - Feb 67 0.2 ± 0.3 79.0 ± 60.2 0.4 ± 0.3 -13.9 ± 68.9 0.15 ± 0.14 46.1 ± 18.6 

Equ. Africa Jun - Aug 130 -0.1 ± 0.1 143.8 ± 13.0 1.2 ± 0.3 -143.8 ± 13 -0.14 ± 0.40 85.2 ± 51.7 
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inferred recently from aircraft observations (Garrett et al. 2003; Heymsfield et al. 

2009).  With increased convective intensity, clouds reach higher altitudes, have 

colder temperatures, and have larger optical depths.  In such clouds, the number 

of supercooled droplets relative to the number of ice crystals formed by vapor 

deposition appears to increase.  Since supercooled droplets form ice crystals that 

are smaller than ice crystals formed by vapor deposition, more intense convection 

may be linked with smaller ice crystal effective diameters near the tops of the 

coldest clouds. 
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CHAPTER 6 

RESULTS 
 

6.1  Observations 

 A method similar to the one employed in Loeb and Schuster (2008) was 

used to compare simultaneous observations of aerosol optical depth and cloud 

properties.  A global, fixed latitude-longitude grid was established to define 

geographic regions and the location of the SSF FOVs.  Within each of the four 

geographic regions described in Table 5.1, 2° × 2° latitude-longitude regions were 

checked for both deep convective cloud retrievals and aerosol optical depth 

retrievals.  If a given 2° × 2° latitude-longitude region contained both Cb and 

aerosol optical depth retrievals, the means of the ice-crystal size, cloud albedo, 

and brightness temperature of all FOVS containing deep convective clouds within 

the 2° × 2° region were calculated.  The mean aerosol optical depths were 

calculated from all FOVs that had an aerosol optical depth retrieval within the 

2° × 2° latitude-longitude region.  The means of the 2° × 2° cloud properties and 

aerosol optical depths were then calculated for the 10° × 10° latitude-longitude 

regions that contained the smaller 2° × 2° subregions.  The 2° × 2° subregions 

were then separated into two populations.  If a particular 2° × 2° subregion had a 

mean aerosol optical depth above the mean for the 10° × 10° region, it was 

considered to have a large aerosol burden.  If a particular 2° × 2° subregion had a 

mean aerosol optical depth equal to or below the mean of the 10° × 10° region, it 

was considered to have a small aerosol burden.  For 10° × 10° regions that had at 
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least two 2° × 2° regions with aerosol optical depth retrievals and deep convective 

clouds, the mean cloud properties and aerosol optical depths were calculated for 

the 2° × 2° subregions associated with the large and small aerosol burdens.  

Having two populations defined within a 10° × 10° region based on the relative 

aerosol loading of the 2° × 2° subregions allows the effects of aerosols on clouds 

collocated simultaneously with large aerosol burdens to be compared to the 

effects of aerosols on clouds collocated simultaneously with small aerosol 

burdens on the same day and presumably under the influence of similar 

meteorology. 

 There are limitations to the collocation of aerosols and deep convective 

clouds by remote sensing.  In areas of cloud cover, clouds interfere with aerosol 

optical depths.  Aerosol retrievals are performed only for cloud-free MODIS 

FOVs.  The aerosol retrievals made within the same subregion as a deep 

convective cloud are assumed to represent the aerosol loading within the deep 

convective cloud.  Aerosol retrievals and cloud property retrievals are therefore 

compared in subregions that are as small as possible to best indicate the aerosol 

burdens that cannot be observed within the clouds.  Table 6.1 shows the total 

number of 10° × 10° cases for each geographic region and season, the percentage 

of cases with more than 2 subregions of either large or small aerosol burden, and 

the largest number of subregions of either large or small aerosol burden.  The 

percentage of 10° × 10° cases with more than 2 subregions of either large or small 

aerosol burden is small, in the range of 3 to 10 %, indicative of the difficulty in 
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making simultaneous deep convective cloud and aerosol retrievals within a small 

region.  

 The use of 10° × 10° regions and 2° × 2° subregions is a compromise.  

Using larger regions and subregions could associate geographic areas with 

somewhat different meteorology, but increases the number of regions that contain 

at least two subregions with both deep convective clouds and aerosol retrievals.  

Using regions smaller than 10° × 10° more accurately associates areas of similar 

meteorology, but reduces the number of regions with at least two active 

subregions to be used here. 

 For each 10° × 10° region, the difference in the mean aerosol optical depth 

between the large and small aerosol burdens was calculated, as were the 

differences in the means of the cloud properties between deep convective clouds 

associated with the large and small aerosol burdens.  Figures 6.1 through 6.4 

compare those ice crystal size differences to the differences in mean aerosol 

optical depth for the four geographic regions listed in Table 5.1.  Figures 6.5 

through 6.8 show the differences of mean Cb albedo and aerosol optical depth 

differences.   Figures 6.9 through 6.12 compare mean Cb 11-m brightness 

temperature differences and mean aerosol optical depth differences.  The data 

were organized into seasons to constrain cases to similar meteorology.  In 

addition, the seasons for the South American region were designated as ―wet‖ and 

―dry,‖  following the definition used by Jiang et al. (2008), as shown in Figure 

6.13.  Also shown in the figures is a linear least squares fit to the differences in  
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Figure 6.1  Differences in ice crystal diameter and aerosol optical depth 

between large and small aerosol burdens in the Pacific warm pool region 

from Jan 1, 2001 through December 31, 2003.  The data from all three 

years were grouped by season to constrain the cases to those with similar 

meteorology.  Each point represents the differences in aerosol burdens 

within a 10° × 10° region on a single day.  The least-squares fits were 

calculated from all regions that had an aerosol optical depth difference 

greater than the mode of the distribution of the aerosol optical depth 

differences for the 10° × 10° region. 
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Figure 6.2  Same as Figure 6.1 but for the South American region. 
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Figure 6.3  Same as Figure 6.1 but for the northern Indian Ocean region. 
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Figure 6.4  Same as Figure 6.1 but for the Equatorial African region. 
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Figure 6.5  Same as Figure 6.1 except differences in cloud albedo 

and aerosol optical depth. 
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Figure 6.6  Same as Figure 6.5 but for the South American region. 
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Figure 6.7  Same as Figure 6.5 but for the northern Indian Ocean region. 
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Figure 6.8  Same as Figure 6.5 but for the equatorial African region. 
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Figure 6.9  Same as Figure 6.1 except differences in 11-m brightness 

temperature and aerosol optical depth for the Pacific warm pool region. 
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Figure 6.10  Same as Figure 6.9 but for the South American region. 
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Figure 6.11  Same as Figure 6.9 but for the northern Indian Ocean 

region. 
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Figure 6.12  Same as Figure 6.9 but for the equatorial African region. 
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Figure 6.13  Differences in Cb ice crystal size (a,b), and Cb albedo (c,d), 

and aerosol optical depth between large and small aerosol burden 

populations for the South American region from Jan 1, 2001 through 

December 31, 2003.  The data from all three years were grouped into the 

seasons specified by Jiang et al. (2008).  Each point represents the 

differences in aerosol populations within a 10° × 10° region on a single 

day.  The least-squares fits were calculated for all regions that had an 

aerosol optical depth difference greater than the mode of the aerosol 

optical depth differences for the 10° × 10° region. 
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cloud properties for differences in aerosol optical depth that were greater than the 

mode of the aerosol optical depth differences. 

 If an aerosol indirect effect were present, the ice crystal sizes would be 

expected to decrease with increasing aerosol optical depths.  Likewise, Cb 

albedos would increase with increasing aerosol optical depths.  None of the 

seasonal subsets in any geographic region exhibit any statistically significant 

relationship of ice crystal size, cloud albedo, or 11-m brightness temperature 

with aerosol optical depth.  Table 6.1 shows the slopes, intercepts, and associated 

uncertainties for each region and season.  The fits were calculated from all regions 

that had an aerosol optical depth difference greater than the mode of the 

difference for the 10° × 10° region.  The fits were made on differences greater 

than the mode to capture the response of the clouds to relatively large aerosol 

optical depth events.  Differences in optical depths smaller than the mode were 

presumed to be representative of the climatological norm.  Variations in cloud 

property differences for aerosol differences within the climatological norm 

contribute additional noise to the slopes of the least-squares fits.  It would have 

been favorable to compare populations the response of the clouds in the upper 

third of aerosol optical depth differences to those in the lower third.  

Unfortunately, a comparison of the upper third and lower third of the aerosol 

optical depth differences was not feasible here due to the low frequency of 

10° × 10° regions with more than 2 subregions with cloud property and aerosol 

retrievals, as shown in Table 6.2. 
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Pacific Warm Pool 
 

Season 

Slope 

/ A 

Intercept 

/ A

Slope 

De / A 

Intercept 

De / A

Slope 

T11 / A 

Intercept 

T11 / A
        

Dec - Feb 112 -0.02 ± 0.07 0.00 ± 0.04 -1.59 ± 12.7 -0.43 ± 7.67 5.85 ± 4.43 -0.54 ± 2.66 

Mar - May 93 -0.04 ± 0.03 0.00 ± 0.04 1.36 ± 5.44 -1.02 ± 7.52 0.61 ± 1.98 0.22 ± 2.73 

Jun - Aug 192 0.06 ± 0.04 -0.01 ± 0.04 0.09 ± 7.01 -0.55 ± 8.88 -0.53 ± 2.34 -0.21 ± 2.97 

Sep - Nov 209 0.01 ± 0.02 0.00 ± 0.05 9.48 ± 3.65 -1.98 ± 8.05 1.63 ± 1.42 -0.84 ± 3.13 
 

South America 
 

Season 

Slope 

/ A 

Intercept 

/ A

Slope 

De / A 

Intercept 

De / A

Slope 

T11 / A 

Intercept 

T11 / A
        

Dec - Feb 96 -0.06 ± 0.04 0.01 ± 0.03 7.95 ± 9.75 -1.89 ± 8.53 2.63 ± 3.11 -0.21 ± 2.73 

Mar - May 140 0.01 ± 0.04 0.00 ± 0.04 9.74 ± 6.12 -1.35 ± 6.76 1.44 ± 2.27 -0.51 ± 2.51 

Jun - Aug 70 -0.04 ± 0.05 0.01 ± 0.04 -10.16 ± 8.59 3.42 ± 7.21 -1.79 ± 3.11 0.14 ± 2.62 

Sep - Nov 154 0.00 ± 0.02 0.00 ± 0.03 -7.43 ± 5.39 1.53 ± 9.30 0.56 ± 1.71 -0.15 ± 2.95 

Jun - Oct 157 0.00 ± 0.02 0.01 ± 0.04 -3.77 ± 5.28 1.25 ± 8.51 -1.25 ± 1.74 -0.03 ± 2.80 

Nov - May 260 -0.05 ± 0.02 0.01 ± 0.02 3.41 ± 4.76 -0.82 ± 7.49 4.02 ± 1.66 -0.71 ± 2.61 
        

Northern Indian Ocean 
        

Season 

Slope 

/ A 

Intercept 

/ A

Slope 

De / A 

Intercept 

De / A

Slope 

T11 / A 

Intercept 

T11 / A
        

Dec - Feb 191 0.04 ± 0.05 -0.01 ± 0.04 -4.68 ± 7.83 0.84 ± 7.77 3.73 ± 2.77 0.19 ± 2.75 

Mar - May 253 0.05 ± 0.03 -0.01 ± 0.05 5.28 ± 5.18 0.71 ± 7.72 1.31 ± 1.99 -0.02 ± 2.97 

Jun - Aug 208 0.04 ± 0.03 -0.01 ± 0.04 -8.99 ± 7.21 1.20 ± 8.73 -0.38 ± 2.22 0.08 ± 2.67 

Sep - Nov 257 0.06 ± 0.03 -0.01 ± 0.05 3.25 ± 5.56 0.38 ± 8.80 2.01 ± 1.67 -0.31 ± 2.64 
        

Equatorial Africa 
        

Season 

Slope 

/ A 

Intercept 

/ A

Slope 

De / A 

Intercept 

De / A

Slope 

T11 / A 

Intercept 

T11 / A
        

Dec - Feb 94 -0.01 ± 0.01 0.00 ± 0.04 1.02 ± 2.01 -0.26 ± 10.01 -1.36 ± 0.67 0.36 ± 3.35 

Mar - May 199 -0.04 ± 0.02 0.01 ± 0.04 -10.23 ± 4.7 1.09 ± 7.79 -1.47 ± 1.65 -0.14 ± 2.73 

Jun - Aug 108 -0.02 ± 0.01 0.01 ± 0.03 -1.53 ± 3.05 -0.52 ± 7.40 -0.96 ± 1.04 -0.06 ± 2.52 

Sep - Nov 156 0.01 ± 0.02 0.00 ± 0.04 -3.60 ± 2.99 -0.31 ± 6.83 -0.76 ± 1.04 -0.29 ± 2.37 

 

 

Table 6.1.  The slopes, intercepts, and associated RMS uncertainties for 

comparisons of cloud albedo, , ice crystal diameter, De, and 11-m 

brightness temperature, T11, with aerosol optical depth, A differences.  

The least-squares fits are calculated using all differences greater than the 

mode of the differences in A for Cb with optical depth greater than 20.  

The number of FOVs, N, is the number of regions with differences greater 

than the mode of A differences. 
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Region Season 

Number of 

10° × 10° 

Cases 

Percentage of 

10° × 10° Cases with 

More Than 2 

Subregions of Either 

Large or Small 

Aerosol Burden 

Largest Number 

of Subregions of 

Either Large or 

Small Aerosol 

Burden 
     

Pac. Warm Pool Dec. – Feb. 86 3.5 5 

 Mar. – May 125 4.0 5 

 Jun. – Aug. 151 4.0 6 

 Sep. – Nov. 162 6.2 4 

S. America Dec. – Feb. 100 7.0 3 

 Mar. – May 136 5.1 3 

 Jun. – Aug. 56 7.1 4 

 Sep. – Nov. 129 7.0 4 

N. Ind. Ocean Dec. – Feb. 130 2.3 4 

 Mar. – May 205 5.4 4 

 Jun. – Aug. 161 8.7 4 

 Sep. – Nov. 196 4.1 6 

Eq. Africa Dec. – Feb. 68 7.4 4 

 Mar. – May 15 9.7 6 

 Jun. – Aug. 103 2.9 4 

 Sep. – Nov. 127 7.9 5 

 
Table 6.2.  The total number of 10° × 10° cases for each geographic 

region and season, the percentage of cases with more than 2 subregions 

of either large or small aerosol burden, and the largest number of 

subregions of either large or small aerosol burden. 
 

 As Sherwood (2002) found seasonal correlations of aerosol burden with 

ice crystal size and cloud albedo, the interannual and seasonal trends in aerosol 

optical depth, ice crystal diameter, and Cb albedo were investigated.   For the four 

geographic regions described above, the daily mean aerosol optical depth was 

calculated from all SSF FOVs that included an aerosol optical depth retrieval 

within each geographic region.  Similarly, the daily mean ice crystal size and Cb 

albedo were calculated from all FOVs within the geographic regions. 

 Figures 6.14 through 6.17 show the variation of the monthly means of the 

daily means of Cb albedo, ice crystal diameter, 11-m brightness temperature, 

and aerosol optical depth for the four geographic regions. 
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Figure 6.14  Interannual variation of aerosol optical depth and Cb 

Albedo (a), Cb ice crystal effective diameter (b), and 11-m brightness 

temperature (c) for January 1, 2001 through December 31, 2003 over the 

Pacific warm pool region.  In all plots, the blue traces represent the 

monthly mean of the daily mean aerosol optical depth for the entire 

Pacific warm pool region.  The red traces represent the monthly mean of 

the daily mean Cb albedo (a), Cb ice crystal effective diameter (b), and 

Cb 11-m brightness temperature (c). 
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Figure 6.15  Same as Figure 6.14 but for the South American region. 
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Figure 6.16  Same as Figure 6.14 but for the northern Indian Ocean 

region. 
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Figure 6.17  Same as Figure 6.14 but for the equatorial African region. 
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 Figures 6.18 through 6.21 show the seasonal variations in Cb albedo, ice 

crystal diameter, 11-m brightness temperature, and aerosol optical depth for the 

four geographic regions.  The traces of each variable are constructed by taking the 

mean of the daily means falling within each monthly bin over all three years of 

data.  In the Pacific warm pool region, the South American region, and the 

Northern Indian Ocean region, the variations in aerosol optical depth qualitatively 

follow the seasonal variations in the level of biomass burning, which typically 

peaks during local spring. 

 There are no clear signals that increased aerosol burdens are affecting ice 

particle sizes, cloud optical depths, or cloud temperatures in a systematic way.  

Particle size nonetheless seems to be depressed by low cloud temperatures.  In 

regions and seasons of biomass burning, large aerosol burdens occur when cloud 

temperatures decrease and ice particle sizes decrease.  South America is the most 

notable example, but the trends can also be seen in the northern Indian Ocean 

region during the winter monsoon. 

 Northern Equatorial Africa is a counterexample.  The dry season is June 

through November and is accompanied by relatively high cloud temperatures and 

particle sizes that are not depressed. 

 If active deep convective clouds are affected by aerosols through 1) the 

increase in droplet concentrations at the base of the convective clouds and 

2) vigorous convective updrafts that shoot supercooled water droplets above the 

freezing level to the tops of Cbs, then a large aerosol burden and an environment  
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Figure 6.18  Seasonal variation of aerosol optical depth (blue trace), Cb 

Albedo (red trace), a), Cb ice crystal effective diameter (red trace), b), 

and Cb 11-m brightness temperature (red trace), c) for the Pacific warm 

pool region.  In all plots, the traces are constructed by taking the mean of 

all daily mean values falling within the monthly bin over all three years 

of data. 
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Figure 6.19  Same as Figure 6.18 but for the South American region. 

 

 



106 

 

 
 

Figure 6.20  Same as Figures 5.18 but for the Northern Indian Ocean 

region. 
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Figure 6.21  Same as Figure 6.18 but for the equatorial African region.  

Note the change in scales from the other regions. 
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that supports deep convection are both necessary.  Since particle diameters 

decrease as temperatures fall for all regions and seasons, regardless of aerosol 

loading, and since viewing aerosol burdens simultaneously with deep convective 

clouds is nearly impossible, determining the effects of aerosols on the properties 

of deep convective clouds will remain a difficult challenge. 

 As can be seen in Figures 5.8, 5.11, 5.17, 5.20, and 5.24, ice crystal 

effective diameter decreases with increasing cloud optical depth for clouds that 

exhibited the most intense convection and reached optical depths greater than 

approximately 100.  This tendency for decreasing ice crystal size with increasing  

optical depth for the FOVs with large optical depths was nearly universal and may 

suggest that effects of aerosols on cloud properties, or relationships among cloud 

properties may be more evident for clouds with large optical depth. 

 The relationship of aerosols on deep convective clouds with optical depths 

greater than 100 was examined.  The analysis was identical to that described for 

deep convective clouds with optical depth greater than 20.  Figure 6.22 shows the 

differences in Cb ice crystal size and differences in Cb 11-m brightness 

temperature compared to differences in aerosol optical depth between regions 

with large and small aerosol burdens for the South American region.  Each point 

represents the differences in the 2° × 2° regions for the large and small aerosol 

burdens within a 10° × 10° region on a single day.  The data was grouped as in 

Figure 6.13, but only FOVs with a Cb optical depth greater than 100 were 

included.  Increasing the Cb optical depth threshold from 20 to 100 did not reveal  
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Figure 6.22  Differences in Cb ice crystal size (a,b), Cb 11-m 

brightness temperature (c,d), and aerosol optical depth between regions 

with large and small aerosol burdens over the South American region for 

Jan 1, 2001 through December 31, 2003.  The data from all three years 

were grouped into the dry (a,c) and wet (b,d) seasons as defined by Jiang 

et al. (2008) to compare similar meteorology.  Each point represents the 

differences in aerosol populations within a 10° × 10° region on a single 

day.  In this case, the optical depth was required to be 100 rather than 20.  

The least-squares fits were calculated from all regions that had an aerosol 

optical depth difference greater than the mode of the distribution. 
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Table 6.3.  Same as Table 6.1, but for Cb with optical depth greater than 100. 

 

any consistent statistically significant relationships between cloud properties and 

aerosol burdens.  Table 6.3 shows the slopes, intercepts, and associated 

uncertainties for the least-squares fits of ice crystal size, cloud albedo, and 11-m 

brightness temperature differences with aerosol optical depth differences for all 

seasons and the four geographic regions. 

Pacific Warm Pool 
 

Season 

Slope 

/ A 

Intercept 

/ A

Slope 

De / A 

Intercept 

De / A

Slope 

T11 / A 

Intercept 

T11 / A
        

Dec - Feb 35 0.01 ± 0.11 0.00 ± 0.03 -5.62 ± 30.47 0.82 ± 8.00 -11.87 ± 10.8 0.51 ± 2.82 
Mar - May 72 0.02 ± 0.02 0.00 ± 0.01 5.79 ± 14.85 -1.70 ± 10.01 -2.30 ± 4.33 0.48 ± 2.92 
Jun - Aug 50 0.00 ± 0.02 0.00 ± 0.01 -2.24 ± 16.04 -0.74 ± 9.35 7.21 ± 5.45 -1.71 ± 3.18 
Sep - Nov 91 0.00 ± 0.02 0.00 ± 0.02 16.67 ± 4.28 -2.73 ± 8.29 3.38 ± 1.95 -0.34 ± 3.78 

 

South America 
 

Season 

Slope 

/ A 

Intercept 

/ A

Slope 

De / A 

Intercept 

De / A

Slope 

T11 / A 

Intercept 

T11 / A
        

Dec - Feb 70 -0.02 ± 0.02 0.00 ± 0.02 3.19 ± 12.04 0.27 ± 8.69 4.54 ± 3.74 -0.80 ± 2.85 
Mar - May 68 0.01 ± 0.02 0.00 ± 0.02 7.28 ± 8.62 -0.98 ± 6.56 -5.53 ± 5.80 -0.18 ± 3.34 
Jun - Aug 28 0.01 ± 0.02  0.00 ± 0.01 -13.27 ± 12.8 2.43 ± 7.39 0.38 ± 2.22 -0.22 ± 3.18 
Sep - Nov 100 0.01 ± 0.01 0.00 ± 0.02 -6.95 ± 6.61 1.77 ± 9.48 -7.07 ± 5.83 1.05 ± 9.18 
Jun - Oct 124 0.02 ± 0.01 0.00 ± 0.01 -7.07 ± 5.83 1.05 ± 9.18 -1.99 ± 2.00 0.04 ± 3.14 

Nov - May 169 0.00 ± 0.02 0.00 ± 0.02 5.17 ± 6.77 -0.06 ± 7.61 3.13 ± 2.36 -0.41 ± 2.65 
        

Northern Indian Ocean 
        

Season 

Slope 

/ A 

Intercept 

/ A

Slope 

De / A 

Intercept 

De / A

Slope 

T11 / A 

Intercept 

T11 / A
        

Dec - Feb 73 -0.01 ± 0.01 0.00 ± 0.02 -0.44 ± 14.77 -0.57 ± 9.05 4.03 ± 4.94 -0.35 ± 3.03 
Mar - May 109 -0.01 ± 0.02 0.00 ± 0.02 -2.20 ± 7.41 1.74 ± 7.80 -2.67 ± 3.15 0.39 ± 3.32 
Jun - Aug 94 -0.04 ± 0.03 0.00 ± 0.02 18.4 ± 14.4 -0.82 ± 8.20 -2.00 ± 5.11 0.31 ± 2.90 
Sep - Nov 104 -0.01 ± 0.01 0.00 ± 0.01 -6.17 ± 8.90 0.43 ± 9.24 0.12 ± 3.36 -0.03 ± 3.49 

        

Equatorial Africa 
        

Season 

Slope 

/ A 

Intercept 

/ A

Slope 

De / A 

Intercept 

De / A

Slope 

T11 / A 

Intercept 

T11 / A
        

Dec - Feb 49 0.00 ± 0.01 0.00 ± 0.01 0.85 ± 1.98 1.34 ± 9.66 -1.48 ± 0.72 0.17 ± 3.50 
Mar - May 110 -0.02 ± 0.01 0.00 ± 0.01 -13.20 ± 5.20 1.05 ± 7.06 -1.67 ± 2.35 -0.35 ± 3.19 
Jun - Aug 58 0.01 ± 0.01 -0.01 ± 0.01 -2.12 ± 4.31 0.04 ± 8.94 1.07 ± 1.49 -0.62 ± 3.08 
Sep - Nov 79 -0.02 ± 0.01 0.00 ± 0.02 -5.13 ± 4.49 0.94 ± 7.95 -2.31 ± 1.80 0.39 ± 3.19  
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6.2  Implications of Observations 

 There was no clear evidence that increased aerosol loading affected ice 

particle sizes, cloud optical depths, or cloud temperatures.  Decreases in particle 

size seemed to coincide with lower cloud temperatures.  In regions and seasons of 

biomass burning, large aerosol loading coincided with decreasing cloud 

temperatures and decreasing ice particle sizes.  These trends were most noticeable 

in South America and in the northern Indian Ocean region during the winter 

monsoon. 

 As shown in Table 5.2, cloud optical depth increased with decreasing 

brightness temperature for every region and season examined.  In all but one 

region and season, ice crystal effective diameter decreased with decreasing 

brightness temperature.  Ice crystal effective diameter and optical depth were 

largely uncorrelated over the entire range of cloud optical depths, however, in 

most cases, there was a decrease in ice crystal effective diameter with increasing 

cloud optical depth for the clouds with the largest optical depths.  If increased 

aerosol loading at low altitude increases the concentration of liquid droplets in 

clouds undergoing intense convection, it is possible that supercooled droplets 

would be lofted rapidly above the freezing level.  Vapor deposition is traditionally 

used to explain the formation of ice crystals (Rogers and Yau, 1989).  Once the 

freezing level has been reached vapor is quickly deposited on ice crystals at the 

expense of remaining water droplets.    When convection is vigorous, however, 

droplets are lofted rapidly through the levels where vapor deposition is present 
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and pass through the -38° C level where they freeze spontaneously.  Large 

concentrations of small ice crystals have been documented near the tops of clouds 

that are associated with deep convective systems (Garrett et al. 2003; Garrett et al. 

2007). 

 As shown in Figure 6.22, increasing the optical depth threshold from 20 to 

100 did not reveal any correlations in simultaneous observations of aerosol 

loadings and Cb cloud properties.  These deepest convective systems, however, 

would be most likely to reveal an aerosol effect.  Under greater convective 

intensity the clouds will reach colder temperatures and it is more probable that 

supercooled droplets stemming from low-level clouds affected by aerosols would 

be lofted above the freezing level. 

 The seasonal trends in aerosol burdens and ice crystal diameters reported 

here are similar to those reported by Sherwood (2002).  Sherwood (2002) also 

noted that the depression in cloud top temperature was linked to the depression in 

ice crystal size but claimed that cloud top temperatures were not the sole reason 

for the decrease in particle size.  The results presented here, however, suggest that 

there are no links between aerosol burdens and cloud properties when the burdens 

and cloud properties are collocated in space and time. 

 Jiang et al. (2008) also observed the effects of aerosols on deep convective 

clouds over South America.  In that study, however, carbon monoxide 

measurements from the Aura MLS were used as a proxy of aerosol burden, and 

the cloud temperatures were not reported.  The primary source of CO is pollution 
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in the boundary layer.  Carbon monoxide has a lifetime about two months, 

relatively long compared to the lifetime of aerosols. In periods where the local 

aerosol loading has dissipated but the CO levels remain high, ice clouds may be 

categorized as polluted when the aerosol burden is actually small.  Perhaps the 

link found in Jiang et al. (2008) is between CO and cloud temperature.  Assuming 

that with colder temperatures there is increased convective intensity, more CO 

may have been lofted to the levels at which the MLS observed it when clouds 

undergoing vigorous convection were present.  No link exists between aerosols 

and cloud properties during the wet season when aerosol loading is smaller and 

the cloud temperatures reported here are generally higher.  Nonetheless, as shown 

in Tables 5.2 and 5.3, the links between cloud temperatures and ice crystal 

diameters exists for deep convective clouds during both the dry and wet seasons.  

Interestingly, the frequency of optically thick clouds was, according to tables 5.2 

and 5.3, approximately 50% greater in the wet season than in the dry season.  

Perhaps the lack of aerosols leads to the large ice crystal diameters during the wet 

season.  Just as likely, however, the convection during wet seasons is not as 

vigorous.  Cloud top temperatures are higher and ice crystal diameters are larger.  

The possibility also exists that aerosols suppress precipitation in low-level clouds 

enabling unprecipitated cloud droplets to reach higher altitudes at which ice 

forms, releasing additional latent heat and further invigorating the cloud updrafts 

(André et al., 2004).  Also, during the dry season, absorbing aerosols such as 

smoke can suppress convection by reducing the surface heating while increasing 
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the static stability of the atmosphere (Ackerman et al., 2000; Koren et al., 2004).  

Perhaps the lower frequency of deep convective clouds during the dry season 

reflects the suppression by aerosols.  Thus, when deep convective clouds are 

present, the thermodynamic environment has to be highly favorable to support 

convection so as to overcome the larger static stability and reduced surface 

heating that results from the haze. 
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CHAPTER 7 

CONCLUSIONS 

 
 

 The goal of this study was to investigate the effects of aerosols on the 

properties of deep convective clouds.  CERES SSF data from Terra were 

analyzed for the time period from January 1, 2001 through December 31, 2003.  

CERES SSF FOVs were identified as containing a deep convective cloud if the 

11-m brightness temperature of the FOV was less than 210 K, the clouds in the 

FOV were opaque at 11-m, and the visible optical depth was greater than 20.  

Aerosol optical depths over land and ocean were used as an index of aerosol 

burden.  A survey of Cb occurrence and Cb cloud properties was conducted that 

included all CERES FOVs falling between 60° S and 60° N.  The Pacific warm 

pool, South America, equatorial Africa, and the northern Indian Ocean were 

identified as accounting for a large portion of the deep convective activity and as 

having large aerosol burdens with distinctive variation in their seasonal aerosol 

signals.  The properties of deep convective clouds were then collocated with 

nearby aerosol optical depths retrieved on the same day.  In the four regions 

examined, no statistically significant correlation between Cb cloud properties and 

nearby aerosol optical depths was observed. 

 The seasonal and interannual variations of ice crystal diameter, Cb albedo, 

and aerosol optical depth within each of the four geographic regions were 

examined.  Strong signals were observed in the variation of aerosol optical depths 

in the northern Indian Ocean, South America, and Equatorial Africa.  For the dry 
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seasons in South America and the northern Indian Ocean seasonal scale increases 

in aerosol optical depths occurred together with decreases in ice crystal diameters 

and 11-m brightness temperatures.  These seasonal co-occurrences likely explain 

the claims of earlier investigations that increasing aerosol burdens led to 

decreases in ice crystal diameter (Sherwood, 2002; Jiang et al., 2008). 

 Decreases in ice crystal diameter, on the other hand, occur with decreases 

in cloud top temperature on instantaneous scales regardless of the aerosol 

burdens.  Presumably, more intense convection leads to clouds that reach higher 

altitudes, lower temperatures, and have larger concentrations of small ice crystals 

that arise from supercooled water droplets being lifted in strong updrafts above 

the level for spontaneous freezing.  Large numbers of small ice crystals have been 

noted in aircraft observations near the tops of deep convective clouds (Garrett et 

al., 2003) and have been tied to strong convective updrafts (Heymsfield et al., 

2009). 

 No connection between aerosol burden, ice crystal diameter, and cloud top 

temperature were found for the daily co-occurrences of deep convective clouds 

and aerosol burdens.  While there were fewer FOVs with both extremely low 

brightness temperatures and extremely large optical depths, clouds with very cold 

temperatures rarely had small optical depths, suggesting that they extend 

throughout the atmosphere from near the surface to near the tropopause.  These 

clouds also have the smallest ice crystal diameters, suggesting that they contain 

elements undergoing vigorous convection.  If large aerosol burdens lead to 



117 

 

increases in the concentration of liquid droplets at the bases of the clouds, and if 

convection lofts cloud droplets rapidly above the freezing level, supercooled 

droplets form ice crystals that are smaller than ice crystals typically formed by 

vapor deposition.  An examination of the effects of aerosols on the deepest 

convective clouds with optical depths greater than 100 revealed no relationships 

between aerosol burdens and cloud properties for instantaneous co-occurrences. 

 These most convective, coldest clouds, however, are likely candidates for 

showing the effects of aerosols on deep convective cloud systems.  The clouds 

with lower 11-m brightness temperatures likely have greater convective intensity 

and are more likely to loft supercooled droplets above the freezing level.  As 

simultaneous observations of aerosol burdens near breakouts of deep convective 

clouds were rare, as found here, a better strategy might be to rely on surface 

measures of aerosol burdens, such as visibility and PM2.5, in conjunction with 

satellite observations of the clouds within the same region and season.  Another 

might be to focus on satellite-derived aerosol loadings within a region and season 

just prior to outbreaks of deep convective clouds and compare the properties of 

clouds for days following relatively light aerosol burdens to those on days with 

heavy aerosol burdens.  The difficulty in such approaches, as in this study, is 

ensuring that the clouds following the occurrences of the light and heavy aerosol 

burdens are subject to the same meteorological conditions.  Different 

meteorological conditions are bound to affect the clouds as well. 
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