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The introduction of cloud condensation nuclei and radiative heat-
ing by sunlight-absorbing aerosols can modify the thickness and
coverage of low clouds yielding significant radiative forcing of
climate. The magnitude and sign of changes in cloud coverage and
depth in response to changing aerosols are impacted by turbulent
dynamics of the cloudy atmosphere, but integrated measurements
of aerosol solar absorption and turbulent fluxes have not been
made thus far. Here we report the first such integrated measure-
ments made from unmanned aerial vehicles (UAVs) during the
CARDEX experiment conducted over the northern Indian Ocean.
The UAV and surface data reveal a reduction in turbulent kinetic
energy in the surface mixed layer at the base of the atmosphere
concurrent with an increase in absorbing black carbon aerosols.
Polluted conditions coincide with a warmer and shallower surface
mixed layer because of aerosol radiative heating and reduced
turbulence. The polluted surface mixed layer was also observed
to be more humid with higher relative humidity. Greater humidity
enhances cloud development, as evidenced by polluted clouds
that penetrate higher above the top of the surface mixed layer.
Reduced entrainment of dry air into the surface layer from above
the inversion capping the surface mixed layer due to weaker tur-
bulence may contribute to higher relative humidity in the surface
layer during polluted conditions. Measurements of turbulence are
important for studies of aerosol effects on clouds. Furthermore,
reduced turbulence can exacerbate both the human health impacts
of high concentrations of fine particles and conditions favorable
for low-visibility fog events.

atmospheric turbulence | cloud cover | aerosols | radiative forcing |
autonomous unmanned aerial vehicles

\Abstract

The introduction of cloud condensation nuclei and radiative
heating by sunlight-absorbing aerosols can modify the thickness
and coverage of low clouds yielding significant radiative forcing of
climate. The magnitude and sign of changes in cloud coverage and
depth in response to changing aerosols are impacted by turbulent
dynamics of the cloudy atmosphere, but integrated measurements
of aerosol solar absorption and turbulent fluxes have not been
made thus far. Here we report the first such integrated mea-
surements made from unmanned aerial vehicles (UAVs) during
the CARDEX experiment conducted over the northern Indian
Ocean. The UAV and surface data reveal a reduction in tur-
bulent kinetic energy in the surface mixed layer at the base of
the atmosphere concurrent with an increase in absorbing black
carbon aerosols. Polluted conditions coincide with a warmer and
shallower surface mixed layer because of aerosol radiative heating
and reduced turbulence. The polluted surface mixed layer was
also observed to be more humid with higher relative humidity.
Greater humidity enhances cloud development, as evidenced by
polluted clouds that penetrate higher above the top of the surface
mixed layer. Reduced entrainment of dry air into the surface layer
from above the inversion capping the surface mixed layer due
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to weaker turbulence may contribute to higher relative humidity
in the surface layer during polluted conditions. Measurements
of turbulence are important for studies of aerosol effects on
clouds. Furthermore, reduced turbulence can exacerbate both the
human health impacts of high concentrations of fine particles and
conditions favorable for low-visibility fog events.

Key words: atmospheric turbulence, cloud cover, aerosols,
radiative forcing, autonomous unmanned aerial vehicles

Significance statement

The cooling effect of aerosols on climate and the modification
of clouds by aerosols have been widely debated because quanti-
fying their effects is important for constraining current climate
change. We present the first-ever measurements of turbulence
from unmanned aerial vehicles. We find that absorption of sun-
light by black carbon (BC) aerosols suppresses turbulence in the
lower atmosphere with important consequences for the environ-
mental impacts of BC emissions from anthropogenic fossil fuel
and biomass burning. A mechanism is proposed that links the
suppressed turbulence to taller clouds. These results highlight the
importance of understanding and observing the role of turbulence
in studies of aerosol impacts on clouds. Suppressed turbulence
also exacerbates the visibility and human health impacts of pollu-
tion.

Black carbon (BC) aerosols associated with the outflow of
soot pollution from South Asia spread broadly across the north-
ern Indian Ocean during the winter monsoon season [1]. These

Significance

The cooling effect of aerosols on climate and the modification
of clouds by aerosols have been widely debated because
quantifying their effects is important for constraining current
climate change. We present the first-ever measurements of
turbulence from unmanned aerial vehicles. We find that ab-
sorption of sunlight by black carbon (BC) aerosols suppresses
turbulence in the lower atmosphere with important conse-
quences for the environmental impacts of BC emissions from
anthropogenic fossil fuel and biomass burning. A mechanism is
proposed that links the suppressed turbulence to taller clouds.
These results highlight the importance of understanding and
observing the role of turbulence in studies of aerosol impacts
on clouds. Suppressed turbulence also exacerbates the visibil-
ity and human health impacts of pollution.
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Fig. 1. Profiles of (a) aerosol absorption coefficient at three wavelengths and
(b) black carbon (BC) aerosol mass concentration. Blue lines denote profiles
when aerosol particle concentration (particles with diameters between 10
nm and 10 ym; denoted N,) at MCOH is less-than 1000 cm™. Orange lines
are for aerosol particle concentration at MCOH greater than 1500 cm=3.
Horizontal bars are one standard deviation at each altitude level. Profiles
are averages of UAV profiles from 7 days of the more polluted condition
and 4 days of the less polluted condition.

BC aerosols directly heat the atmosphere because of absorption
of solar radiation [2] and also instantaneously increase the albedo
of the clouds [3] from the Twomey effect [4]. Both processes
reduce the amount of sunlight reaching the surface, causing a
surface cooling of climate. However, changes in low cloud cover,
if caused by aerosols, provide perhaps the biggest impact on the
net radiative effect of aerosols in this region. While the Twomey
effect has been argued to result in an increase in cloud cover [5],
the response of turbulence in the boundary layer may play an
important role in determining whether aerosol effects result in
an increase or decrease in cloudiness [6, 7].

The aerosol absorption in this region is thought to “burn off”
the clouds by reducing relative humidity in the cloud layer and
suppressing convection, thereby causing a warming of climate by
allowing more sunlight to penetrate to the surface [8]. A reduction
in low cloudiness, however, is not always the response to lower-
tropospheric heating by absorbing soot and smoke aerosols. If the
heating reduces turbulent entrainment of dry air from above the
humid marine boundary layer, then a thicker layer of cloud can
be supported by the greater relative humidity in the surface mixed
layer [9, 10]. The result is an enhancement of cloud albedo and a
reduction in absorbed solar radiation that partly compensates the
increase in net radiative forcing attributable to the dark aerosol
residing above a bright cloudy scene [11]. Thus the conceptual
view has emerged that BC aerosols within the cloud layer tend
to reduce clouds, leading to climate warming, while BC aerosols
above the cloud layer tend to increase clouds, leading to climate
cooling [12]. These studies, however, have not directly observed
the relationship between BC aerosols in the atmosphere and tur-
bulence in the boundary layer. Here we use such measurements to
demonstrate how BC aerosols within the cloud layer may reduce
turbulence and enhance relative humidity in the cloudy surface
mixed layer.

The CARDEX Campaign

We examine the links between black carbon, its solar ab-
sorption, and vertical profiles of turbulent fluxes within the
boundary layer to understand how the response of turbulence
to aerosol forcing impacts clouds. The central component of
the Cloud Aerosol Radiative Forcing and Dynamics Experiment
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(CARDEX) [13] was deployment of lightweight unmanned aerial
vehicles (UAVs) for aerosol, radiation, cloud, and turbulent flux
measurements [3, 14, 15] advancing the procedures developed
in previous UAV studies [2, 3]. The field study was conducted
from the Maldives Climate Observatory — Hanimaadhoo [1]
(MCOH) during February and March 2012. The existing long-
term aerosol and radiation measurements at the observatory
were augmented with the UAV aerosol, cloud, and turbulence
sampling, as well as a micropulse lidar, a microwave radiometer,
and high-frequency wind measurements for near-surface turbu-
lence. The microwave radiometer and near-surface turbulence
measurements were made from the top of a 15 m tall tower.

Profiles of the turbulent kinetic energy and vertical flux of
latent heat were observed with near-daily UAV flights; the first
time such UAV measurements have been applied in studies of
aerosol impacts on clouds and climate. The UAV turbulence
measurement system has previously been compared with sta-
tionary measurements comparable to the tower measurements
from MCOH and demonstrated errors of at most 5% [15]. Dur-
ing CARDEX, UAV turbulence data were calculated from sub-
sections of 10-15km horizontal flight legs. Sub-section lengths
were typically 9.5km and were determined post-flight for each
flight as those which captured the full spectral range in covariance
ogives and displayed-a minimum inwind component variances. At
12-16 times the surface mixed layer height (approx. 600-800m),
9.5km is within the range suggested by [16] required to constrain
the accuracy of turbulent variations to within 10%.

The tower measurements of turbulence at MCOH are ob-
tained with a Gill Windmaster pro sonic anemometer and Camp-
bell Krypton-Hygrometer mounted on a mast extending to 23m
above the surface. Water vapor fluctuations and 3D wind vectors
were logged at 20Hz for the derivation of sensible heat, TKE
and water vapor fluxes using eddy covariance methods [17]. TKE
was calculated based on all 3 components of the wind velocity.
Data processing was performed in 30min averaging periods with
despiking to remove points > 30 of a running 60-second mean
and linear detrending was applied. The tower is <75m from the
ocean on the northern side of the island, and only data from this
wind direction were included in the final analysis.

Profiles of aerosol absorption coefficient and BC aerosol
concentration were determined using a miniaturized version of
a 3-wavelength absorption photometer [14]. Level flights of 5 to
10 minutes duration are required to reduce random error in the
absorption photometer. The BC concentration was determined
based on absorption coefficient at 870 nm using an absorption
cross section of 10 m? g'. UAV measurements of absorption
coefficient in the surface mixed layer agree with simultaneous
surface measurements with a commercial aecthalometer to within
10% [14].

The aircraft outfitted with aerosol sampling instruments rou-
tinely performed profiles up to 3 km altitude from which the
profiles of equivalent potential temperature were derived. Level
flights at selected heights between 500 m and 3 km were then
performed to construct the absorption coefficient and BC aerosol
concentration profiles. Profiles from seven flight days were in-
cluded in the polluted profiles (N, at MCOH > 1500 cm™) and
profiles from four flight days were included in the cleaner profiles
(N, at MCOH < 1000 cm™®).

The atmospheric boundary layer height was determined using
the Mini Micro Pulse Lidar system from SigmaSpace Corp. [18].
In order to distinguish aerosol features confined to the surface
mixed layer from elevated aerosol plumes, an upper bound is
imposed upon the automated algorithm based on subjective anal-
ysis of the backscatter profiles ranging from 900 m to 1700 m
depending on the day.
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Fig. 2. (a) Altitude at the top of the surface mixed
layer estimated from the gradient in micropulse li-
dar backscatter against turbulent kinetic energy (TKE)
measured at the top of the 15 m tower at MCOH. Each
sample is colored according to the aerosol particle
concentration (particles with diameters between 10
nm and 10 ym) at MCOH. (b) TKE measured by UAV
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Fig. 3. (a) Profiles of equivalent potential temperature (solid lines) and
saturated equivalent potential temperature (dashed lines) measured by UAV.
These profiles are averages of the same flights as shown in fig. 1. Blue
lines denote profiles when aerosol particle concentration (particles with
diameters between 10 nm and 10 pm denoted N,) at MCOH is less than
1000 cm. Orange lines are for aerosol particle concentration at MCOH
greater than 1500 cm3. (b) The number of cloud features observed by the
CALIOP lidar on the Calipso satellite. Data are from all passes of Calipso
during February 2007 to 2013 and all samples within 5 degrees lat/lon around
MCOH. Blue line denotes profiles where the aerosol optical depth (AOD)
is less than 0.3 (the median value) observed by the Moderate Resolution
Imaging Spectroradiometer (MODIS) instrument on the Aqua satellite flying
in formation with Calipso. The orange line denotes profiles where the AOD
is greater than 0.3.

Results

During the winter monsoon there is a well-mixed atmospheric
layer above the northern Indian Ocean, referred to here as the
surface mixed layer, which extends from the ocean surface to a
strong capping inversion the surface layer below 1 km altitude.
At the top of the surface mixed layer the potential temperature
increases by 2 K or more in 100 m vertical distance and the relative
humidity decreases from about 75% within the surface mixed
layer to about 50% on average (and often much lower) in the
drier layer above. The bases of small cumulus clouds reside at the
top of the surface mixed layer and penetrate into the inversion,
as is typical for trade wind cumulus cloud regions. However,
in many such locations the cloud tops range from just above
the top of the surface mixed layer to as high as 3 km where a

Footline Author

MCOH tower (

OIS 10 in the upper part of the atmospheric boundary layer
) against a simultaneous measurement at the MCOH

2 -2’
m?s?) tower.

weaker temperature inversion, known as the trade wind inversion,
occurs [19]. In contrast, the dry stable layer above the capping
inversion prevents the weak cumulus clouds over the northern
Indian Ocean from penetrating much further above the inversion
at the top of the surface mixed layer and cloud fraction is typically
less than 0.1.

The mean profile of the aerosol absorption coefficient peaks
at approximately 2 km altitude (Fig. 1a). The soot layer containing
the BC aerosol extends on average from the surface up to 3 km
altitude, although there is considerable daily variability in the
structure of the profile. Pollution occurs more frequently above
1500 m altitude when the origin of the lower-tropospheric flow
is over the continent, and often the particle concentration at
the surface also increases during these periods [14]. Through the
dry winter monsoon season the increase in surface pollution is
indicative of transport in the column up to 3 km [1]. This increase
in aerosol optical depth (AOD) coincides with an increase in the
absorption coefficient and a decrease in aerosol single scattering
albedo [1] that are attributed to continental pollution character-
ized by high concentrations of submicron absorbing aerosol [20].

The BC aerosol concentration profiles from eleven flight days
were sorted according to particle concentration measurements
at the surface. They show that the BC concentration was sub-
stantially greater up to 3 km altitude with increased pollution
at the surface (Fig 1b). The mean absorption coefficient at 2
km shown in Fig. 1 is comparable in magnitude to the profile
reported during the polluted episode of the previous Maldives
Airborne Campaign (MAGC; [2, 14]), but is substantially larger in
the atmospheric boundary layer below 1.5 km, compared to MAC.
The diurnally-averaged solar heating rate of the atmosphere at
2 km altitude was estimated at nearly 1 K d' based on direct
observations of convergence of solar flux between stacked UAVs
during the MAC polluted period [2]. The average aerosol heating
rate during CARDEX was therefore likely comparable during
polluted episodes. Aerosol heating within the surface mixed layer
may be greater than the approximately 0.2 K d estimated during
the MAC polluted episode because of the greater absorption
coefficient in the surface mixed layer during CARDEX. During
the Indian Ocean Experiment (INDOEX), solar absorption in the
aerosol layer was estimated to cause a reduction in surface solar
flux of -18 W m™, and aerosol scattering an additional -2 W m™ at
the surface [21]. Thus the northern Indian Ocean is characterized
by a deep layer of BC aerosols contributing a heating from within
the surface mixed layer to an altitude of up to 3 km. Shallow
cumulus clouds are embedded within the BC aerosol layer [3, 22].

The turbulent kinetic energy (TKE) and height of the top
of the surface mixed layer are shown in Fig. 2a as a scatter plot
where the color of the points indicates the particle concentration
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Table 1. Linear regression analysis of daytime relative humidity (RH) at 1000 hPa with
dynamical parameters in Feb. and Mar. 2006-2012 ECMWF ERA-Interim reanalysis at the
model grid cell corresponding to the MCOH station. Correlation coefficients (r) shown
with sign of the relationship. Correlations of dynamical parameters with surface particle
concentration (N;) and differences between more polluted and less polluted conditions
are based on particle concentration measurements from the 2006 and 2012 seasons.

Reanalysis parameter correlation correlation with difference between N, >
with RH at surface particle 1500 cm3 and N, <1000
1000 hPa concentration cm’3

vertical vel. at 925 hPa -0.30 -0.05 -0.012Pass™

vertical vel. at 750 hPa -0.25 0.05 -0.013Pas™

u vel. at 750 hPa -0.21 -0.07 -0.87ms!

divergence at 1000 -0.21 -0.18 -3.0x10%s"

hPa

divergence at 750 hPa -0.07 -0.12 -3.7x107 s

u vel. at 1000 hPa -0.05

v vel. at 750 hPa 0.02

v vel. at 1000 hPa 0.01

pot. temp. difference  0.03
750 hPa minus 1000

hPa

geopotential at 500 0.07
hPa

near the surface. As pollution increased at MCOH (indicated by
yellow and red colored samples), TKE decreased. A reduction
in TKE inhibits the upward mixing of the surface mixed layer
top by entrainment of dry air from above the inversion into
the surface layer. Therefore, the altitude of the surface mixed
layer top was lower during the polluted periods of decreased
TKE. In addition to the surface measurements, TKE was profiled
through the surface mixed layer by UAV. We find that TKE above
the surface and in the surface mixed layer roughly correlates
with surface measurements of TKE (Fig. 2b) suggesting that the
reduced turbulence during polluted conditions extends through
this layer.

The inversion capping the surface mixed layer is characterized
by a decrease in equivalent potential temperature (6.) above
the surface layer with nearly uniform 6. (solid lines, Fig. 3a).
The polluted conditions during CARDEX coincided with a lower
capping inversion at approximately 600 m altitude (orange solid
line, Fig. 3a) compared to approximately 800 m altitude during
cleaner conditions (blue solid line, Fig. 3a), consistent with the
lower boundary layer top altitude indicated by the micropulse
lidar in Fig. 2a above.

Polluted conditions also corresponded to a warmer and more
humid surface mixed layer, which is indicated by a greater 6,
compared to cleaner conditions. Boundary layer temperature
was greater by about 1 K during polluted conditions compared
to cleaner conditions and the mean surface relative humidity
increased from 69.7% during cleaner conditions to 77.4% dur-
ing polluted conditions. In spite of the lower altitude of the
surface mixed layer top during polluted conditions, the layer of
nearly saturated air conducive to cloud formation (where 6, =
Bcs) was thicker during more polluted conditions compared to
less polluted conditions. Multi-year observations of cloud-top
height from the NASA Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) satellite lidar confirm that cloud tops are
almost uniformly confined to within a few hundred meters of the
surface mixed layer top (Fig. 3b). The CALIOP vertical feature
mask (version 3) [23] [24] profiles have been sorted according to
multi-year observations of AOD from the Moderate Resolution
Imaging Spectroradiometer (MODIS) to separate the number of
observed cloud tops when AOD is less than the median value
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over MCOH (0.3) from the number of cloud tops when AOD
is greater than the median value. Approximately 100 overpasses
of the CALIOP instrument are included here comprising every
overpass within approximately 250 km of MCOH during February
and March for years 2007 through 2013. Regardless of the amount
of aerosol, most of the cloud tops reside between 400 m and 1200
m altitude with the peak occurrence of cloud tops between 600 m
and 700 m. In spite of the reduction in turbulence and lowering of
the top of the surface mixed layer by at least 200 m, the altitude
of the cloud tops is similar between the less polluted and more
polluted conditions. During the cleaner conditions clouds do not
have sufficient buoyancy to penetrate the inversion and CALIOP
shows that most of the cumulus cloud tops are observed to reside
below the elevation of the inversion observed during CARDEX.
In contrast, during polluted conditions, most of the cloud tops
reside above the elevation of the inversion indicating greater
vertical cloud development allowed by the more humid polluted
conditions. Although the CALIOP data are from a multi-year
climatology, the result is consistent with a companion study show-
ing increasing cloud liquid water path with increasing aerosol
for clouds observed with a ground-based microwave radiometer
during the CARDEX period [25]. Both the CALIOP result and
the microwave radiometer result are consistent with the thicker
saturated layer under more polluted conditions shown in Fug 3b.

Discussion

The conceptual picture that emerges from these observations is
one whereby aerosol absorption heats the boundary layer and
lower troposphere under polluted conditions. A reduction in
boundary layer turbulent kinetic energy decreases the entrain-
ment of air across the temperature inversion at the top of the
boundary layer, which favors a lower surface mixed layer top. The
reduced turbulence might initially suppress cloud development,
however the reduced turbulent mixing across the inversion also
leads to greater relative humidity in the surface mixed layer
because of weakened mixing of moist air up through the interface
and weakened mixing of dry tropospheric air down into the mixed
layer. Thus the vertical profile shifts from a condition where
clouds are confined to the top of the surface mixed layer to a
condition where clouds form in a thicker saturated layer and may
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penetrate above the inversion because greater humidity provides
additional buoyancy.

Large-eddy simulations of the response of northern Indian
Ocean cumulus clouds to heating by absorbing aerosols previ-
ously indicated that heating within the cloud layer can reduce
relative humidity and low cloud cover, thus contributing a posi-
tive semi-direct radiative heating during the winter monsoon [8§].
Long-term records of low clouds suggest that a slight increase in
cloud cover occurred over the northern Indian Ocean during a
time when aerosol emissions were increasing [26]. Remote sens-
ing data suggests that low cloud cover increases with increasing
aerosol optical thickness for small amounts aerosol and decreases
with increasing aerosol optical thickness for large amounts of
aerosol [27] [28]. Thus the response of low clouds to BC aerosol
absorption may depend on the amount of aerosol present. En-
hancement of cloud development and lowering of the boundary
layer top due to aerosol heating above clouds has been observed
over the Southeast Atlantic Ocean [10]. While the consequences
of BC absorption for the coverage of clouds was not measured
during CARDEX, the enhanced humidity and thicker saturated
cloud layer observed during the more polluted conditions of
CARDEX suggest that same process may impact trade cumulus
clouds within a layer of absorbing aerosol, as was observed for
Southeast Atlantic clouds beneath absorbingaerosols, atleast for
the conditions observed during CARDEX.

The consequences of BC aerosols for radiative forcing of
climate depends on balances among the direct aerosol radiative
heating, increases in cloud drop concentrations [22, 3], as well as
the changes in turbulence and relative humidity described here.
Further study is required to account for the full range in variability
in BC aerosol loading and the combined radiative effects of
changes in cloud microphysics, changes in cloud development in
response to reduced turbulence, and changes in cloud cover with
increasing aerosol.

The observations available from CARDEX are suggestive of
a mechanism by which absorbing aerosols can lead to increased
humidity rather than decreased humidity in the surface mixed
layer where cumulus cloud updrafts originate. We note that such
relationships among observed aerosol amounts, TKE, humidity
and temperature are not on their own sufficient to rule out the
possibility that the atmospheric dynamics leading to increasing
aerosol also leads to a warmer and more humid surface mixed
layer independently of the aerosols. Further modeling experi-
ments are certainly warranted to isolate the impact of aerosols
from these additional factors. We note, that heating of the aerosol
layer by BC aerosol absorption has been measured directly and
independently of meteorological influence [2] and also that the
more polluted air masses have their origins over the continent,
while the less polluted air masses originate over the ocean [29].
Based on air mass history, one might expect that more polluted
air masses would be warmer and drier than the less polluted
air masses. Our proposed mechanism explains why the expected
result is not what is observed and also why the expected reduction
in cloud cover due to BC aerosols is not apparent in prior studies
of remote sensing and long-term surface data.

To further explore the possibility that regional dynamics may
lead to a coincidental moistening of the surface mixed layer with
increasing aerosol independent of the aerosol radiative impact on
turbulence described above, a linear regression analysis has been
performed with the ECMWEF ERA-Interim reanalysis dataset
[30]. Table 1 shows the linear correlation between the daytime
relative humidity at 1000 hPa and the winds, divergence, static
stability, and geopotential height from 7 years of Feb. and Mar.
ECMWEF data for the model grid cell located over the MCOH
field station. The analysis shows shows that: 1) 1000 hPa rela-
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tive humidity is not strongly correlated with any of the metrics
examined; 2) that the strongest correlations are with the vertical

velocity and divergence fields at 1000 hPa and 750 hPa; and 3)
the differences in vertical velocity and divergence between more
polluted conditions and less polluted conditions are small relative
to the dynamic range of these quantities. These differences in
zonal (u) velocity, vertical velocity and divergence, even if in-
dependent, would together explain only about 1% to 2% of the
approximately 8% increase in relative humidity between more
polluted and less polluted conditions. Furthermore, the vertical
velocity and divergence parameters are neither independent of
one another nor independent of the local turbulent dynamics
in the boundary layer. These results do not suggest a strong
dynamical effect related to the large-scale dynamics, at least in the
ECMWEF reanalysis, that might explain a coincidental increase
relative humidity in the surface mixed layer with transport of BC
aerosols to the experiment location. However, further modeling
is required to isolate the impact of aerosols from other meteoro-
logical impacts on surface mixed layer properties.

The shallow cumulus clouds observed over the northern In-
dian Ocean are embedded within a deep layer of BC aerosols. The
response of boundary layer turbulence and clouds may depend
on the vertical orientation of the absorbing aerosols relative to
the cloud layer, as well as the response of the clouds themselves.
For example, in the Amazon where deeper cumulus clouds are
embedded in absorbing BC aerosols [31] find that the introduc-
tion of BC aerosols in a model experiment reduces TKE below
the aerosol layer and increases TKE in a narrow layer above the
aerosol layer. At low aerosol amounts, increasing aerosol leads
to taller clouds, while at high aerosol amounts, increasing aerosol
leads to reduced cloudiness. In one model experiment a reduction
in latent heat flux from the surface due to high aerosol was suf-
ficient to substantially reduce cloud cover [32]. These results are
broadly consistent with satellite observations over the Amazon
[33]. The model-simulated reduction in TKE for the Amazon case
is similar to our observations over the Indian Ocean. However,
the increase in cloud depth over the Amazon for low aerosol
amounts is argued to be a consequence of microphysical impacts
of aerosol on clouds, which is not likely to be a factor over the
northern Indian Ocean. The mechanisms cited for invigoration
of clouds by aerosols include suppression of rainfall and a related
addition of latent heat from freezing of liquid drops. Even the
cleanest clouds we have observed are composed of drops that are
too small to contribute to drizzle [3]. Furthermore, the clouds
are too shallow to contain ice. Simulated stratocumulus clouds
with absorbing aerosol entirely above the cloud layer exhibited
a thickening of the cloud due to reduced entrainment of dry air
into the cloud layer at cloud top [9]. TKE may in fact be enhanced
in the boundary layer for absorbing aerosol above stratocumulus
due to the greater condensed water in the overcast cloud layer.
Nevertheless, entrainment is reduced due to the increase in buoy-
ancy of the aerosol layer above the cloud. Thus the mechanism
for thickening cloud over the southeast Atlantic Ocean may be
slightly different than we are proposing here for the northern
Indian Ocean.

Suppression of boundary layer turbulence by BC aerosols
can lead to additional impacts beyond changes in cloud radiative
forcing. High relative humidity and large particle concentrations
are related to low-visibility fog events [34], which have increased
in frequency and duration over South Asia [35] [36]. Furthermore,
reduced vertical mixing and a lowering of the boundary layer top
will increase the surface number concentration of BC particles,
which are known to have substantial negative impacts on human
health in South Asia [37] [38].
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