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ABSTRACT

Cumulus clouds are generally optically thick and shallow, exerting a net cooling
impact on the climate system. Changes in atmospheric aerosol conditions, especially
aerosol concentration increased by anthropogenic activity, can alter cloud microphysics
(e.g., droplet concentration, size distribution) and cloud macrophysics (e.g., liquid water
path, cloud morphology), thereby affecting cloud albedo and the Earth’s radiation budget.
To deepen our understanding of aerosol-cloud-radiation interactions and to investigate
the errors (e.g., due to sampling scale, remote sensing artifactual retrieval) in assessing
the aerosol effects on shallow cloud and associated radiative forcing, a comprehensive
study was performed by utilizing the surface station, in situ aircraft, satellite remote

sensing measurements and three-dimensional radiative transfer simulations.

The study over the Northern Indian Ocean revealed that more polluted clouds
were substantially deeper and narrower with greater cloud liquid water path than less
polluted clouds. The observed deeper clouds, mainly due to the warmer, more humid and
shallower boundary layer. The narrower clouds formed in high polluted condition were
caused by the intensified cloud edge evaporation effect, as a result of more and smaller
cloud droplets induced by increasing aerosol concentration. The deeper and narrower
clouds embedded in a high concentration of absorbing aerosols over this region
contribute to a brighter atmosphere as viewed from space compared to cleaner conditions.
As a consequence, the regional negative solar shortwave forcing at the top of the

atmosphere due to aerosols increases in magnitude (i.e., greater cooling of regional



climate) with increasing aerosol optical depth more than is contributed by just the direct

effect of aerosols alone.

Aerosol effects on continental shallow warm cloud were investigated by using
multiple airborne and spaceborne remote sensing observations. Aerosol-cloud
relationships were investigated under different meteorological conditions. Results
showed that Cloud responses to aerosols were highly affected by lower tropospheric
stability and free troposphere relative humidity. The Aerosol-cloud interaction index
(ACI) was generally higher in an unstable and humid environment and lower under
unstable and dry conditions. The total top of atmosphere cloud radiative forcing was
calculated to be ~ -80 W m™ when the ACI reached 0.3. Aerosol indirect forcing of the
estimated anthropogenic portion of the aerosol due to the intrinsic aerosol effect, i.e., on
cloud albedo, was estimated to be -0.63 W m™ and the forcing due to the extrinsic aerosol

effect, i.e., on cloud extent, was estimated to be -1.77 W m™.

The errors due to sampling scale and remote sensing retrieval artifacts in
quantifying aerosol indirect effects on shallow warm cloud were investigated by utilizing
remote sensing, in situ data and a Monte Carlo Radiative Transfer model (MCRT)
designed by the author. The ACI showed a strong scale-dependent behavior, which
decreases as data resolution decreases. Smoothing of aerosol and cloud fields from 1 to
10 km produced a decrease of ~ 60% in estimated ACI. The ACI estimated from 1-km
resolution remote sensing data was similar to that derived from in-situ aircraft
measurements. Analysis of aircraft data revealed that the aerosol humidification effect

accounts for a ~ 18.7-21.8% decrease in estimate ACIl. The MCRT simulation indicated



that the three-dimensional radiative transfer effect from cloud side multiple scattering

reduced estimated ACI by ~ 10% for a broken cloud scene.

As the coupling among aerosol, cloud, radiation, and the meteorological condition
is very complex, the integration of in-situ aircraft measurement, large-scale satellite
observation, meteorological reanalysis data, and atmospheric modeling improves our

understanding of this complex system.
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Chapter 1

Introduction

1 General overview

Atmospheric aerosols have increased dramatically since the pre-industrial era due to
human activity. The quantitative impact of these aerosols on Earth’s radiative budget
continues to elude the scientific community. Although numerous studies have been
performed over the last few decades applying field campaigns, satellite measurements,
and numerical models, our understanding of aerosol effects on climate is still highly
uncertain, which hampers the estimation and prediction of the anthropogenic contribution

to climate change (Boucher et al., 2013).

Aerosols can affect climate in many ways. First, aerosols can scatter sunlight back to
space causing direct radiative forcing. Second, aerosols can serve as cloud condensation
nuclei (CCN) or ice nuclei (IN) for cloud particles and alter the albedo of clouds. The
ability of an aerosol to serve as an efficient CCN or IN depends on its size, mass, shape
and chemical composition (Seinfeld and Pandis, 2012). The relationship between the
amount of aerosol and cloud base number of droplets is complex, but usually more
aerosols will result in more droplets near cloud base (Ramanathan et al., 2001), although
this depends on the types of the aerosols (Rosenfeld et al., 2002). All other things being
equal, especially the cloud’s geometric size and total condensed water content, more

numerous smaller droplets result in the “Twomey” effect or first aerosol indirect effect



(AIE) whereby the overall increased droplet surface area increases the cloud albedo,
producing a negative indirect radiative forcing (Twomey, 1974;Twomey, 1977). Third,
the reduced cloud droplet size can affect the precipitation efficiency, tending to increase
the cloud liquid water content, thus the cloud lifetime (Albrecht, 1989). This is so-called
second AIE or cloud lifetime effect. The delay in precipitation may cause droplets to
ascend to supercooled levels (Andreae et al., 2004) and may further invigorate convective

clouds (Rosenfeld et al., 2008).

In addition, aerosol absorption of sunlight may decrease low cloud cover by heating the
air, reducing the relative humidity, and evaporating the cloud droplets. This process leads
to positive radiative forcing, termed as the “semi-direct effect” (Hansen et al.,
1997;Ackerman et al., 2000;Kaufman and Koren, 2006). Aerosol absorption can also
decrease the solar radiation reaching the surface and increase low-level static stability,
leading to lower surface moisture fluxes (Ramanathan et al., 2001;Koren et al., 2004).
This could also reduce cloud cover, or the probability of cloud formation, thus reducing
rainfall. However, when the absorbing aerosol resides above a low cloud deck, the
absorption of sunlight by the aerosols causes a reduction in cloud top entrainment that
enhances the cloud development (Wilcox, 2010;Johnson et al., 2004). Besides the
mechanisms mentioned above, aerosols can induce some other cloud-mediated climatic
effects, which act through changing precipitation processes (Charlson and Heintzenberg,

1995;Lohmann and Feichter, 2005;Rosenfeld et al., 2008;Boucher et al., 2013).

AIE could be large enough to offset much of the global warming induced by

anthropogenic greenhouse gases, yet even after decades of research, the magnitude is still



very uncertain (Myhre et al., 2013). The range in overall aerosol forcing since 1750 is
estimated to be between -0.1 and -1.9 W m™ (Myhre et al., 2013). The large uncertainty
is partly due to lack of understanding of aerosol-cloud interaction feedbacks at different
scales and regimes, and partly due to limited techniques used to study aerosol-cloud
interactions. This requires more systematic studies under different cloud dynamics,
aerosol loadings, and spatiotemporal scales. In addition, measurement techniques and
data sampling need to be improved in the future. The focus of this study is on warm water
cloud responses to aerosol perturbations and the uncertainty in quantifying the aerosol

indirect effect.
2 Aerosol effects on shallow boundary layer clouds

Aerosol effects on shallow boundary layer clouds have been studied for decades with
most of the focus on marine stratocumulus (Twohy, 2005;Wood, 2007;Wilcox,
2010;Goren and Rosenfeld, 2012, 2014, 2015) and trade cumulus (Xue and Feingold,
2006;Roberts et al., 2008;Dey et al., 2011;Yuan et al., 2011;Pistone et al., 2016). This is
because they are very susceptible to aerosol loading and their important roles in the
regional and global energy budget and the hydrological cycle (Wood, 2012;Rosenfeld et
al., 2014). Strong longwave cooling at the cloud top is the main driver of the overturning
convective circulations that constitute the key dynamical elements of these clouds (Lilly,
1968). Turbulence homogenizes the cloud-containing layer, and frequently couples this
layer to the surface source of moisture that maintains the cloud layer (Bretherton and
Wyant, 1997). Turbulence also controls the development of mesoscale organization

(Jonker et al., 1999;de Roode et al., 2004). Latent heating in the upward branches of the



convective elements and evaporation in downdrafts provides an additional source of
turbulence that strengthens the convection. While various mechanisms have been
proposed to describe how aerosols affect clouds and precipitation (Solomon, 2007), the
most crucial set of the mechanism is AIE, which consists of the cloud albedo effect and

lifetime effect.

The majority of other aerosol effects on clouds originate from first AIE: the decrease in
cloud droplet size with increasing aerosol number concentration (N) for a fixed liquid
water path (LWP) (Twomey, 1977). Cloud albedo is enhanced in such a cloud because
numerous smaller cloud drops increase the total scattering cross section and thus reflect
more solar radiation (Twomey, 1977). This effect has been supported by ample evidence
from satellite remote sensing (Wetzel and Stowe, 1999;Nakajima et al., 2001;Liu, 2003)
and ground or in situ observations (Feingold et al., 2003;Penner et al., 2004;Sena et al.,
2016). We can quantitatively describe the AIE as the sensitivity of the cloud albedo (a) to
changes in activated cloud droplet number concentration (Ng) as follow (Rosenfeld et al.,

2013):

ane = G 2 (55) GR) 0
where C; is defined as cloud macrophysical properties (e.g., liquid water path, cloud
thickness, cloud cover). The first term on the right-hand side (RHS) of Equation 1 is
referred as Twomey effect or the first AIE, which represents the change in albedo caused
only by changes in cloud microphysics, with the cloud macrophysical properties held

constant. The second term on the RHS represents the changes in albedo associated with

aerosol-induced changes in cloud macrophysical properties. Equation (1) is very general



since C; can represent any changes in system induced by aerosol. In real clouds, changes
in aerosols rarely affect only Ny without changing cloud macrophysical properties such as
cloud morphology and LWP. Therefore, it is necessary to study cloud microphysics and

macrophysics together to investigate the aerosol impacts.

Cloud macrophysical responses to aerosols are more challenging to understand than the
purely microphysical effect. These changes induce macrophysical responses in turbulent
dynamics, entrainment rate, and even mesoscale reorganization. However, many of these
processes still remain poorly understood (Wood, 2012). The magnitude and even the sign
of the responses of the cloud are not uniform. They appear to depend upon cloud type and
meteorological regime. This requires the study of aerosol-cloud interactions across

different background conditions.
3 Current challenges and uncertainties in studying aerosol-cloud interactions

Some processes by which aerosols can modulate clouds have been summarized in
previous sections. Although aerosol-cloud interactions can sometimes be very apparent in
small-scale observations, Stevens and Feingold (2009) caution that correlations between
observed cloud and aerosol properties cannot always be used to identify cause and effect.
It might be necessary to also consider intrinsic buffering mechanisms in the cloud-aerosol
system that may modulate or counteract the traditional cloud-aerosol effects (Feingold et
al., 2010) as well as to consider the impact of the observational scale (McComiskey and
Feingold, 2012). Moreover, the different meteorological contexts need to be taken into

account (Loeb and Schuster, 2008) since the aerosol influence may depend on the



meteorological regime. Besides the challenges mentioned above, to measure these

components and disentangle them is difficult due to many existing limitations.
3.1 Field experiment limitations

Data from field experiments are useful to understand aerosol-cloud interactions at the
process scale. However, field experiment data also have their own limitations. Foremost
IS that these studies are relatively rare and usually cannot provide an adequate statistical
sample size to show the aerosol signal from the noise of the natural variability of the
system. For example, to study a convective cloud system, many parameters can influence
the system, such as aerosols, thermodynamic conditions, winds, the stage of the system
lifecycle, etc. To isolate the aerosol effect, a large statistical database is required.
Secondly, each field experiment instrument has some limitations, and there is also
operator error. Instruments may disturb the particles before measuring them, especially
when measuring cloud hydrometeors. For example, large droplets can be shattered on the
inlets and tips of cloud particle probes, which produces copious small particles that can
be mistakenly measured as real particles (Lawson, 2011). Finally, aircraft measurements
of convective clouds are limited by safety concerns of the aircraft penetrating an area of
strong updrafts and downdrafts, or limited by altitude restrictions on unpressurized
aircraft. Ground-based radar, lidar, and radiometers can avoid some of these issues, but
are less mobile while the aircraft payloads containing these remote sensing instruments
can better overcome these problems. Thus, field experiment data provide essential

detailed information and can be used to calibrate the satellite and modeling results, but



should be used complementarily with satellite and modeling techniques to broaden their

statistical base.
3.2 Satellite observation limitations

Despite more and more satellite data becoming available to study aerosol and cloud, there
are many limitations to use these data. The biggest challenge is correctly retrieving
aerosol and cloud properties from satellite observations, especially retrieving aerosol near
clouds. The twilight zone near clouds (Koren et al., 2007;Charlson et al., 2007) is
difficult to deal with since this region contains very small clouds and some cloud
fragments as well as humidified aerosols (Koren et al., 2009). Some proposed major
problems are 1) the hygroscopic growth of aerosols in the more humid near-cloud region;
2) three-dimensional radiative transfer effect from clouds, whereby the multiple
scattering can illuminate the environment surrounding the cloud (Marshak et al.,
2006;Varnai and Marshak, 2009). These two effects can enhance the measured clear-sky
aerosol optical thickness without actually increasing the aerosol number concentration.
Another problem comes from undetectable clouds which are usually very thin and small,

this effect is referred to as “cloud contamination”.

In addition, retrieval of cloud properties from passive sensors (e.g., MODIS onboard the
Terra and Aqua satellites) is restricted only to properties at the cloud top, and retrievals
may sometimes be affected if a thick aerosol layer occurs above clouds. Active sensors
have the advantage of measuring accurate vertical information (e.g., CALIOP onboard

the CALIPSO satellite) and retrieving aerosol near clouds with minimal cloud-related



artifacts. However, the small spatial coverage of active sensors makes it difficult to

achieve global coverage.

Another major challenge of using satellite data is to quantify the variability in cloud
properties independent of large-scale meteorological forcing. Correlative studies identify
associations between variables but do not distinguish between cause and effect. For
example, large-scale convergence could increase cloudiness as well as concentrate
aerosols, thus producing an apparent correlation between aerosol and cloud with no direct
physical connection. Therefore, it is not easy to isolate the net aerosol effect on clouds in
changing meteorological conditions. Different cloud types must be studied separately,
and variations in meteorological parameters must be minimized. A typical way to avoid
this problem is to analyze subsets of the data with similar meteorological conditions
(Koren et al., 2005;Jiang et al., 2008;Koren et al., 2010;Small et al., 2011;Heiblum et al.,
2012). Besides these challenges, the analysis scale is also a problem that one has to pay
attention to when using remote sensing data (McComiskey and Feingold, 2012). The
analysis scale has to be compatible with the scale of the process. Due to the limitations in
retrieving cloud and aerosol properties simultaneously in the same location, the analysis
of remote sensing data is usually based on large-scale grid boxes, much larger than the
processes scale, which leads to the elimination of the higher resolution signal from the
results. Therefore, the use of higher resolution remote sensing techniques can effectively

overcome this problem.



4 Chapter overview

This body of work aims to contribute to an understanding of the indirect effect of
aerosols on radiative forcing and the climate system, through its influence on cloud
microphysics, macrophysics, and radiative properties against a varying background of

meteorological conditions.

Chapter 2 focuses on aerosol-cloud interactions at the local-scale, in the trade cumulus
cloud regime over the Northern Indian Ocean. High-resolution aircraft in situ data and
ground-based remote sensing data collected during the Cloud Aerosol Radiative forcing
Dynamics EXperiment (CARDEX) campaign were analyzed, aiming to obtain a
comprehensive view of aerosol-cloud interactions in trade cumulus clouds. The cloud
microphysics, macrophysics and radiative properties response to variations in the aerosol

load were investigated.

In Chapter 3, the focus shifts to remote sensing measurements across a larger sampling
area during the NASA Studies of Emissions and Atmospheric Composition, Clouds and
Climate Coupling by Regional Surveys (SEAC®RS) campaign, which was carried out
over North America (mostly centered over the southeastern US) from August to
September 2013. A combination of high-resolution airborne remote sensing, spaceborne
remote sensing, and meteorological reanalysis data has been applied to study the
sensitivity of cloud properties to variations in the aerosol load under different

environmental conditions.

After analyzing the local-scale aircraft in situ observations and large-scale remote sensing

measurements to investigate the aerosol-cloud relationships, it is of great interest to
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further explore the uncertainties in quantifying the aerosol-cloud interactions. In Chapter
4, uncertainties due to sampling scale and remote sensing retrieval artifacts when
quantifying aerosol indirect effects on shallow warm clouds were investigated by
utilizing remote sensing, in situ data and a radiative transfer model designed by the
author. Remote sensing uncertainties due to aerosol humidification and 3-D radiative

transfer effects were evaluated.
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Abstract. In this study, we examined how pollution from the Indian subcontinent co-
varies with the properties of trade cumulus clouds over the northern Indian Ocean. In situ
measurements from three Autonomous Unmanned Aerial Vehicles (UAVS) and ground-
based observational data from the Maldives Climate Observatory on Hanimaadhoo
(MCOH) during the Cloud Aerosol Radiative forcing Dynamics EXperiment (CARDEX)
campaign in February and March 2012 were analyzed. These data were used together
with satellite remote sensing data to investigate the microphysical, macrophysical, and
radiative properties of trade cumulus clouds in this region. Results reveal that more
polluted clouds were substantially deeper and narrower with greater cloud liquid water
path (LWP) than less polluted clouds. The observed deeper clouds are mainly due to the
warmer, more humid and shallower boundary layer (BL), a finding which can be
corroborated with the observed thicker saturated layer in Case H as well as the lower
cloud base and slightly higher cloud top height. The narrower clouds formed in Case H
were caused by the intensified cloud edge evaporation effect, as a result of more and
smaller cloud droplets induced by increasing aerosol concentration. The deeper and
narrower clouds embedded in a high concentration of absorbing aerosols over this region
contribute to a brighter atmosphere as viewed from space compared to cleaner conditions.
As a consequence, the regional negative solar shortwave forcing at the top of the
atmosphere due to aerosols increases in magnitude (i.e., greater cooling of regional
climate) with increasing aerosol optical depth more than is contributed by just the direct
effect of aerosols alone. Attempts were tried to separate the effects from meteorology,
however, it’s difficult to constrain meteorological conditions. A linear regression analysis

between meteorological parameters and aerosol-cloud properties was performed and
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results did not suggest a strong dynamical effect. Further modelling studies are needed to

better understand the causality.
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1 Introduction

Boundary layer (BL) clouds, especially in shallow maritime cloud systems, are the
dominant atmospheric regulators of solar radiant flux and have been identified as a major
source of uncertainty in climate sensitivity and climate change (Albrecht, 1989;Pincus
and Baker, 1994;Bony, 2005;Medeiros et al., 2008). The clouds in such systems have an
albedo several times larger than that of the ocean surface. Because of their shallowness,
these clouds radiate energy at an effective temperature similar to that of the surface.
Hence, shallow maritime clouds effectively modulate the net solar radiation entering the
climate system, with little or no compensating effects on the budget of outgoing
terrestrial radiation (Hartmann and Doelling, 1991). Besides their higher albedo, shallow
clouds (particularly trade cumulus clouds) are also especially effective at moving
moisture away from the surface, thus enhancing surface evaporation and moistening the
lower troposphere (Tiedtke, 1989). Understanding how shallow clouds respond to climate
change is critical to reducing current high uncertainties in climate forcing (Bony,
2005;Stephens, 2005;Boucher et al., 2013). However, quantifying the associated
mechanisms and impacts is extremely challenging since clouds interact with aerosols
through various mechanisms leading to a variety of impacts on climate forcing (Stocker

et al., 2013;Rosenfeld et al., 2014a;Rosenfeld et al., 2014b).

Aerosol interactions with clouds are often described as resulting from three primary
mechanisms: 1) serving as the cloud condensation nuclei (CCN) or ice nuclei (IN) for
cloud droplets and ice particles, thereby altering the cloud albedo (first indirect effect)

(Twomey, 1974); 2) suppressing precipitation and prolonging the cloud lifetime (second
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indirect effect) (Albrecht, 1989); 3) absorbing sunlight and heating the cloud layer to
burn off the clouds (semi-direct effect) (Hansen et al., 1997). Untangling the multiple
cloud responses that occur as a result of aerosol perturbations is particularly difficult. For
example, one can observe the Twomey effect as a result of aerosol loading when other
cloud parameters, such as buoyancy or humidity are unchanged. However, other cloud
parameters may not remain constant when clouds are subjected to increasing CCN
concentrations. Aerosols can also alter the subsequent fate of condensed water and can
drive circulations that alter the formation of clouds. Smaller droplets may cause a cloud
to dissipate either more quickly by enhancing evaporative entrainment (Jiang et al.,
2006;Small et al., 2009) or more slowly by decreasing the rate at which a cloud is
depleted by precipitation (Albrecht, 1989). Opposing signs for cloud changes are often
recorded from these aerosol effects. Aerosol-cloud interactions have been shown to be
highly dependent on the regime in which they are studied (e.g., aerosol type, cloud type,
meteorological condition) and the scale at which research has been done (e.g., individual
cloud element, cloud system, regional/global scale) (Stevens and Feingold,
2009;McComiskey and Feingold, 2012; Bender et al., 2016). Thus aerosol, dynamics,
and cloud properties are interconnected, and to date, their joint effects are not fully
understood. To better understand this complexity requires studies of all types of clouds

under different background conditions (e.g., aerosol and meteorological condition).

The northern Indian Ocean is considered a good natural laboratory to study aerosol-
cloud-radiation interactions. This region is frequently covered by trade cumulus cloud,
and the meteorological conditions show a particularly strong seasonal variation following

the migration of the Intertropical Convergence Zone (ITCZ). During the winter monsoon
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period, the low-level flow over the northern Indian Ocean mostly comes from the north
and northeast following the ITCZ, which is south of the equator. Due to the unique
location which is close to the highly polluted Indian subcontinent, air masses with a high
concentration of anthropogenic aerosol are frequently transported to this area following
the prevailing wind. The cumulus clouds over the Indian Ocean, coupled with the effects
of injected aerosol, have a large potential to affect the regional and global climate forcing.
Several major field campaigns have been performed to explore the role of anthropogenic
aerosols and their interactions with clouds and radiation in this region (e.g., the Indian
Ocean Experiment (INDOEX) in 1999, the Maldives Autonomous Unmanned Aerial
Vehicle Campaign (MAC) in 2006). Previous studies have identified an elevated
absorbing aerosol layer consisting largely of, black carbon (BC), above the marine
boundary layer in the northern part of Indian Ocean and revealed its role in influencing
atmospheric radiation and clouds. Main results from previous campaigns can be found
from a series of papers (Ramanathan et al., 2001;Heymsfield and McFarquhar,
2001;Ramanathan et al., 2007;Roberts et al., 2008;Corrigan et al., 2008;Satheesh et al.,
2008). The present study is based on the field campaign Cloud Aerosol Radiative forcing
Dynamics EXperiment (CARDEX), which was conducted in the vicinity of the Maldives
Climate Observatory in Hanimaadhoo (MCOH) from February 16 to March 30, 2012 and
is described in Ramanathan et al. (2011). Some related results from CARDEX can be
found in recent papers (Bosch et al., 2014;H06pner et al., 2016;Pistone et al., 2016;Wilcox
et al.,, 2016). The aerosol vertical distributions, aerosol-cloud LWP and aerosol-
turbulence relationships were discussed in those papers using CARDEX data. Here we

expand on this work by exploring how cloud microphysics and macrophysics varies with
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aerosol amount and what these results, together with the previous work on LWP and

turbulence, mean for shortwave radiative fluxes in the region.

The focus of this study is on the response of cloud microphysics and macrophysics to
aerosol during CARDEX, utilizing a combination of tower in-situ observations,
lightweight unmanned aerial vehicles (UAVs), and ground- and satellite-based remote
sensing measurements. Data and methods are described in Sect. 2. Variations of cloud
micro- and macrophysical properties correlating with variations in the aerosol loading are

presented and discussed in Sect. 3. The conclusions are in Sect. 4.
2 Data and methods
2.1 Airborne measurements from UAV

The central component of CARDEX was the deployment of lightweight UAVs to
measure aerosol, cloud and radiation properties. There were three UAVs flown during
CARDEX each with one of the aerosol/radiation, water vapor flux or cloud microphysics
payloads. All UAVs were equipped with differential GPS (DGPS) capability that
precisely controls their flight path and a 100 Hz data logging system that collects the
high-resolution data. More details regarding the instruments used in CARDEX and the
detailed experimental design can be found in Corrigan et al. (2008) and Ramanathan et al.
(2011). During CARDEX, eighteen aerosol UAV flights and fifteen cloud UAV flights
were performed from an airport located around 3 km southwest of MCOH. The date and

time for each flight can be found in Table 2 of Pistone et al. (2016).

The aerosol UAV was equipped with a TSI condensation particle counter (CPC) that

measures the total particle number concentration (N,) for particles with diameters larger
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than 10 nm. The accuracy of the CPC is within £10%. The cloud UAV was equipped
with a cloud droplet probe that gives the cloud droplet number concentration (Ng),
effective radius (Re), liquid water content (LWC) and cloud droplet size distribution
(CDSD) in the diameter range of 1-50 um with 40 consecutive size bins. In addition to
aerosol and cloud properties, general meteorological parameters such as temperature (T),
relative humidity (RH) and pressure (P) were also measured from all of the UAVs with a
vertical resolution of 1-4 m (Table.1). A more detailed description of UAV payload can
be found in Ramanathan et al. (2007), Ramana et al. (2007), Corrigan et al. (2008),
Roberts et al. (2008), and Thomas et al. (2012). The typical flight patterns of aerosol and
cloud UAVs are shown in Fig.1. The cloud data were selected only when the cloud UAV
horizontally penetrated the cloud base (CB) level. The CB height was consecutively
retrieved from a mini Micro Pulse Lidar (MPL) in the surface station and averaged into
hourly mean to constrain the UAV measurements near CB. More details about the MPL
operation and algorithm can be found in Hopner et al. (2016). A cloud point was defined
as the measured cloud droplet number concentration is greater than 50 cm™ and cloud
liquid water content is greater than 0.01g m™ (McFarquhar and Heymsfield, 2001), at
least four consecutive cloudy points can be considered as a cloud penetration. For each
cloud penetration, take an average of the middle two points to represent the cloud center,
and the average of the first and last points is treated as the cloud edge. The selected cloud
penetration must also meet the following two criteria: 1) the UAV penetration altitude
was within £100 m of the reference CB height retrieved from MPL; The UAV flew in
vicinity of the MCOH to sample clouds. Therefore, the MPL retrieved CB heights were

average into every 15-minute to represent the CB in that time range and compared with



26

UAYV penetration altitude; 2) the consecutive cloud penetration altitudes are less than 1 m
apart. By doing this, we could constrain cloud microphysical analysis on the CB portion,
reducing the variations of cloud droplet growth with height, since Ny and Re are generally

a function of depth from CB (Freud and Rosenfeld, 2012).
2.2 Ground measurements at the MCOH

The MCOH station, located at 6.78° N, 73.18° E on the island of Hanimaadhoo, Maldives,
has a long-term history of meteorology and climate observation since 2004 (Ramana and
Ramanathan, 2006). Continuous measurements of aerosol properties, solar radiation, and
meteorological parameters have regularly been performed at MCOH. Selected
instruments and data are listed in Table 1. The instruments for measuring meteorological
parameters were mounted on the top of a 15 m tower to avoid the effects from the
surrounding vegetation canopy and local aerosol sources from the island residents. The
aerosol number concentration was measured by a CPC feeding from an inlet at the top of
the tower. An impactor was installed at the top of the inlet pipe to collect only particles
with diameters less than 10 um. The collection efficiency is better than 90% for particles
with diameters equal to 10 um and as high as 98% for particles with diameters less than 5
um (Corrigan et al., 2006). Following previous papers (Wilcox et al., 2016;Pistone et al.,
2016), here we define two pollution conditions based on surface N,: the low polluted case
(N,<1000 cm™, Case L) and high polluted case (N,>1500 cm?, Case H). Then we
matched the +2 hourly averaged surface N, around the flight time to consider the aerosols

that most likely influenced the cloud formation.
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Some other aerosol metrics used to validate the surface N,, like aerosol optical depth
(AOD), can be found in Table 1. Figure 2a shows the time series of surface N,, AOD at
550 nm wavelength (AODssp) from AErosol RObotic NETwork (AERONET) sun
photometer (Holben et al., 1998) which was determined by interpolating (linearly in the
natural logarithm of wavelength) the measurements (V2 products) at 470, 675, and 870
um, and AODsso from MODerate resolution Imaging Spectroradiometer (MODIS) during
CARDEX. Comparisons indicate good agreement among the three aerosol metrics. The
linear regression shows that collocated AOD from MODIS and AERONET have good
correlation (R?=0.81) during CARDEX. To investigate aerosol-cloud interactions, the
aerosols that exist below cloud base and at cloud layer are crucial due to role in
nucleating cloud droplets. In a well-mixed boundary layer, the aerosol concentration will
be reasonably constant with altitude, and the surface N, can be used to represent the
amount of aerosol at cloud base. Figure 2b shows the comparison between the aerosol
number concentration measured at the tower and from the UAV. Only UAV sampled
boundary layer N, is included in this scatter plot. The correlation coefficient R* was 0.94
at the 95% confidence level, so that it is reasonable to use surface N, to represent the

aerosol at cloud layer.

The total column precipitable water vapor (PWV) and cloud liquid water path (LWP)
were retrieved from a microwave radiometer (MWR) installed at the MCOH. The
retrieval algorithm and validation of PWV from MWR can be found in Sect. 3.3.2 in
Pistone (2014). The daily-averaged PWV conditions for the entire CARDEX period are
given in Table 1 from Pistone et al. (2016). The cloud LWP used in this study is the

average-peak value for each cloud event (see Fig. 3 and Appendix Al in Pistone et al.
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(2016) for details), which is a meaningful parameter to describe the cloud LWP when

accounting for instrument noise and variability within the cloud (Warner, 1955).
2.3 Spaceborne measurements from satellite

Two types of satellite data for 91 days between 1 Jan and 31-Mar 2012 were used:
MODIS/Aqua Level 2 Collection 6 products and Clouds and the Earth’s Radiant Energy
System (CERES) Level 3 products (Wielicki et al., 1996) (listed in Table 1). The study
area for satellite data analysis is a 10° by 10° box ranging from 0° N t010° N and 65° E to
75° E, which entirely covers the UAV sampled area and is chosen to scale results from a
local measurement to a regional perspective. The variables used from MODIS product
were: 1) AOD at 550 nm, serving as a proxy for CCN concentrations (Andreae, 2009); 2)
cloud top pressure (CTP)/cloud top temperature (CTT), excluding data when CTP was
less than 750 hPa and CTT was less than 273 K in order only to consider the low-level

liquid warm clouds.

The CERES data used in this study are the SYNZ1deg product which gives the 3-hourly
regional observed TOA fluxes and MODIS-derived AOD at 550 nm. The TOA
shortwave (SW) cloud forcing can be calculated using these data. The TOA SW forcing
is defined as the difference between the "clean-clear” flux and the flux for diurnal-mean
solar insolation for the date and latitude of the observation. The "clean-clear" flux is
constructed as follows: first convert the flux to an albedo using an estimate of the
downward flux at TOA for the appropriate time, date and latitude. Second, the albedos
are sorted into 5-degree bins of solar zenith angle since the albedo depends on the zenith

angle. Finally, an average is taken of the 20 lowest values of albedo in each solar zenith
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angle bin. This is then an estimate of the lowest possible albedo for each solar zenith bin.
To evaluate the cloud forcing for a single pixel, first the SW flux sample is converted into
an instantaneous albedo. Then that value is subtracted from the "clean-clear" albedo
appropriate for the solar zenith angle of the observation, and the result is multiplied by

the diurnal-mean solar insolation at the TOA for the date and latitude of the observation.
3 Results and discussion
3.1 Background conditions during CARDEX

This section is largely a review of Pistone et al. (2016), Wilcox et al. (2016) and HOpner
et al. (2016) to understand the meteorological and aerosol conditions during CARDEX
before investigating the potential aerosol effects on the cloud. During CARDEX, the
total-column PWV had high variability ranging from 20 to 60 kg m™. Pistone et al. (2016)
defined two distinct atmospheric water vapor regimes by using the criterion PWV < 40
kg m? (dry) and PWV > 40 kg m™ (wet), and used this to filter the data to control for
natural meteorological variability. The two climatologies result in different populations
of cloud formation: clouds in “dry” conditions tend to be capped by an inversion,
whereas the clouds in “wet” conditions show more unconstrained development due to
more humid upper-layer air. Besides the cloud, meteorological parameters during wet
days also show greater variation (Sect. 2 in Pistone et al. (2016)). On average, higher
wind speed and lower surface pressure can be found in dry cases. Wet cases correspond
to greater surface humidity and variability in cloud LWP. As a first step to minimize and
constrain the impact of dynamics and meteorological variation on clouds, here we only

analyzed the cloud properties sampled during the dry days.
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Two pollution conditions are defined as discussed in Sect. 2.2. The Case H corresponds
to warmer T and higher RH in the BL. The warmer T has previously been attributed to
heating by absorbing aerosols (Ramanathan et al., 2007), while Wilcox et al., (2016)
showed that the higher RH may be induced by the presence of absorbing aerosols which
can suppress turbulent mixing in the BL. Pistone et al (2016) showed that the high
temperature anomaly is present along with the elevated aerosol plume as it leaves the
subcontinent, whereas the high humidity condition is seen to develop with time as the air
mass is advected south. The theory suggests that clouds are likely to grow taller in Case
H because greater humidity provides more buoyancy. To test and further investigate
possible mechanisms that aerosol may affect cloud under these background conditions,
here we examine the variations of cloud microphysical, macrophysical and radiative

properties associated with variations in aerosol loading.
3.2 Aerosol effects on cloud microphysics

The cloud microphysical properties, as summarized in Table 2 (CARDEX column) and
shown in Fig. 3, were obtained from the cloud droplet probe onboard the cloud
microphysics UAV. After applying the two criteria described in Sect. 2.1, three days of
Case L flights with 147 sampled clouds and three days of Case H flights with 229
sampled clouds were analyzed. The probability density function (PDF) of Ng and Re from
Case L and Case H are presented in panels a and b of Fig. 3. The mean aerosol particle
concentration in Case H was N,=1753 + 259 cm™, which is more than twice that of Case
L with N;=882 + 207 cm™. For Case L, the PDF of Ny shows a narrow range of

maximum values appearing between 200 and 400 cm™. The Case H, conversely, has a
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broader PDF with two peaks in the range of 200-400 cm™ and 1000-1200 cm™. The
average Ng in Case H is 607 cm™ which is roughly twice the value in Case L (295 cm™).
The R, for Case L shows a broader range and higher values with most observations
varying between 5 and 6.5 um. For the Case H, the PDF is narrower with most of the
values ranging between 4 and 5.5 um. The average R, in Case H is 4.53 um, which is 1
um lower than the value (5.54 pm) in Case L. Overall, Case H corresponds to more cloud
droplets and smaller effective radius, which is consistent with Twomey effect. For a
constant amount of cloud liquid water, more aerosols can nucleate more cloud droplets
and reduce the droplet size. Increases in total droplet surface area thus increase the cloud

albedo, producing a negative indirect radiative forcing.

The cloud droplet size distributions are shown in panel ¢ and d of Fig. 3 where the cloud
center and edge are compared in the two cases. Case H shows a bimodal distribution of
cloud droplets with two peaks centered at 8§ wm and 11 pm, while Case L shows a
monomodal distribution with a peak around 11 pum, indicating the possibility that there
were different types of aerosols in this region since aerosol composition may influence
the cloud droplet size distribution (James, 1974). The composition of the aerosol may
influence cloud properties, but these effects are beyond the scope of this study. In the
smaller size bins (less than 10 pum), Case H has greater Ny than Case L, but the opposite
appears to be the case in the larger size bins (larger than 12 pm). A similar CDSD can be
found in the center of the cloud as at cloud edge but there is a great difference in
magnitude. There is larger number of cloud droplets in the cloud center than the cloud
edge, and the difference in average Nqy between Case H and L for cloud center is greater

compared to cloud edge. The cloud center has a broader range of cloud drop sizes
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compared to the cloud edge. The PDF of Ny, R and the CDSD for both cloud center and
edge all show that Case H is likely to have many more droplets with smaller diameters
but fewer droplets with larger diameters. The PDF of cloud LWC shows approximately
the same distribution for both cases (panel e of Fig. 3) but the mean LWC in Case H is
slightly higher than in Case L. The observed variations in Ny and Re may largely result
from the differences in the aerosol conditions under the two cases and not from the
variations in the LWC. The differences in the cloud microphysical properties may also be
influenced by other factors, e.g., cloud top- and side- entrainment and vertical velocity;
however, those variables were not directly measured during CARDEX and are excluded
from this analysis. Aerosol can affect cloud by changing cloud microphysics, and more
numerous smaller cloud droplets in the high aerosol case may subsequently influence
cloud macrophysics. The influences of aerosol on cloud macrophysics and their
connection with variations in cloud microphysics are discussed in more details in Sect.

3.3.

Comparisons of the CARDEX results with results from two previous field campaigns
over the same region are also shown in Table 2 and Fig. 4. Overall, CARDEX was the
most polluted campaign among the three studies, and the mean particle number
concentration through the whole campaign was as large as 1520 + 740 cm™. The mean
particle concentrations during MAC and INDOEX were 1215 + 350 cm™ and 1194 + 635
cm’®, respectively (de Reus et al., 2001;Hdpner et al., 2016). Data presented in Table 2
are partitioned into different pollution levels based on aerosol concentrations. Differences
in defining the pollution levels among those three campaigns should be noted (see

caption of Table 2). Figure 4 shows the relationships between N, and cloud properties for
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the three campaigns. Clear relationships can be found from panels a and b of Fig. 4. As
N, increases, Nqy increases while Re decreases. The LWC varies between the campaigns,
but does not co-vary with N,, but for each campaign, the mean value slightly increases
with increasing N,. This may not be the dominant factor influencing the observed Ngy and
Re differences with changing N,. The cloud width (defined by the consecutive cloudy
points sampled from each cloud penetration) decreases as aerosol loading increases for

both CARDEX and MAC, but there is no obvious difference in INDOEX.
3.3 Aerosol effects on cloud macrophysics

The aerosol loading does not only affect the cloud microphysics but is also hypothesized
to influence the macrophysics and morphology of clouds. To fully understand aerosol
effects on cloud, one has to consider microphysics and macrophysics together since they
are connected and can influence one another. Cloud macrophysics usually refers to cloud
liquid water path, cloud fraction or cloud optical thickness, while morphology refers to
width or depth, all of which can individually and jointly affect the cloud radiative
properties. The cloud macrophysical variables are generally controlled by both cloud-
scale dynamics and the thermodynamics of the ambient air; for fair weather cumulus, a

small change in microphysics may cause a substantial change in macrophysics.

Figure 5 shows the cloud width as a function of average peak cloud LWP. The estimated
cloud width was calculated using the number of cloudy points in each cloud penetration
multiplied by the mean UAV speed. The cloud width and average peak LWP were both
averaged to a daily mean. Note that the cloud UAV was only flown for 1-2 hours each

day, so here, the daily mean is actually the mean value during each flight. Although
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substantial variations in sampled LWP and cloud width are apparent, two relationships
emerge from Fig. 5: 1) cloud LWP increases as aerosol concentration increases; 2) cloud
width decreases as aerosol concentration increases. The cloud LWPs were generally
greater on more polluted days compared with those on less polluted days, as described in
Pistone et al. (2016), which is consistent with the result from Fig. 6 right panel. The
observed positive relationship between cloud LWP and aerosol loading indicates that
thicker clouds are likely to develop under more polluted conditions. As discussed in
Wilcox et al. (2016), an observed reduction in BL turbulent kinetic energy in Case H
decreases the entrainment of air across the temperature inversion at the top of the BL,
which favors a lower surface mixed layer top. The reduced turbulent mixing 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. As a result, clouds in Case H form in a thicker saturated layer and may
penetrate above the inversion since greater humidity provides additional buoyancy. To
further investigate the cloud depth, an analysis of cloud top height (CTH) using MODIS
Level 2 cloud product and cloud base height using MPL retrieval are shown in Fig. 7. As
AOD increases, the CTHs were not found to be statistically different while the cloud base
height (CBH) systematically decreases. Considering the fact that the CBHs are lower in
Case H and CTHs are generally the same, more polluted clouds should be substantially
deeper. This result independently corroborates the results determined from UAV vertical

profiles in Pistone et al. (2016).

Besides cloud depth, cloud horizontal width also shows differences between the two

cases. In Case L the cloud widths were mostly distributed between 190-360 m (Fig. 5)
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while in Case H the cloud widths were mostly between 150-270 m. To test the significant
of difference between cloud width in Case L (mean: 8.35, standard error: 0.4) and Case H
(mean: 6.86, standard error: 0.2), a Student’s t-test was performed between the two
populations and results indicated a statistically significant difference between the two
with t-value=3.06, p-value<0.05. Hence, more polluted clouds appear to be substantially
narrower than less polluted clouds. As an independent means to estimate the cloud width,
an estimate derived from the vertically pointing surface MWR is shown (Fig. 6 right
panel). Here the cloud width was estimated as the number of consecutive cloudy points
measured by the MWR. Although there is substantial variability in both estimates of
cloud width, Case H corresponds to less consecutive cloudy points indicating narrower
clouds. By applying the average UAV speed (30 ms™), wind speed (5 ms™), sampling
frequency (1s for UAV and ~20s for MWR) and the difference in consecutive cloudy
points sampled for the two cases from both UAV (3-4 points) and MWR (1-2 points), we
can simply estimate the difference in cloud width in both Case H and L, which are 90-
120 m and 100-200 m derived from UAV and MWR, respectively. These two
independent means of estimating cloud width both have some significant uncertainties.
Although the absolute values of cloud width do not necessarily agree between the two
because of their uncertainties (likely dominated by uncertainty in the speed of clouds

moving past the MWR), both methods indicate that the more polluted cloud are narrower.

The observed decrease of cloud width under more polluted conditions is hypothesized to
be due to strong evaporation at the sides of clouds. Jiang et al. (2006) used large eddy
simulation to demonstrate that as aerosol concentration increases, an evaporation-

entrainment feedback is likely to dilute cumulus clouds instead of increasing cloud
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lifetime (aerosol second indirect effect), even though precipitation is suppressed.
Normally, an actively growing cumulus cloud consists of a positively buoyant updraft
core surrounded by a shell of negatively buoyant air driven by entrainment and
evaporative cooling (Rodts et al., 2003;Heus and Jonker, 2008;Small et al., 2009). This
pattern of buoyancy can form a vortical circulation within and around the cloud causing
mixing between the cloud and the sub-saturated cloud-free environment adjacent to it.
Higher aerosol loading results in smaller droplets that have shorter evaporation time
scales. The enhanced evaporation rate intensifies the cloud edge evaporation, generating

stronger negative buoyancy at the cloud side, and thus producing a stronger horizontal

buoyancy gradient Bj~ % (Small et al., 2009), where 65, is the virtual potential

temperature perturbation and dx is the cloud horizontal width. The stronger horizontal
buoyancy gradient in turn results in stronger vortical circulation which leads to more
entrainment mixing with dry air, thereby increasing cloud evaporation from the cloud

edge.

The virtual potential temperature perturbation was first calculated from each individual
cloud penetration (for details of calculation see Appendix) and then averaged for all
clouds in the three days in Case L and three days in Case H. Panel a of Fig. 8 shows the
PDF of all calculated 6;,. In Case L the 6;, ranges from -3.74 K to 3.82 K while in Case H
it ranges from -7.21 K to 7.27 K. Panel b of Fig. 8 shows the daily averaged 6;,. Case H

has both greater negative and positive buoyancy indicating greater d6;,. According to the

relationship By~ %, Case H is associated with greater do;, (Figure 8) and smaller dx
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(Figure 6). Hence, the horizontal buoyancy gradient should become greater, which in turn

accelerates cloud side entrainment and evaporation and causes narrower clouds.

Another factor affecting cloud width is the elevated BC may burn off the cloud layer first
from cloud edge. These effects may work together leading to the observed narrower
clouds. However, the observed narrower clouds in Case H do not correspond to a
reduction of cloud fractional coverage (CF) on the regional scale. Cloud fractional
coverage (CF) is a crucial factor in determining cloud contribution to climate forcing.
Although CF was not measured during CARDEX, high-resolution satellite imagery
suggests that low cloud cover increases with increasing aerosol optical thickness in the
dry season over the northern Indian Ocean (Dey et al., 2011). Therefore, the observed
narrower clouds in Case H may not correspond to a reduction of CF at the regional scale
if there were more clouds under polluted conditions. Further study into the frequency of
occurrence and regional coverage of clouds in this region is warranted. The net cooling of
radiative forcing due to aerosol is discussed in the next section. Further tests about if

more clouds presented in high polluted condition are needed.
3.4 Aerosol perturbed cloud radiative forcing

The variations of clouds between the L case and H case may result in changes in radiative
flux. Using the CERES data, we analyzed the TOA cloud SW forcing as a function of
AOD. The results are shown in Fig. 9. Although substantial variability is apparent, a
relationship can be found between net cloud SW forcing and AOD. As AOD increases,
the magnitude of cloud SW forcing increases dramatically (the purple dashed curve in

Fig. 9), causing a net daily maximum cooling that can reach over 70 W m™. The increase
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of cloud forcing with AOD is greater than the increase in aerosol direct forcing induced
by the aerosol scattering (given by the gradual green dash curve in Fig. 9). As the
consequence of pollution, the regional TOA forcing increases significantly with
increasing AOD due to the observed deepening of clouds and increasing cloud fraction

(Dey et al., 2011).
3.5 Correlation between meteorology and aerosol-cloud properties

For empirical studies of aerosol effects on clouds, there is always a concern that the
relationships between aerosols and clouds may arise simply from coincidental aerosol
and cloud variations due to meteorological variability. In this study, we only analyzed
data in dry days to minimize the meteorological impacts on both aerosol and cloud. To
further explore the possibility that the regional dynamics may lead to coincidental aerosol
and cloud variations, a linear regression analysis was performed with the European
Center for Medium-Range Weather Forecast (ECMWF) ERA-Interim Reanalysis dataset.
Table 3 shows the linear correlation between the daytime aerosol/cloud properties (e.g.,
Na, LWP) and typical dynamical parameters (e.g., temperature, winds, divergence),
which can influence the aerosol distribution and cloud formation, from February and
March ECMWEF data over the MCOH station. These results do not suggest a strong
dynamical effect related to the large-scale dynamics, at least in the ECMWF reanalysis,
that might induce coincidental changes in surface aerosol concentration and cloud LWP.
Therefore, the observed cloud variations may primarily due to aerosol effects.
Nevertheless, model simulations are needed for future work to better separate the effects

from meteorological parameters.
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4 Conclusions

This study presents observed cloud properties under low atmospheric water vapor
conditions from the CARDEX field campaign that took place during the winter monsoon
season, in February and March, 2012, close to the observation station MCOH over the
northern Indian Ocean. The unique feature in this region is that the prevailing wind
originates from the north and northeast, passing over the highly polluted Indian
subcontinent causing the trade cumulus clouds to be embedded in haze over a large area.
An essential component of the CARDEX campaign was equipping UAVs with
instruments to obtain high-frequency aerosol and cloud data. We used a combination of
ground station observations, UAV measurements, and large-scale satellite data to

characterize the trade cumulus clouds over the northern Indian Ocean.

Comparison of cloud microphysics, macrophysics and radiative properties on dry days
(PWV<40 kg m™) for high pollution (Case H) and low pollution (Case L) are presented
in this paper. More polluted clouds are associated with more and smaller cloud droplets.
These clouds are substantially deeper and narrower with greater cloud LWP than less
polluted clouds, which is attributed to the observed thicker saturated layer in Case H as
well as the observed lower CBH and slightly higher CTH. The deeper and narrower
clouds in Case H are mainly due to the warmer, more humid and shallower BL and
potentially also the intensified cloud edge evaporation effect as a result of aerosol loading.
The changes in clouds that are embedded in a layer with a high concentration of
absorbing aerosols over this region are not consistent with a reduction in cloud coverage

and cloud LWP via the semi-direct effect (Hansen et al. 1997; Ackerman et al. 2000).
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Instead, cloud cover and cloud LWP increase with increased BC aerosol. As a
consequence of pollution aerosols, the regional TOA SW forcing increases significantly
due to the deeper clouds (increased cloud optical and physical depth) which develop

under highly polluted conditions.

This study focused on data from dry days since the measured cloud, and meteorological
parameters show greater variation on wet days. But this does not mean the observed
aerosol-cloud relationship is only valid under dry condition as the cloud SW forcing
increases with AOD for all conditions. We note that CARDEX was carried out during the
dry monsoon season, so we sampled more data on dry days compared with wet days. A
longer measurement period and analysis of long-term satellite data would allow for more
samples on wet days and perhaps overcome the noise associated with the greater cloud
variability on those days. Because observed correlations cannot fully explain the cause
and effect relationship between aerosols and clouds, further modeling studies are required

to isolate the impact of aerosols from other meteorological impacts on cloud properties.
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Table 1: List of data and instruments used in this study. The temporal and spatial
resolution of data, instrument detection limit and precision, and platforms where the
measurements took place are shown in this table.

Variables Description Instrument Temporal/ ;patlal . D_etectlgp Platform
resolution limit/precision
TSI Particle
Particle number Condensation concentration
CPC concentration particle 1-minute/- [0107)/1 with  MCOH/UAV
(cm™®) counter (CPC, diameter [0.01
model 3022) 10] pm
SigmaSpace
CB ﬁé?”gttzzf;’ Mini Pulse 2-minute/- ~15%§(% 5o MCOH
9 Lidar (MPL)
Precipitable
PWV water vapor (kg [0 100]/~0.5
-2 .
m) Microwave ~30-second/- MCOH
Cloud liquid radiometer .
LWP water path (g m?) [1 3000]/5%
T Temperature (°C) [-40 70]/0.5
Relative humidity
RH (%) [0 100]/2
P Pressure (hPa)  Meteorological ) e [5001100)1  MCOH
Wind d _ probe package
WS in Splje (ms [030]/0.3
WD Wind ((jol)rectlon [0 359)/5
Cloud droplet
N number
¢ concentration
(cm?)
Particle
Clout_:i dropl_et Cloud droblet concentration
Re effective radius s ectromeﬁer 1-second/30 m [0 2000]/~10 UAV
(nm) P with diameter
Cloud droplet L£50] jim
oud drople
CDSD size distribution
Cloud liquid
LwWcC water content (g
m?)
Aerosol optical AERONET
AODssg depth at 550nm Level 2 \/2 1-hourly/- [0 -]/0.02 MCOH
AODsg," Aerosol optical - MODIS Level (oo okm  [015101  Satellite

depth at 550 nm 2




Cloud top
pressure
(hPa)/temperature
(K)/height (m)

CTP/CTTICTH

daily/1km
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[0 18000]/50

TOA shortwave
TOA flux flux (W m'z)
Aerosol optical

2
AODsso depth at 550 nm

CERES
SYN1deg

3-hourly/1°

[0 1400]/0.1
Satellite
[-0.15]/0.1

1. AOD as shown in Fig. 2 and 6
2. AOD as shown in Fig. 8
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Table 2: Average value and one standard deviation of aerosol and cloud properties during
CARDEX compared to MAC 2006 and INDOEX 1999. Note: 1) CARDEX results were
filtered by PWV to only consider the dry days, the MAC and INDOEX results were not
filtered by water vapor conditions; 2) the criterion used to determine aerosol conditions in
CARDEX and MAC are, Case L (N, < 1000 cm™), Case M (1000 cm™< N, <1500 cm™) and
Case H (N, > 1500 cm™®), but in INDOEX results, the Case L* corresponds to Na < 500 cm-3,
Case M* corresponds to y, between 500 and 1500 cm?, the Case H is defined the same as
CARDEX and MAC; 3) CARDEX and MAC results were reported as average values while
INDOEX results were reported as median values.

CARDEX 2012 MAC 2006 INDOEX 1999
Parameters
Case L Case H Case L Case M Case L Case M Case H

N, (cm‘3) 882+207 1753259 | 783x115 1347£137 <500 500~1500 >1500

Ng (cm'3) 295+£175 607287 248+76 310114 89.2 229.9 315.7

Re (um) 5.54+0.53 4.53+0.47 | 6.82£0.50 6.34+0.37 7.93 5.7 5.8
LWC3)(g m 0.24+0.11 0.30+£0.13 | 0.34+£0.17 0.38%0.14 0.145 0.13 0.159
# of clouds 147 229 63 109 - - -
Cloud width | 25379 208163 282483 248+65 | 125.1/182.2 128.3/210.1 130.4/186.7

a. INDOEX results are from Heymsfield and McFarquhar (2001).
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Table 3: Linear regression analysis of surface aerosol number concentration and cloud
LWP with dynamical parameters in the March 2012 ECMWF ERA-Interim reanalysis at
the model grid cell corresponding to the MCOH station. Correlation coefficients (r) are
shown with the sign of the relationship. To compare with measured aerosol and cloud
properties, the ECMWF reanalysis data (6-hour) was interpolated into 1-hour temporal
resolution to match hourly mean aerosol and cloud parameters.

Reanalysis parameters Correlation with N, Correlation with LWP
Divergence at 1000 hPa -0.06 0.01
Divergence at 750 hPa -0.09 0.12
Geopotential at 750 hPa 0.21 0.20
Lower tropospheric stability (8750-01900) -0.20 0.15
Relative humidity at 1000 hPa 0.16 0.18
Relative humidity at 750 hPa 0.05 0.23
Zonal velocity at 1000 hPa -0.05 -0.18
Zonal velocity at 750 hPa -0.17 -0.14
Meridional velocity at 1000 hPa -0.01 0.19
Meridional velocity at 750 hPa -0.19 0.02
Vertical velocity at 925 hPa -0.01 0.03

Vertical velocity at 750 hPa 0.03 -0.11
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Figure 1: The flight patterns of aerosol payload UAV (left) and cloud payload UAV (right)
on March 11, 2012. The color bars represent aerosol number concentration (N,, cm™) and
cloud droplet number concentration (Ng, cm™) along the trajectories respectively. The
aerosol UAV typically spiraled up to 3 km to measure the profile of particles and performed
several level flights on the descending leg to measure the aerosol absorption coefficient as
shown in the figure. The cloud UAV typically first ascended to an altitude to penetrate the
cloud horizontally and randomly, then ascended to another altitude to do the cloud
penetration. On March 11, an elevated aerosol layer with N, greater than 2000 cm™ can be
seen clearly from 1.5 to 2 km height and the cloud layer is right beneath the aerosol layer
with Ny close to 500 cm™,
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Figure 2: a) Time series of surface aerosol number concentration from CPC, AOD from
AERONET and MODIS during CARDEX. b) Comparison between surface CPC and UAV
measured aerosol number concentration within the boundary layer. Each dot represents the
mean with crosses represent the standard deviations. ¢) Comparison between AERONET
and MODIS measured AOD. MODIS AOD at 550 nm was directly obtained from MODIS
Level 2 aerosol product with spatial resolution at 10 km. AERONET AOD at 550 nm was
linearly interpolated over the natural logarithm of the spectral bands at 470, 675, and 870

pm.,
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Figure 3: The PDF of the cloud droplet number concentration Nd, cloud droplet effective
radius Re, and liquid water content (LWC) for two pollution conditions with mean values
reported in the figure (panel a, b, and e, the red line/number represents Case H, and the
blue line/number represents Case L). The cloud droplet size distribution (CDSD) for cloud
center and cloud edge under the two conditions (panel ¢ and d). The cloud center and edge
are distinguished using the following criterion: define a cloud point where the measured
cloud droplet number concentration is greater than 50 cm-3 and cloud liquid water content
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is greater than 0.01g m™ (refers to McFarquhar and Heymsfield (2001)), at least four
consecutive cloud points can be considered as a cloud penetration (i.e., cloud width > 100 m).
For each cloud penetration, take an average of the middle two points to represent the cloud
center, and the average of the first and last points is treated as cloud edge.
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Figure 4: (a) Cloud droplet number concentration Ny versus the aerosol number
concentration N, during CARDEX (red) and MAC (green) with the mean and standard
deviation indicated by the crosses, and INDOEX (blue) with the median value. (b), (c) and
(d), the same as (a) but the Y axes represent cloud droplet effective radius, liquid water
path, and cloud width, respectively. Note:
McFarquhar (2001) only show the ranges of condensation nuclei concentration (Table 2), so
for convenience of visualization , the N, values for INDOEX were assigned as Case L

(N,=500 cm™®), Case M (N,=1000 cm™ and Case H (N,=1500 cm?).

INDOEX results from Heymsfield and
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Figure 5: Cloud width as a function of average peak cloud liquid water path (LWP). Here
cloud width was given by the consecutive cloudy points (shown in left Y-axis) and then
estimated using the number of cloudy points multiplied by the mean UAV penetration speed.
Each dot represents the mean value with error bars represent the standard deviations. A
total of 376 cloud penetrations were selected. Dot size corresponds to the number of samples
in that aerosol bin, where the smallest dot represents 38 samples and the largest dot
represents 143 samples. The color bar represents the aerosol concentration. The upper-level
wind is usually considered as an important factor regulating cloud morphology. To test if
wind speed plays a role in affecting cloud width, the wind horizontal speed at cloud layer
was compared for Case H and L, shown in the subplot located in the right bottom corner.
The wind speed was derived from 3-D wind probe onboard the UAV. From bottom to top,
the symbols represent 10%, 25%, 50%, average (triangle), 75%, and 90% value
respectively. To test the quality of derived wind speed, the assimilated wind speed from
MERRA reanalysis was also compared with UAV measured wind speed (Fig. 6 left panel).
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Figure 6: Comparison of cloud layer horizontal wind speed derived from UAV and
MERRA (left panel) shows good agreement. The cloud LWP as a function of cloudy points
estimated from MWR (right panel). Here the cloudy point was flagged by using surface
MWR retrieval. Red symbols represent Case H and blue symbols represent Case L.
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Figure 7: Cloud top height (CTH) and cloud base height (CBH) as a function of binned
AOD. Each symbol represents the mean of samples in the corresponding AOD bin and the
error bars represent the standard deviation. For example, the very left circle (triangle)
represents the mean of CTH (CBH) with AOD between 0 and 0.1. The CTH was obtained
from MODIS Level 2 cloud products with high spatial resolution at 1 km and was filtered
when CTP is less than 700 hPa and CTT greater than 273 K to only consider the low-level
cumulus clouds. The CBH was obtained from ground-based MPL and data was filtered
when CBH is greater than 2 km.
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Virtual Potential Temperature Perturbation
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Figure 8: PDF of virtual potential temperature perturbation 0y, (left panel) and daily
averaged 0y, for Case L and Case H (right panel). The 0, was calculated by subtracting the
0, from the mean of each cloud penetration. Here Case L - represents the daily mean of
negative 0, in Case L while Case H - represents the daily mean of negative 0, in Case H.
The same definition applies for Case L + and Case H +. The sum of absolute values of both
negative and positive 0y, is proportional to the magnitude of horizontal buoyancy gradient,
which can serve as a metric to determine the cloud side evaporation-cooling effect.
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Figure 9: TOA cloud shortwave forcing and aerosol direct forcing as a function of AOD.
TOA cloud SW forcing was calculated using the CERES observed TOA cloudy SW flux
minus the clean-clear flux. The dashed purple line represents the average cloud SW forcing
for all data, and the solid red line with error bars (standard deviation) represents the cloud
SW forcing for dry days only. The dashed green line and solid blue line represent the
average aerosol direct forcing induced by particle scattering for all data and dry days only,
respectively.
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Appendix: Calculation of virtual potential temperature perturbation.

By using Clausius-Clapeyron equation we can first calculate the saturation vapor pressure

*

€.

e; = erexp(——= (=~ =) (A1)

where Ly, (2260 kJ kg?) and R, (461.51 J K™ kg™) are latent heat and specific gas
constant for water vapor, respectively. e; (6.1173 hPa) and T; (273.16 K) are known
saturation vapor pressure at a known temperature. For any given temperature T, we can

calculate the saturation vapor pressure e;.

Then we can determine actual vapor pressure vpe and atmospheric specific humidity qy:

RH
Vpe = € (750 (A2)
100062198V, s

I = 100065378020, (A3)
T, = (1 + 0.608¢,)T (A4)

where RH and P are measured relative humidity and pressure. The virtual potential

temperature can be derived as:

P
Hv — Tv (FO)Rd(l_(O-26-*QV))/de (AS)
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where Py is the reference pressure 1000 hPa, Ry (287.104 J K™ kg™") and Cyq (1004 J K™

kg™) are the specific gas constant and the specific heat capacity for dry air, respectively.

Once we calculated 0,, we averaged 60, over each cloud penetration, which includes all in
cloud and outside cloud (one second before and after cloud event) 0,. Subtracting each 0,
from the mean then we can get the virtual potential temperature perturbation 8,, for each

measurement point.
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Abstract. The impact of atmospheric aerosols on cloud radiative forcing (CRF) is termed
the aerosol indirect effect (AIE). The Intergovernmental Panel on Climate Change (IPCC)
reported the AIE to be the single largest uncertainty in global radiative forcing. Overall,
low-level warm clouds exert the largest impact on the planet's albedo. However, even
after decades of effort, the uncertainty of low-level cloud response to aerosol is still high.
Previous studies have focused on marine clouds or small spatial scales over the continent
(e.g., using surface remote sensing). In this study, a comprehensive analysis of collocated
aerosol and cloud properties over North America was performed using multiple remote
sensing measurements for the period from August to September 2013. The data set is
composed of over 400 million enhanced MODIS Airborne Simulator (eMAS) pixels, of
which ~ 60 million pixels passed screening for single-layer warm clouds. After
collocating eMAS pixels (0.5 km resolution for aerosol and 50 m resolution for cloud)
with each Geostationary Operational Environmental Satellite (GOES) pixel (4 km
resolution), 9076 valid data pairs were left for this analysis. Using the anthropogenic
aerosol fraction estimated from eMAS fine-mode aerosol, we systematically evaluated
cloud response to aerosol and meteorological parameters. Cloud responses to aerosols
were highly affected by lower tropospheric stability (LTS) and free troposphere relative
humidity (RHg). The Aerosol-cloud interaction index (ACI) was generally higher in an
unstable and humid environment and lower under unstable and dry conditions. The total
top of atmosphere (TOA) CRF was calculated to be ~ -80 W m™ when the ACI reached
0.3. Aerosol indirect forcing of the estimated anthropogenic portion of the aerosol due to

the intrinsic aerosol effect, i.e., on cloud albedo, was estimated to be -0.63 W m™ and the
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forcing due to the extrinsic aerosol effect, i.e., on cloud extent, was estimated to be -1.77

W m.
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1 Introduction

Anthropogenic activities have dramatically increased aerosol emissions since the pre-
industrial era (Solomon, 2007). These tiny particles suspended in the atmosphere can
directly absorb or scatter solar radiation, and indirectly alter the cloud microphysics (e.g.,
droplet size distribution and concentration), cloud macrophysics (e.g., liquid water path
(LWP), cloud geometric thickness), and radiative properties (e.g., cloud optical thickness
(COT), cloud albedo) by serving as the cloud condensation nuclei (CCN) or ice nuclei
(IN). The consequences of those processes have been the perturbation of the Earth’s
radiation budget and climate. The manner in which aerosols affect climate by modifying
cloud properties is termed the aerosol indirect effect (AIE), which is considered one of
the largest uncertainties in quantifying the anthropogenic radiative forcing of climate
(Boucher, 2013). The AIE estimated from previous modeling and/or satellite studies is
highly inconsistent (Penner et al., 2011), which limits our ability to predict the climate

response accurately.

Shallow warm clouds, generally abundant and optically thick, have been estimated to
exert an annual and globally averaged net cooling of -15 W m™ (Hartmann et al., 1992).
Latham et al. (2008) estimated that a 6% increase of the albedo of global marine
stratocumulus would offset the warming by doubling the atmospheric CO, concentration.
Since both aerosol loadings and meteorological parameters control cloud properties, it is
essential to understand the relative contributions of aerosols and natural meteorological
variability to variations in cloud properties. It is thus necessary to study cloud responses

to aerosol under various environmental conditions. On seasonal to inter-annual timescales,
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variations in shallow warm cloud amount are strongly correlated with variations in lower
tropospheric stability (LTS) and atmospheric circulation (Klein and Hartmann,
1993;Wood and Bretherton, 2006). On sub-seasonal timescales, correlations of low cloud
amount with meteorological predictors are substantially weaker than on longer timescales.
Nevertheless, LTS and free troposphere relative humidity (RHs) do significantly correlate
with variations in low cloud amount (Klein, 1997) and cloud liquid water path (LWP)
(Xu et al., 2005). Lebsock et al. (2008) investigated aerosol effects on warm marine cloud
by controlling for LTS and estimated aerosol indirect forcing as -0.42 W m™. Chen et al.
(2014) studied global warm marine cloud responses to aerosol under different
thermodynamic conditions. Among various meteorological parameters, they found that
the LTS and RHy acted together depending on the state of precipitation to govern the
cloud liquid water responses to the presence of aerosols and the strength of aerosol-cloud
radiative forcing (CRF). However, the majority of previous studies focused on warm
marine clouds or in limited sampling areas over the continent (e.g., studies using data
from the Department of Energy’s Atmospheric Radiation Measurement are summarized
by Feingold and McComiskey [2016]). It is essential to understand aerosol-cloud
interactions under various environmental conditions over the continent, where the

anthropogenic aerosol concentrations are significantly higher than the global background.

To estimate aerosol indirect radiative forcing caused by anthropogenic activities, it is
necessary to distinguish the anthropogenic and natural aerosol fractions. However,
satellite remote sensing cannot directly accomplish this. Further, anthropogenic aerosol
can vary significantly spatially and temporally. Therefore, it is important to quantify the

influence of anthropogenic emissions when assessing the total aerosol indirect forcing.
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Some previous studies assumed a 30% increase in the global average aerosol
concentration since the pre-industrial era (Sekiguchi, 2003;Lebsock et al., 2008).
Anthropogenic aerosols are general small (fine mode) compared with nature dust and sea-
salt particles. Kaufman et al. (2005) has argued that the fraction of aerosol in the fine-
mode size range (particles with diameter <= 0.6 um) retrieved from Moderate Resolution
Imaging Spectroradiometer (MODIS) to estimate the anthropogenic aerosol contribution

to cloud microphysical and macrophysical properties.

The cloud response to aerosol, especially the radiative impact, is still the most uncertain
component of the overall change in global radiative forcing from the pre-industrial era to
the present day. The microphysical, macrophysical, and radiative properties of warm
liquid clouds show sensitivity to aerosol loading, but the responses are not uniform. The
magnitude and even the sign of the responses appear to depend upon cloud types and
meteorological regimes (Khain, 2009). In this paper, we focus on remote sensing
measurements across a large sampling area during the Studies of Emissions and
Atmospheric  Composition, Clouds and Climate Coupling by Regional Surveys
(SEACRS) campaign, which was carried out over North America (mostly centered over
the southeastern US) from August to September 2013. We perform a comprehensive
investigation of the interactions between aerosols, shallow warm cloud microphysical and
macrophysical properties, and large-scale dynamic and thermodynamic states using a
combination of aircraft and satellite measurements and meteorological reanalysis data. To
improve this assessment, the anthropogenic aerosol fraction is estimated using a high-
resolution remote sensing retrieval to evaluate the anthropogenic contribution to the total

aerosol indirect effect. This study builds on prior studies of warm clouds by examining a
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large sample of continental clouds and applying high-resolution sub-orbital remote
sensing data which is capable of resolving smaller clouds and aerosol retrievals in smaller
gaps between clouds. The following questions are addressed: 1) how do the
microphysical and macrophysical properties of cloud respond to aerosols?; 2) how do
aerosol-cloud responses vary under different dynamical regimes?; and 3) what is the
quantitative relationship between the ACI and CRF and what is the contribution of

anthropogenic aerosols to indirect radiative forcing?
2 Data and Methods
2.1 Data Description

The data used in this study were derived from two months of observations from August
to September 2013 with a focus on remote sensing measurements from aircraft and
satellite. The dataset includes observations from the enhanced MODIS Airborne
Simulator (eMAS) with a spatial resolution of 0.5 km for aerosol and 50 m for cloud, a
Cloud Physics Lidar (CPL), and the Geostationary Operational Environmental Satellite
(GOES) with a spatial resolution of 4 km. The North American Mesoscale Forecast
System (NAM) reanalysis data were used in this study to describe the meteorological

conditions.

Table 1 lists the sensors and retrieved cloud and aerosol properties used in this study and
indicates which data are used to address the research questions outlined above. The
primary data used in this study is eMAS data, which were pre-, in-flight and post-
deployment calibrated by the NASA science group (Meyer et al., 2016). The eMAS data

were preliminarily filtered using recommended data quality assurance (QA), similar to
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those are widely used from MODIS data (Levy et al., 2013;Baum and Platnick, 2006),
which means only good quality/high confidence data were used in the following analysis.
This would reduce the volume of the dataset to some extent but effectively ensure the
quality of data. The aerosol optical depth (AOD) was used in this study as a proxy for
column cloud condensation nuclei (CCN), similar to those derived from MODIS (Remer,
2005). The fine-mode fraction of AOD from the eMAS retrieval is used to estimate the
amount of anthropogenic aerosol (Kaufman et al., 2005). Cloud properties were obtained
from the eMAS retrieval, including the number and types of cloud layers, cloud phase,
cloud top temperature (CTT) and pressure (CTP), cloud fractional cover (CF), cloud top
effective radius (Re), cloud optical thickness (1), and cloud liquid water path (LWP). The
pixel-level uncertainties for cloud properties retrieval, the same as used in MODIS
retrieval and described in Tsay et al. (2004) and Platnick et al. (2017), were also used to
improve the calculation and enhance the results. The GOES-retrieved cloud top height
(CTH) and cloud base height (CBH) were used together with the eMAS-derived cloud

properties.

To exclude ice and mixed-phase clouds from the analysis, warm liquid clouds were
defined as those with eMAS-derived CTP and CTT greater than 500 hPa and 273 K,
respectively. The cloud phase retrieval from eMAS was also used to screen out pixels
where ice cloud was present. In addition, the CPL provides an independent estimate of
vertical aerosol and cloud distribution. For each eMAS scene, the collocated CPL
retrieval was used to identify AOD above the cloud which can obscure the scene below
cloud top. Thus, the AOD above the cloud must be less than 0.1 to identify cloud

responses to changing aerosols (Wilcox et al., 2009). Furthermore, cloud retrievals tend
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to become more uncertain due to the weakness of the multiple scattering signal and
shadow effects (cloud is between the satellite and the sun) caused by large solar zenith
angles. Therefore, only observations with low solar zenith angle (less than 60°) were

include to reduce these potential sources of error.

To distinguish between precipitating and non-precipitating clouds, we draw on the results
from Rosenfeld and Gutman (1994), Kobayashi (2007) and Rosenfeld et al. (2012). For
non-precipitating clouds in those studies, the cloud top Re was consistently less than 12
um. The probability of occurrence of small raindrops increased rapidly once cloud top Re
exceeded 12 um. When Re reached ~ 14 um warm rain was often more developed. Hence,
two regimes were defined to describe precipitation intensity: non-precipitating clouds
with cloud top R, less than 12 pm and precipitating clouds with cloud top Re greater than
16 pm. Clouds with Re between 12 and 16 um were classified as transition clouds. Such
clouds may produce drizzle but not with the intensity of precipitating clouds and not all
transition clouds are certain to be precipitating. Thus, transition clouds were excluded
from the following analysis. Figure 1 shows the histogram of cloud top effective radius
for all single-layer warm clouds in this analysis. According to cloud top R, about 60%
(N=5412) of all clouds were non-precipitating. About ~ 16% (N=1425) were

precipitating. The remainder (~ 24%) were transition clouds.

Meteorological effects on clouds were evaluated using LTS and RHg. The LTS was
derived based on the potential temperature difference between 700 hPa and 970 hPa (LTS
= B700 — Bg70) calculated from the NAM reanalysis data. The RHg was obtained by

averaging the two levels closest to the height flagged as boundary layer top from the
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collocated CPL retrieval. Note that the NAM data are reported every 6 hours with 12 km
resolution. For comparison with the eMAS and GOES data, the raw NAM data was
interpolated to higher resolution with about 4 km horizontal spacing and 0.5 hour

temporal resolution.

Cloud radiative forcing (CRF) is derived from the TOA longwave fluxes and shortwave
albedo which are both acquired from GOES retrieval products (Doelling et al., 1998).
The CRF can be used to measure the effect of clouds on the reflected solar flux relative to
the clear sky flux as a function of variations in AOD. The GOES platform provides
continuous pixel-level (4 km) cloud properties and TOA radiative fluxes. Broadband
shortwave (SW) and longwave (LW) radiative fluxes at the TOA are estimated from
narrowband GOES data using narrowband-to-broadband (NB-BB) conversion formulas
(Minnis et al., 1995). Formula coefficients have historically been derived by regressing
matched polar-orbiting satellite BB fluxes or radiances with their NB counterparts from
GOES. But the GOES data has a resolution of 4 km, which is too coarse to resolve clouds,
especially warm cumulus clouds. Therefore, the 4 km pixel product from GOES was used
together with the collocated eMAS cloud retrieval to calculate the CRF for each eMAS
scene. To determine whether a GOES pixel represented clear or cloudy sky, the GOES
pixel was collocated with the corresponding eMAS pixel in space and time. If all of the
collocated eMAS pixels were designated as clear sky, then the corresponding GOES
pixel was also considered as clear sky. If all eMAS cloud pixels within one GOES pixel
were determined to contain single-layer warm clouds, then the corresponding GOES

pixel was designated as a cloudy pixel.
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2.2 Aerosol-Cloud Interaction Index

Cloud responses to changes in aerosol are typically represented by power-law functions
(Feingold et al., 2003). Using a linear regression between aerosol and cloud properties
expressed as: y = a + bx, where y is the logarithm of the cloud property (dependent
variable) and x is the logarithm of the aerosol property (independent variable), then the

aerosol-cloud interaction index (ACI) is derived as the estimate of the regression slope

(b). The slope is defined as b = ry, % where vy is the correlation coefficient between x

Sx

and Y, ryy = COSZS;’Y), where COV/(x,y) is the covariance between x and y, and sy (Sy) is

the standard deviation of x (y). Applying this to the aerosol-cloud system yields ACI =

Scloud

Taerosol.cloud . Commonly used observables for the quantities x and y are effective

Saerosol

radius (Re), cloud optical thickness (t), or cloud droplet number concentration (Ng) for
cloud and aerosol optical depth (AOD) or aerosol index (Al, the product of the AOD and
the extinction angstrom exponent) for aerosol. McComiskey et al. (2009) showed that
there is consistency amongst calculations of ACI using different microphysical proxies,
but a constraint on cloud LWP is needed, as described further below. The equation used

is as follows:

dInRe
dlnA

dint
dlnA

1dinNg

ACT = — 3 dina (1)

ltwp, ACI = — lbwp, ACI =

where A represents the aerosol properties, e.g., AOD, Al, etc.

Cloud optical properties are highly correlated with LWP (Schwartz et al., 2002). Various

factors including meteorology and cloud microphysical properties can result in variability
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in optical properties. By constraining LWP, the remaining variability will be due
primarily to changes in microphysical properties associated with variation in aerosol.
Without this constraint, larger-scale meteorological processes that produce variability in
LWP and therefore optical properties will confound detection of aerosol-cloud

interactions.

Figure 2 demonstrates the effect of constraining LWP on the ACI calculation. Figure 2 a
shows the total data collected from one eMAS scene used for calculation. Figures 2 b, c,
and d are the Re.-AOD data pairs in different LWP ranges. Each aerosol and cloud
variable was grouped based on 20 g m? LWP bins. Independent calculations of ACI were
made using the aerosol and cloud data from each bin, and then these values were
averaged (weighted by the numbers of total data points in each bin) to provide a single
ACI value for the scene. It is clear that different LWP bins correspond to different ACI
values. The constrained ACI (ACl.wp) and unconstrained ACI (AClyy) are shown from
Fig.2 a. The unconstrained ACI value of 0.12 is lower than any of other constrained

values of 0.21, 0.24, and 0.28. For this scene, the averaged constrained ACI value is 0.23.
2.3 Methods

Figure 3 is a flowchart for the analysis used to address the issues outlined in the
Introduction. Aerosol-cloud interactions are defined in terms the relationship (correlation)
between AOD and cloud properties (Fig.3, Q1). eMAS and NAM data were aggregated
into each collocated GOES pixel at 4 km x 4 km resolution to create aerosol and cloud
data pairs. A valid data pair must meet the criteria that more than 90% of eMAS pixels

within an individual GOES pixel have valid retrievals and can pass the single-layer warm
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cloud test (i.e., CTP>500 hPa and CTT>273 K). When averaging the eMAS data within
each GOES pixel, the retrieval uncertainties were taken into account. A weight was
created for each eMAS pixel within the GOES pixel based on the retrieval uncertainty
(i.e., the weight assigned to each eMAS pixel was inversely proportional to the retrieval
uncertainty) and weighted averages were calculated. There were 9,076 valid data pairs for
the analysis. Cloud properties (Re, LWP, 1, CF, cloud thickness) were then compared

under non-precipitating and precipitating scenarios as a function of AOD.

For any empirical study of aerosol-cloud interactions, it is necessary to separate the
effects of aerosols from those from meteorological variations on clouds. This was done
by systematically constraining meteorological parameters (Fig.3, Q2). ACI was
calculated using the method described in Sect. 2.2 under different meteorological
conditions, which were defined in terms of the NAM reanalysis data. Histograms of key
meteorological parameters are shown in Fig.5. The variations of the ACI were

investigated over a range of meteorological conditions.

Finally, aerosol indirect radiative forcing was evaluated (Fig.3, Q3). Computation of
aerosol indirect radiative forcing is based on a top-down approach to estimate CRF as a
function of aerosol loading. This effectively reduces the number of free parameters to
those (e.g., cloud fraction, albedo, and AOD) that can be most easily retrieved from
satellite measurements. The method used to calculate the aerosol indirect radiative
forcing at the TOA is similar as that used by Chen et al. (2014) and is derived from the

cloud radiative effect equation as:
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CRst,lw = Feiear — Fan (2)

where SW/LW represents the shortwave/longwave components of the radiative flux, Fejear
is clear sky net radiative flux (i.e., the difference between upward flux and downward
flux for pixels containing no clouds), and F is the TOA net flux that is observed for all
sky conditions. Since the focus of this study is shallow warm clouds, ice clouds are

excluded from this calculation. F can be further decomposed into:
Fau = (1 = CF) X Fepeqr + CF X Feiouq 3)

where CF is the cloud fractional cover over the GOES pixel estimated from the
collocated eMAS retrievals and Foyq iS the component of the radiative flux contributed
by clouds. Foug can be calculated using equation (3). Combining Eq.2 and Eq.3, the

cloud radiative forcing is expressed as:
CRFSW,ZW = CF X (Actear — Acioua) X F (4)

where A represents the albedo (A=F'- F%). Taking the derivative of Eq.4 with respect to
aerosol loading (AOD) gives the cloud radiative effect aerosol sensitivity which is written

as:

dCRFSW — I ( dAclear _ dAcloud )
din(Aero) din(Aero) din(Aero)
®)

dCF _
+ (Aclear - Acloud) W] X F
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The first term on the right-hand side of Eq.5 is the intrinsic aerosol effect which
represents the impact of aerosol on changes in cloud albedo. The second term is the

extrinsic effect, which represents the impact of aerosol on cloud fraction.

To determine the aerosol indirect radiative effect, Eq.5 is multiplied by an amount of
aerosol attributable to anthropogenic activities which has been estimated here as the

fraction of AOD from fine-mode aerosol as follows:

Aa = [log(AOD) —log(AOD — AODgpi1)] = log(——) (6)

where Ag is the anthropogenic contribution as a fraction of the total aerosol optical depth.

Similarly, the longwave component of the CRF sensitivity to aerosol is derived as:

dCRFlw — —( chlear _ chloud )
din(Aero) din(Aero) din(Aero)
7
dCF ()
+ (Fclear - Fcloud) M]

where the Fgear and Feioug represent the TOA clear sky and cloudy sky longwave flux.

The primary uncertainties in estimated aerosol indirect forcing are from estimation of
anthropogenic aerosol contribution using fine-mode fraction (up to 30%), the relative
uncertainty in eMAS measurement is 5-10%. Some sources of error are not presently

quantifiable, e.g., surface albedo error (Meyer et al., 2016).
3 Results and discussion

3.1 The effect of aerosol on cloud properties constrained by large-scale dynamics
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Averaged aerosol-cloud relationships are plotted in Fig.4. The slope of the linear fits
between aerosol and cloud properties are shown in Table 2. Clouds are separated into two
categories: precipitating clouds and non-precipitating clouds, classified by cloud top
effective radius. AOD fell between 0 and 1 for 95.6% of the total data. It is uncommon
for AOD to exceed 1 in the atmosphere except for locations very close to the aerosol
source (e.g., wildfire, volcano eruptions). Very high values of AOD may be due to
artifacts in the remote sensing retrievals, for example, unresolved broken clouds and
aerosol swelling from hygroscopic growth. Therefore, in the following analysis, only
AOD less than 1 are considered. In general, non-precipitating and precipitating clouds
showed different responses to aerosol loading. Cloud R, decreased as AOD increased for
both types of clouds. However, the aerosol affected cloud R. more for non-precipitating
cloud than for precipitating clouds, as demonstrated in Table 2, where the slope was
smaller (negative) for the non-precipitating cloud. This may due to a higher concentration
of larger droplets developed in precipitating clouds, shifting the droplet size distribution
to larger sizes (Lebsock et al., 2008). Cloud fraction, LWP, COT and cloud thickness

generally increased with AOD for both cloud types. Cloud LWP and COT had a similar

response to aerosol loading. COT strongly depends on cloud LWP, as t = zZWP. The

ePl

observed relationship between cloud properties and AOD can be ambiguous (Quaas et al.,
2010;Grandey et al., 2013). Large-scale convergence tends to both concentrate aerosols
and cause cloud to grow, producing a positive relationship between AOD and LWP, for
example. It is therefore necessary to constrain meteorological conditions before

evaluating aerosol-cloud interactions.
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Large-scale dynamical variability can be represented by Lower Tropospheric Stability
(LTS) and free tropospheric relative humidity (RHs). Both are controlled by large-scale
subsidence and play significant roles in cloud formation (Bretherton and Wyant,
1997;Lebsock et al., 2008;Chen et al., 2014). Previous attempts to establish dependencies
between aerosol-cloud interactions and dynamical parameters such as vertical pressure
velocity (w) and convective available potential energy (CAPE) were not conclusive
(Chen, 2014). Therefore, we focus on LTS and RHg; effects in this study. Figure 5 shows
the histogram of LTS and RHy for two precipitation conditions. To define different
meteorological conditions, we classified two regimes for LTS (LTS > 12 Kand LTS <9
K) and RHs (RHg > 80% and RHs < 70%) respectively. Due to the complexity involved
in precipitation processes, only non-precipitating clouds responses to AOD under
different meteorological conditions are considered in Fig.6 and Fig.7. Figure 6 shows
cloud property responses to AOD compared to LTS intensity. Generally, all cloud
properties are higher when LTS > 12 K compare to LTS < 9 K condition. The R,
decreases with increased AOD (Twomey, 1974). The CF, LWP, COT and cloud
thickness increase with increased AOD from 0 to 0.7. For AOD > 0.7, these parameters
generally decreased with increasing AOD. Aerosols favor cloud growth under relatively
unpolluted conditions. However, the cloud tends to dissipate at high pollution condition
with higher aerosol concentrations. Figure 7 shows the cloud property responses to AOD
as a function of RHs. As seen in Fig.7, cloud properties increase with increased AOD
except for Re. Under moist (RHs > 80%) conditions, the cloud response to AOD is more
rapid than under dry condition (RHs < 70%). Cloud water tends to decrease when AOD is

greater than 0.7 under dry conditions. This may be result from enhanced turbulent
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entrainment of overlying dry air, which sometimes accompanies aerosol-cloud
interactions and which promotes evaporation of cloud droplets (Ackerman et al., 2004).

Besides the LWP, CF, COT and cloud thickness also show the same trend.
3.2 Aerosol-Cloud-Interaction as a function of dynamics

As discussed in Sect.3.1, LTS and RHg can play important roles in determining the effect
of aerosols on cloud microphysical and macrophysical properties. In this section, the data
are separated into different meteorological regimes based on LTS and RHy and on
whether or not precipitation occurred. In this case, the response variable is the ACI,
which is essentially the sensitivity of the cloud to variation in aerosol concentrations. The
ACI index was calculated using COT/AOD binned by LWP for data within the 95%
confidence interval to reduce the effect of outliers. The detailed meteorological
conditions are described in the Table 3. Here, four dynamical conditions were chosen to
investigate cloud responses to the aerosol: stable/dry, stable/wet, unstable/dry and

unstable/wet. The criteria for defining these categories are shown in Table 3.

Figure 8 shows the ACI estimated under different meteorological conditions for non-
precipitating and precipitating clouds. For non-precipitating clouds, ACI for unstable/wet
conditions is much larger than for unstable/dry conditions. For unstable/dry conditions,
stronger entrainment and a more rapid change in droplet size increase cloud top mixing
with dry air above the cloud. Evaporation of the cloud droplets leads to a reduction in
LWP (Ackerman et al. (2004). This tends to dissipate the stratus cloud and make it more
like stratocumulus. However, cloud growth in the former case is stronger than cloud

dissipation in the latter case, which is evidenced by the larger ACI. For non-precipitating
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clouds, ACI under stable/wet conditions is larger than under stable/dry conditions. This is
similar to unstable conditions except that the effect is weaker. Under stable conditions,
the ACI is higher for precipitating than for non-precipitating clouds for both wet and dry
conditions. The precipitating cloud is more sensitive to aerosols because precipitation
suppression by aerosol-induced reduction in droplet size, which is less relevant in the
non-precipitating case, can significantly increase the LWP and COT. In all cases,
increasing the aerosol concentration tends to reduce droplet size. Under unstable
conditions, cloud sensitivity to aerosols (ACI) is related to dynamics (entrainment at
cloud top) while under stable conditions, the ACI is more strongly related to the potential

for precipitation suppression.
3.3 ACI-CRF relationships and aerosol indirect forcing

The CRF was estimated for each eMAS scene using Eq.4 and is shown in Fig.9 as a
function of ACI. The SW CRF encompasses a broad range from ~ -10 to ~ -90 W m™.
The SW CRF decreases dramatically as ACI increases from 0.02 to 0.32. The negative
relationship denotes a cooling effect from the reflection of solar radiation back into space.
The LW CRF ranges from ~3 to ~14 W m? as ACI increases from 0.02 to 0.32. The
magnitude of LW CRF is much smaller than SW forcing. The positive value means that
the LW CRF exerts a warming effect by trapping LW radiation, however this effect is
weaker for low liquid water clouds than the cooling by the SW forcing because the cloud-
top temperature is only slightly cooler than the surface. The TOA net CRF is obtained by
adding SW and LW forcing. As shown in Fig.9 right panel, the TOA net CRF decreases

as ACI increases. The net forcing ranges from ~ -8 to ~ -81 W m™. This relationship
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likely reflects the fact that ACI increases with the LWP of clouds as found for the scene

analyzed in Fig.2.

The TOA SW and LW components of aerosol radiative forcing were estimated using
methods described in Sect.2.3 and are reported in Table 4. The SW aerosol indirect
forcing was estimated using Eqg.5 and Eq.6. The radiative forcing related to the AIE was
estimated for each eMAS scene. For all samples, the estimated intrinsic component of
SW AIE forcing was -0.66 W m™. The magnitudes are higher than results from Lebsock
et al. (2008) and Chen et al. (2014), who reported values of -0.42 W m2and -0.49 W m™,
respectively. However, those studies focused on warm marine clouds, while this study
focuses on warm continental clouds. The differences in estimated AIE forcing may be
caused by: 1) abundance of aerosols over land are typically higher than over the ocean; 2)
the albedo over land is higher than the albedo over the ocean. The extrinsic component of
AIE was estimated to be -1.82 W m™. The extrinsic forcing is about three times larger
than the intrinsic forcing. Note that the extrinsic component is directly related to the
aerosol effect on cloud cover. As discussed in Sect.3.1, the observed agreement between
CF and AOD can be related to large-scale dynamics. The LW component was estimated
as 0.03 W m™ for intrinsic AIE and 0.05 W m™ for extrinsic AIE. Total LW forcing was
positive but very small (less than 0.1 W m™) compared with SW forcing. Therefore, the

LW warming effect is much smaller than the SW cooling effect.
4 Conclusions

The interactions among aerosol, cloud, precipitation, and environmental conditions are

complex. In this study, remote sensing measurements from aircraft and satellite during
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the SEAC’RS campaign over the southeastern US were used together to perform an
analysis of the relationships among cloud and aerosol properties. The aerosol-cloud
relationships and aerosol-cloud interaction index (ACI) were evaluated under different
meteorological conditions. The top of atmosphere (TOA) cloud radiative forcing (CRF),

and aerosol indirect forcing were also estimated using the same dataset.

Results show that non-precipitating and precipitating clouds have similar responses to
aerosol loading but different magnitudes. Cloud R, decreased as AOD increased for both
types of clouds. However, the aerosol affected cloud R, more for non-precipitating cloud
than for precipitating clouds. Cloud LWP, COT, CF and cloud thickness generally
increased with AOD for both cloud types. All cloud properties are higher when LTS > 12
K (or RH¢ > 80%) compared to LTS < 9 K (or RH¢ < 70%). The CF, LWP, COT and
cloud thickness increase with increased AOD from 0 to 0.7. After that, these parameters
generally decreased with increasing AOD. This indicates that aerosols favor cloud growth
under relatively unpolluted conditions but are likely to dissipate cloud at high pollution
condition, mainly due to enhanced entrainment of overlying dry air which evaporates

cloud droplets.

Cloud responses to aerosol were highly affected by lower tropospheric stability (LTS)
and free troposphere relative humidity (RHg). The ACI was generally higher under
unstable, humid conditions and was lower under unstable, dry conditions. This was due to
stronger entrainment of dry air above the cloud which increased mixing at cloud top,
evaporating cloud droplets leading to a loss of cloud water. Under stable conditions, the

ACI is higher for precipitating than for non-precipitating clouds because the former are
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susceptible to precipitation suppression by aerosol-induced reduction in droplet size. The
total TOA CRF was estimated to be -80 W m™ when the ACI increased to 0.3. Clouds
with greater LWP exhibit a greater ACI as well as stronger CRF. Aerosol indirect forcing
of the estimated anthropogenic portion of the aerosol due to the intrinsic aerosol effect
was estimated to be -0.63 W m™ and the forcing due to the extrinsic aerosol effect was
estimated to be -1.77 W m™. This demonstrates the strong radiative forcing associated

with the aerosol indirect effect on cloud cover for the clouds observed during SEACRS.
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of data used in this study and which data can be used to solve specific

Platform

Target

Instrument/method

Variable

Spatial
Resolution

QL Q2 Q3

Airborne
remote
sensing

Aerosol

eMAS

AOD
(470, 550,
660 nm)

AOD fine
mode
fraction

0.5 km

CPL

Layer
AQOD

0.2 km

Cloud

eMAS

Re
LWP
T

CTH/CTP

CF
CTT

Cloud
layer

0.05 km

< 2

<2 2

Geostationary
satellite

Cloud

GOES

CTH
CBH
Albedo

4 km

< 2] 2 L2 2 =2 L2 2| =2

Reanalysis

Meteorology

NAM

T
)
RH
CAPE

12 km

< <2
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Table 2. The slope of linear fit between cloud properties and aerosol, separated for non-
precipitating and precipitating clouds. The sign indicates the relationship between variables.

In(AOD)
Non-precipitating Precipitating
CF 0.04 0.06
Re (um) -0.32 -0.13
COoT 551 1.57
LWP (gm™) 29.55 13.52
Thickness (km) 0.19 0.12

Table 3. Four conditions were defined to study aerosol-cloud relationships in different
regimes.

stable/dry stable/wet unstable/dry unstable/wet

LTS (K) <9 <9 > 12 > 12

RHy (%) <70% > 80% <70% > 80%
# of samples (Non-Precipitating) 399 428 632 697
# of samples (Precipitating) 68 125 179 422

Table 4. TOA aerosol indirect radiative forcing estimated for shortwave and longwave
components from all samples. The radiative forcing was separated for intrinsic and
extrinsic forcing.

AOD

Aerosol indirect forcing (W m™?)
Intrinsic Extrinsic

TOA SW -0.66 -1.82
TOA LW 0.03 0.05
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Figure 1. The histogram of cloud top effective radius and classification of non-precipitating
(Re< 12 pm, blue) and precipitating (R.> 16 pm, red) clouds according to cloud top R.. The
transition clouds with R, between 12 and 16 pm may be drizzling but not as strong as
precipitating clouds. It is difficult to determine these clouds only by cloud top R.. Therefore,
we excluded these clouds in the analysis from controlling the data quality. N denotes the
number of samples in each classification. The total number of samples in this analysis is
9076.
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Figure 2. An example showing the differences in LWP constrained and unconstrained ACI
for one eMAS scene. ACI calculated from (a) all data, and binned for a LWP range of (b)
50-70 g m™? and (c) 100-120 g m™ and (d) 140-160 g m™ The ACILWP in panel (a) denotes
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calculated directly from all dataset.
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CTP>500hpa, CTT>273K | Single layer cloud, zenith<60°

R.<12um

Figure 3. Flowchart of this study showing the steps to solve the research questions. The CTP,
CTT, Re represent cloud top pressure, cloud top temperature and cloud top effective radius.
NAM represents the North American Mesoscale Forecast System reanalysis data.
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Figure 4. Cloud properties and number of samples as a function of each AOD bin. The
points represent the mean value of cloud properties for each AOD bin and the bars on each
point are the standard error of the cloud properties in each AOD bin. Cloud properties
include cloud fraction (CF), effective radius (R.), cloud liquid water path (LWP), cloud
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Figure 8. ACI calculated by using COT and AOD under four different meteorological
conditions and separated by non-precipitating/precipitating conditions. Four meteorological
conditions are unstable/dry, unstable/wet, stable/dry and stable/wet, which are determined
by LTS and RHs. ACI for non-precipitating/precipitating clouds is shown in blue and red,
respectively. The ACI was calculated at the 95% confidence level.
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Abstract. The aerosol indirect effect continues to be a key component in climate forcing
which is associated with large uncertainty. The issues causing this large uncertainty are
partly due to our limited understanding of the physical process associated with the
aerosol-cloud interaction (ACI) and partly due to challenges related to our measurements.
An important component of this uncertainty derives from the use of multiple
observational platforms at different spatial scales. Aerosol influences cloud properties at
the microphysical scale, but observations are most often made over a wide range of
spatial resolution. Aerosol-cloud interaction estimated from observations and models at
the microphysical scale usually suggests a stronger aerosol indirect effect than do
estimates from observations made at scales comparable to General Circulation Models
(GCM) grid cell sizes. For future climate projections, it is critical to close this gap so we
can understand the extent that anthropogenic aerosols have cooled the climate system.
Despite decades of effort, satellite-based remote sensing as the primary source of global
data for aerosol-cloud interactions remains a significant concern regarding how
measurement artifacts affect retrievals of both aerosol and cloud properties. For example,
the aerosol optical depth (AOD) retrieval is higher due to hygroscopic growth in humid
air near a cloud field. Radiation scattered by clouds illuminates the nearby clear sky
enhances the AOD retrieval without increasing the aerosol number concentration.
However, these retrievals are routinely used in generating satellite-based estimates of
aerosol-cloud interaction-induced radiative forcing. With the availability of high-
resolution remote sensing data, in-situ aircraft data, and a Monte Carlo Radiative Transfer
model developed in this study, the magnitude of the effects of variation of sampling scale

and artifacts related to remote sensing retrievals on the estimated ACI were evaluated.
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The ACI showed a strong scale-dependent behavior, which decreases as data resolution
decreases. Smoothing of aerosol and cloud fields from 1 to 10 km produced a decrease of
~ 60% in estimated ACI. The ACI estimated from 1-km resolution remote sensing data
was similar to that derived from in-situ aircraft measurements. Analysis of aircraft data
revealed that the aerosol humidification effect accounts for a ~ 18.7-21.8% decrease in
estimate ACI. The Monte Carlo model indicated that the three-dimensional (3-D)
radiative transfer effect from cloud side multiple scattering reduced estimated ACI by ~

10% for a broken cloud scene.
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1 Introduction

Aerosol particles suspended in the air are crucial for Earth’s climate system due to their
interactions with radiation and clouds. Aerosol-cloud interactions (ACI) account for the
largest uncertainty in the estimation of climate radiative forcing (Boucher et al., 2013a)
and hamper prediction of future climate. Many studies have revealed differences in the
response of cloud properties to changes in aerosol optical depth (AOD) based on
observation and model simulations (Quaas et al., 2009;McComiskey and Feingold,
2012;Boucher et al., 2013b). The fundamental issues causing these differences are related
in part to artifacts in satellite retrieval products and missing processes in General

Circulation Models (GCMs) (Stevens and Feingold, 2009).

Biases in the estimation of aerosol-cloud interactions are related to the spatial scale at
which observations are made (McComiskey and Feingold, 2012). ACI estimated from
observations and models at the microphysical scale suggests that aerosol indirect
radiative forcing is much stronger than ACI estimates derived from observations at
spatial scales comparable to GCM grid cell sizes. An additional problem related to spatial
scale is the misclassification of partly cloudy satellite pixels as the cloud-free clear sky,

especially in areas of broken cloud.

Aerosol optical depth is a vertically integrated metric used to represent the amount of
aerosol in the column. Its magnitude depends on aerosol mass loading and light scattering
and absorption efficiencies that are related to aerosol size and chemical composition.
AOD increases as particles absorb water vapor and their scattering cross section increases.

This is a process that depends in part on the ambient relative humidity (RH) which
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increases in humid environments near clouds (Twohy et al., 2009;Neubauer et al., 2017).
The relationship between RH and aerosol light scattering was investigated by Li et al.
(2001) and Tang, (1996). The hygroscopic growth factor (f) is defined as a function of
RH as the ratio of the aerosol scattering coefficient at ambient RH (or an arbitrarily
chosen high RH (e.g., ~80%) to the aerosol scattering coefficient under dry conditions,

for example, at a low RH of ~40% (Jeong et al., 2007).

Three-dimensional (3-D) multiple scattering from cloud droplets at the sides of clouds is
known to enhance the adjacent clear-sky reflectance, thus artificially increasing estimated
AOD. A series of the papers discussed the 3-D radiation transfer effect (Varnai and
Marshak, 2009;Davis and Marshak, 2010;Marshak et al., 2008;Wen et al., 2007). Here
we exploit high-resolution airborne remote sensing data to expand on this previous work
by considering a real 3-D clouds based on observations, and relating both the 3-D
radiative effect and hygroscopic growth near clouds to the ACI. It is essential to evaluate
the magnitudes of each of these potential biases in order to reduce errors in the estimation

of the impact of aerosols and clouds on the Earth’s climate system.

The purpose of this study is to evaluate the effects of biases related to the spatial scale of
measurements, artifacts in remote sensing retrievals, and separating individual effects of
aerosol humidification and 3-D radiative transfer on the magnitude of aerosol indirect
radiative forcing. The errors in estimating the aerosol indirect forcing associated with
those effects have not been systematically studied before. This analysis is facilitated by
the availability of high-resolution remote sensing measurements from aircraft along with

remote sensing measurements by satellite, a Monte Carlo Radiation Transfer model to
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quantify the 3-D radiation effect, and direct measurement of the in-situ hygroscopic
growth factor to quantify the aerosol humidification effect. The ultimate goal of this

study is to evaluate the biases in the estimation of the ACI from remote sensing data.
2 Data, model, and methods
2.1 Data description

Table 1 lists the instruments and measurements along with sampling spatial resolutions
used in this study. The primary data are enhanced MODIS airborne simulator (eMAS)
retrieved aerosol and cloud properties (Table 1). The eMAS was deployed on a NASA
ER-2 aircraft. The eMAS data were preliminarily filtered using criteria widely used for
MODIS data (Levy et al., 2013;Baum and Platnick, 2006). This reduced the amount of
data but ensured its quality. The remote sensing data were assigned uncertainties which
were incorporated into the analysis. The AOD was retrieved from eMAS with the
approach used for MODIS (Remer, 2005). AOD was used as a proxy for column cloud
condensation nuclei (CCN). The Angstrém exponent (A) was calculated based on the
AOD at wavelengths of 0.55 pm and 0.66 pm, The A provides information on particle
size; the larger the Angstrom exponent, the smaller the particle. Cloud properties were
also obtained from eMAS retrievals, including the number and types of cloud layers,
cloud phase, cloud top temperature (CTT) and pressure (CTP), cloud fractional cover
(CF), cloud top effective radius (Re), cloud optical thickness (t), and cloud liquid water
path (LWP). To exclude ice and mixed-phase clouds from the analysis, warm liquid

clouds were defined as those with eMAS-derived CTP and CTT greater than 500 hPa and
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273 K, respectively. The cloud phase retrieval from eMAS was also used to screen out

pixels where ice cloud was present.

Besides eMAS remote sensing data, this study also makes use of the Cloud Physics Lidar
(CPL) which measured extinction profiles, the DC-8 aircraft in-situ aerosol properties
(number concentration [N,], single scattering albedo [SSA], asymmetry parameter [g]
and hygroscopic growth factor [f]) and cloud properties (droplet number concentration
[Ng], effective radius [Re]), and satellite remote sensing data from MODIS including
AOD, Re, and cloud optical thickness (COT) retrievals. All aircraft data were
synchronized to a common time scale with 1 Hz resolution and were spatially and
temporally aligned with the remote sensing data (eMAS and MODIS). The full details of

the measurements during the SEAC*RS campaign can be found in Toon et al. (2016).
2.2 Model design

A Monte Carlo Radiative Transfer (MCRT) model was developed for this study. The
fundamentals of radiative transfer in a cloudy atmosphere can be found from Barker et al.
(2003), Marshak and Davis (2005) and Mayer (2009). Figure 1 shows the flowchart of
the MCRT model. The input for model simulation is based on the extinction profile
measured from the CPL, and average observed aerosol and cloud properties from in-situ
aircraft measurements. The model is designed to trace the trajectories of each photon
from a radiation source (solar light) to termination due to absorption or escape from the
domain. The Cartesian coordinate system and a cyclic boundary condition are employed.

Table 2 lists the parameters used in the MCRT model.
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The essential component of the Monte Carlo method is sampling from probability
distribution functions (PDFs). To sample a quantity xo from a PDF P(x), we need to
invert the cumulative probability distribution (CPD), y(Xg), which is the integral of P(x):

f:o P(x)dx

PY(xo) = W

1)

As X ranges from a to b, y(xg) ranges from 0 to 1 in a uniform distribution (Kalos and
Whitlock, 2008). Thus, to sample Xo, we need to call a random number generator that

samples from 0 to 1 uniformly and invert Eq.1 to get Xo.

In the MCRT model, we need to sample the optical depth that a photon can travel freely
before being absorbed or scattered. The probability that a photon can travel through an

optical depth without any interactions is

P(t)dt = e 'dr (2)

Applying the cumulative probability distribution:

fOTO e "dr
VO = Yo g = e = ®
0
Inverting this gives:
L
Trree = —IN(1 —¢) = f ondL (4)
0

where the tsee describes the optical distance that a photon can freely travel to the next

extinction event, and ¢ is a random number uniformly distributed from 0 to 1. Expanding
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1 by its definition, we can estimate the physical distance (L). ¢ and n are the cross section

and number density of the particles, respectively.

In each simulation, the weight associated with a photon is initialized to 1 (unit weight).
Subsequently, the weight is reduced at each scattering event to simulate partial absorption
USING Wagter=WheforeXSSA, Where Wpetore aNd Waser denote the weight of photon before and
after interaction with a particle and SSA is the single scattering albedo of the particle. In
reality, the photon cannot reduce its weight, but this computational method is used as a
simplification to simulate the absorption. To save computational time, if the weight of a
photon falls below a very small value (i.e., w = 0.001), the photon is terminated since it
contributes nothing to the fluxes emerging from the boundaries of the domain. To
simulate scattering, the Henyey-Greenstein (HG) phase function was used, since this is a
popular approximation to the directionality of real scattering and widely used in models
of particle scattering in the atmosphere (Barker et al., 2003). The phase function
quantifies the probability that a photon is scattered from the previous direction of
movement to a new direction. The HG phase function is given by:

1—g2
(1+ g2 — 2gcos©)3/2

P(cos®) = (5)

where g is the asymmetry parameter (—1 < g < 1), describing the degree of scattering in
the forward direction. g = -1 indicates that all radiation is backward scattered like a
mirror, g = 1 indicates that all radiation is forward scattered, and isotropic scattering (the
same in all directions) is represented as g = 0. To implement the HG phase function in the

Monte Carlo model, it is necessary to translate a uniformly distributed random number &
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into the corresponding value of cos ®. This can be accomplished by setting up the

following relationship:

cos® cos® 1-g2

e= [, P(cos®)dcos® = [ Tro7—290050)777 dcos® (6)
and solving for cos®:
1 1— gz
=—1 2 _ (g 52 7
cos® =119 T Tz~ Q)

Using EQ.7, the scattering phase function can be implemented in the model. For air
molecules, the Rayleigh phase function p(®) = %(1 + cos20) is used instead of the HG

phase function. Once the photon’s path crosses the boundary of the model domain, it is

considered exited, and its contribution to the radiance is recorded.

To simulate radiation transfer in the 3-D cloud using the MCRT model, a 3-D cloud field
must be constructed as the input for the model. Here we used observational data based on
the eMAS and CPL retrievals. While eMAS provides a two-dimensional view of the
properties of the top of the clouds, CPL provides vertical profiles of cloud. However, the
CPL is only a nadir looking instrument, therefore this method extrapolates the cloud
profiles measured with the CPL into off-nadir regions within the eMAS swath based on
collocated measurement of eMAS and CPL. The method “clones” a CPL-measured cloud
profile at an off-nadir pixel within the eMAS swath when the two pixels from eMAS and
CPL have similar retrieved cloud properties. This is based on the assumption that the
vertical cloud profile measured from CPL would be similar if the cloud properties

obtained from the eMAS are similar. To achieve this, we first created a library of



111

collocated eMAS and CPL retrievals and then filled an off-nadir pixel of some eMAS
cloud properties with a lidar profile in the library that has eMAS cloud properties best
matching those of the off-nadir pixel. The cloud properties used to create the library are
cloud optical thickness, cloud top effective radius and cloud top temperature, as shown in
Fig.2. The eMAS cloud properties for each pixel were compared with those in the library

to find the best-matched pixel. The best-match pixel was defined as follows:

2 2 2
COT, — COT, Re, — Re CTT, — CTT,
onCom = con)* (e, = e (crr, T’ o
(O-lCOT) (GlRe) (O-lCTT)

where the subscript p represents the pixel, the subscript | represents the library, o is the
standard deviation, and min represents the minimum value. After determining the best-
matched pixel, the corresponding cloud profile is then assigned to the off-nadir pixel. In
this study, the size of the eMAS scene was used as the horizontal domain, and the top of
the domain was set at 5 km to restrict the analysis to water clouds. The mean surface

reflectance over each eMAS scene was used to reflect the photon once it hit the surface.
2.3 Methods

Figure 3 is a flowchart showing how the data were processed and which data were used
to address specific issues. As noted above, the first issue is how the ACI depends on the
spatial scale of the measurements. With the availability of high-resolution (50 m) eMAS
data, the ACI can be calculated at larger spatial scales by aggregating the eMAS data
from 1 km to 10 km (i.e., the MODIS analysis scale). First, collocated eMAS, MODIS
and other aircraft data were selected from the SEAC’RS dataset. Second, the ACI was

calculated at different scales by aggregating the eMAS data. Third, ACls calculated from
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eMAS, MODIS and aircraft in-situ data were compared to explore the ACI scale-

dependent behavior.

The second problem is to identify how artifacts in the AOD retrieval for pixels near
clouds can affect the ACI estimation. First, the distance (Ax) between each aerosol pixel
and its nearest cloud retrieval from eMAS scene was calculated. Second, the AOD and
Angstrém exponent were sorted as a function of Ax, and the critical distance (Ax") was
determined such that the mean AOD and A did not change as Ax increased. This
determines the range of a completely clear area from a cloud pixel. Third, data with Ax
less than Ax were removed such that the remaining data were considered as the
uncontaminated retrieval (not affected by e.g., aerosol humidification and 3-D radiative
transfer). Finally, the reconstructed dataset was used to calculate ACI and compared with
the results when including contaminated data. The difference can be considered as the
error associated with the artifacts in the AOD retrieval. To maintain the volume of the
dataset, the high-resolution pixel-scale cloud observations were paired to the nearest
aerosol retrieval using only uncontaminated data within each eMAS scene. This results in

a significant boost to the total number of samples used in the statistical analysis.

The final issue was to distinguish the effects of aerosol humidification and 3-D radiative
transfer. For the aerosol humidification effect, aircraft in-situ measured RH and the

particle hygroscopic factor (the ratio of humidified to dry extinction, here replaced by

AODpymidifie e
AOD: f = %) were used to calculate AOD under dry conditions. Thus, the
dry

ACI is defined for dry conditions (AClgry). The contribution from aerosol humidification

is then 2 humidifiea”4Clary 15 o\alyate the 3-D radiative transfer effect, the MCRT
AClnymidified
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model was used to estimate cloud effects on clear sky reflectance following the method
described in Wen et al. (2008). The difference in clear pixel TOA reflectance between a
3-D cloudy simulation (R¢qg) and a cloudless simulation (R¢) was considered as the
cloud-enhanced clear sky reflectance due to cloud side multiple scattering: AR = Reig—
Rar. Once the enhancement of reflectance was calculated, the enhanced AOD and the

contribution from the 3-D radiation effect was estimated.
3 Results and discussion
3.1 ACI spatial scale dependence

In the following analysis, we focus on one case (leg 9) using eMAS measurements on

Aug. 30, 2013. Results from this and other cases are shown in Tables 3 and 4.

The eMAS data were aggregated from 1 km to 10 km and ACI was calculated over this
spatial range. The results are shown in Fig.4. Calculated ACI was 0.3 at 1 km resolution
but decreased to 0.11 at 10 km resolution. Thus, ACI decreases as spatial scale resolution
decreases. Next, ACI calculated from in-situ aircraft data were compared to ACI
calculated from satellite data (MODIS) when the two were collocated temporally and
spatially. The aircraft derived ACI was 0.32 while the MODIS derived ACI was 0.12.
The ACI derived from the in-situ aircraft data and the satellite remote sensing data
represent the two extremes of the resolution range in this study. To further explore why
ACI decreases as the spatial resolution of the data decreases, we used the homogeneity

parameter (HP) (Barker, 1996;Wood and Hartmann, 2006).

The homogeneity parameter of a variable is defined as:
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HP = (g)2 ©)

where p is the mean and o is the standard deviation of the variable. To calculate the HP

for ACI, HP was calculated for cloud and aerosol properties. Then, HPac; is defined as:

HPcloud
HPyr; = ——mm 10
act HPaerosol ( )

As shown in Fig.4, HPac) increases as spatial resolution decreases. The scatter plot in
Fig.4 shows a linear relationship between ACI and HP. For different data resolutions,

ACI and HP show a strong (R? = 0.93) inverse relationship.

The ACI-HPac, relationship implies that: 1) as spatial resolution decreases, HPac;
increases; and 2) HP of cloud properties increases more rapidly than HP of aerosol
properties as the data are aggregated to lower spatial resolution. Figure 5 further
demonstrates how aggregating the data to lower spatial resolution increases the HP. Panel
1 of Fig.5 shows an example of an AOD scene at 0.5 km resolution. As the data are
aggregated from panel 1 (AOD = 0.37+0.22) to panel 7 (AOD = 0.37£0.07), spatial detail
in AOD is lost. However, while the mean AOD of this scene does not change (0.37), the
standard deviation of AOD decreases dramatically. As the spatial resolution of AOD
decreases, HPaerosor and HPcoug both increase, but HPoug changes more rapidly than
HPaeros01, and HP ac; increases. Decreasing the spatial resolution of the data leads to a large
change in estimated ACI: ACI derived at 10 km resolution (0.1) was approximately 60%

lower than ACI derived at 1 km resolution (0.3).

3.2 Aerosol near clouds
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Figure 6 shows the shallow cumulus eMAS scene from leg 9 on Aug.30 2013. The cloud
mask (cloud boundary) and AOD are plotted in Fig.6a and 6b, respectively. AOD near
the cloud is generally higher, as shown in yellow color in Fig.6b. We calculated the
distance from each aerosol pixel (clear sky) to its nearest cloud pixel and sorted AOD and
A as a function of this distance (shown in Fig.7). Generally, AOD decreases as this
distance increases while A increases as distance increases. Smaller A infers larger
particle size. The higher AOD and smaller A near clouds may due to aerosol hygroscopic
growth in the more humid air near the cloud. For this scene, the mean of both AOD and
A do not change for distances greater than 4 km. Therefore, 4 km was chosen as the
“critical distance” for this scene to identify contaminated aerosol retrievals. Aerosol
retrievals with the distance to their nearest cloud pixel less than 4 km were flagged as a
cloud-contaminated retrieval. Otherwise, aerosol pixels were flagged as uncontaminated
retrievals. The separated data are shown in Fig.6¢. The red data are cloud-contaminated
(inaccurate) and the blue data are uncontaminated (accurate). Then the uncontaminated
data (blue) and all data (red and blue) were used to calculate ACI. Note that, after
filtering the data, only a small portion of uncontaminated data with respect to the all data
was left for this scene. To maintain the original data volume, the aerosol-cloud pair

method was used to re-create the dataset.

The approach for this method is to pair each cloud pixel to its nearest aerosol pixel and
use the retrieval for this pixel to represent the aerosol most likely to influence the cloud
pixel. Distances were computed between each cloud pixel and all possible aerosol pixel
retrievals. Since we focus on shallow warm clouds in the broken cloud scene, the cloud

fractional coverage is relatively low. Therefore, the aerosol pixels that are adjacent to the
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cloud pixel are searched first (as there is a relatively higher probability that an aerosol
retrieval is located in an adjacent pixel when the cloud coverage is lower). If an aerosol
retrieval is not found in the adjacent pixels, this step is repeated until an aerosol target is
found. By using this method, the computation time decreases dramatically. If two or more
aerosol pixels are located at the same distance from the cloud pixel, then one is randomly

selected.

After re-creating the aerosol and cloud data pairs, the uncontaminated original datasets
were used to calculate the ACI, which is presented as a function of spatial resolution in
Fig.8. Regardless which dataset was used, ACI decreased with decreasing resolution, as
seen in Fig.4. The difference between contaminated (red) ACI and uncontaminated (blue)
ACI is due to a combination of the humidification and 3-D effects discussed above. At 1
km resolution, as shown in Table 4 for case 1, the uncontaminated ACI is approximately
20% higher than contaminated (by the humidification and 3-D effects) ACI. From Table
4, the average enhancement in ACI resulting from accounting for these effects is 25%.
Therefore, unless cloud-contaminated data are removed from the analysis, ACI derived

from remote sensing measurements will be significantly biased low.
3.3 Aerosol humidification effect

The aerosol humidification effect can be described by the aerosol hygroscopic growth
factor (f), which represents the increase in aerosol particle size due to absorption of water
vapor as a function of RH. Tang (1996) and Akpootu and Gana, (2013) showed that the
hygroscopic growth factor (f) increases with increasing RH and that this increase is most

pronounced at 90-98% RH. Here, RH and the aerosol hygroscopic factor measured in-situ
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aboard the aircraft were used to investigate the aerosol humidification effect. Figure 9a
shows the profiles of RH and AOD above aircraft. The RH is higher in the boundary
layer (below 3 km) with a maximum at ~1.5-2 km where the clouds form. AOD shows
the similar profile (Fig.9b) with aerosol concentrated in the boundary layer. Thus, the
humidification effect is likely to be strongest in this region of high aerosol concentration
and high RH. Figure 9c shows the measured particle hygroscopic growth factor (f) as a
function of RH. f increases as RH increases with a significant change observed when RH
greater than 80%. A non-linear model was constructed to characterize the relationship

between the f and RH, as shown in Fig.9c.

With the empirical relationship between the f and RH, f for any RH condition can be
calculated. For each of the three eMAS scenes, we created the frequency histogram for
clear sky RH as shown in Fig.10 for case 1. For this scene, the average RH for the highest
and lowest 10% of RH are approximately 85 and 45%, respectively. These RH values
were used to represent the maximum and minimum RH for this scene and to calculate the
corresponding f for the two extreme RH conditions. According to the best fit function
shown in Fig.9c, f was estimated as 1.043 at 45% RH and 1.396 at 85% RH for this scene.
These two growth factors were used to evaluate the sensitivity of the ACI to aerosol
humidification at high and low RH conditions, respectively. The results are shown in
Table 4, case 1, which indicates that the estimated ACI under the maximum and
minimum hygroscopic growth conditions were 0.26 and 0.247, respectively. Accounting
for aerosol hygroscopic growth results in a ~ 8.3% and 2.9% increase in estimated ACI
for high and low RH conditions, respectively, relative to ACI estimated for all

(contaminated) data. Results from other selected scenes are also shown in Table 4.



118

Overall, the humidification effect contributes a ~ 4.9 to 8.9% increase in estimated ACI
relative to all data estimated ACI. Since aerosol hygroscopic growth depends on aerosol
chemical composition, the effect of hygroscopic growth on estimation of the ACI will

vary for different aerosol populations.
3.4 Three-dimensional radiative transfer effect

The TOA reflectance was simulated using the MCRT model for two scenarios. One is the
cloudless atmosphere containing only aerosols and gas molecules. The other is the 3-D
cloudy atmosphere. To simulate the cloudless atmosphere, we used the CPL-measured
molecular extinction profile for the entire eMAS scene and used the nearest clear sky
extinction profile to fill the cloud pixel. To simulate the 3-D cloudy atmosphere, the
“cloning” method described in section 2.2 was used. The difference between these two
scenarios was considered to be the 3-D radiation effect. The enhancement of reflectance
for clear sky pixels is shown in the Fig.11. There is reflectance enhancement (positive
values) for most but not all clear sky pixels. This suggests that the 3-D radiation effect is
not always responsible for increasing the clear sky reflectance. The negative values
appear in the shadow side of the clouds and around optically thin clouds. The scene-
averaged enhancement is ~ 0.019 according to previous studies (Wen et al., 2007;Wen et
al., 1999;Kaufman et al., 1997). From this analysis, the mean enhancement of AOD from
the 3-D effect is estimated as ~ 0.19. Based on the 3-D-corrected AOD, the estimated 3-D
corrected ACI is 0.28 (Table 4, Case 1). Compared to the ACI calculated from original
data (Table 4, AC1=0.24), accounting for the 3-D radiation effect increases the ACI by

16.7%. Including results from the other two cases in Table 4, accounting for the 3-D



119

effect increases the estimated ACI by an average of 21%, which represents a significant
potential bias which must be accounted for in estimating the indirect aerosol radiative

forcing.
4 Conclusions

The high-resolution remote sensing retrieved aerosol and cloud properties from eMAS
aboard the ER-2 aircraft during the SEAC*RS campaign were used to derive the aerosol-
cloud interaction index (ACI), which is a metric used to describe cloud responses to
aerosol loading. ACI shows a strong scale-dependent behavior. It decreases as spatial
resolution decreases. Estimation of the ACI using in-situ aircraft data is similar to ACI
derived from eMAS data at 1 km resolution, but generally higher than AClIs derived
using coarser resolution data. The MODIS- derived ACI is similar to eMAS derived ACI
at 10 km resolution. This high-resolution remote sensing data demonstrates its ability to
bridge the scale gap through data aggregation. 1-km resolution is sufficient to compare
with in-situ measurements. The smoothing of aerosol and cloud fields may cause a large
variation of estimated ACI which can be as high as 69% at 10 km resolution. It is
therefore essential to account for biases arising from the spatial resolution of the data

when estimating the aerosol-cloud interaction and associated radiative forcing.

To further investigate biases in the ACI arising from artifacts related to remote sensing
retrievals, the effects of aerosol humidification and 3-D radiation transfer from the cloud
sides were evaluated. A Monte Carlo Radiation Transfer model was constructed and used
together with in-situ and remote sensing observations. The results show that the aerosol

humidification effect (i.e., aerosol hygroscopic growth near cloud) accounts for an 18.7%
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- 21.8% decrease in corrected estimated ACI. The magnitude of this effect depends on
aerosol loading and its chemical composition. The effect should be larger for pollution-
derived sulfate particles than for natural mineral dust. The 3-D radiative transfer effect
enhances the reflectance in clear regions around broken clouds. The 3-D effect can cause
about a ~ 10% difference in ACI for a broken cloud scene. Accounting for 3-D radiative
effects in the regions near clouds is necessary for accurately estimating aerosol indirect
effects on climate from satellite observations. Thus, one should be cautious in applying
the 1-D approximation in frequently-used plane parallel radiative transfer models to
compute clear-sky solar radiation in cumulus fields or using aerosol products derived

from the 1-D approximation in aerosol indirect effect research.

The three cases selected for this study generally showed the same results. However, in the
real atmosphere, aerosol and cloud properties change from scene to scene. Future work is

needed to evaluate more cases over a wider range of conditions.
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Table 1. Data used in this study from SEAC*RS campaign and selected to answer the
objectives of this study: (a) Investigate biases from the spatial scale of measurements; (b)
Investigate biases from artifacts in remote sensing retrievals; (c) Investigate biases from
aerosol humidification and 3-D radiative transfer effect.

Platform Method Variable Resolution (a) (b) (c)
AOD R
500 m
A VA
Re (um) N
eMAS LWP (gm™?) VoA
Airborne remote sensing CTP (hPa) 50 m N
CTT (K) \
coT \
Layer AOD N N
CPL 200 m
Extinction (m™) \
AOD 10km
Satellite remote sensing MODIS Re (um) N
1 km
coT \
Ng (cm’™®) N
Cloud probe 1 sec
Re (m) v
N, (cm?) N
Aircraft in-situ Aerosol probe SSA 1 sec ~
g v
4STAR AOD above aircraft 1sec N
Meteorology probe RH 1sec N
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Table 2. The parameters used in MCRT simulation and the sources of those variables. Here
‘scene’ represents each simulated eMAS scene.

Parameters Sources
# of photons 10,000,000
Zenith/azimuth angle Mean over eMAS scene
Molecular extinction Molecular extinction profile from CPL
Aerosol extinction Clear sky extinction profile from CPL
Cloud extinction Cloud extinction profile from CPL
Weight of photon 1
SSA Mean of aircraft in-situ data

Henyey-Greenstein for particle
Phase function
Rayleigh for molecule

Domain Scene length x scene width x 5 km height
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Table 3. Comparison of ACI calculated from aircraft, eMAS, and MODIS at different
resolutions. The R?of ACI and HP was shown in this table. The differences of ACI due to
smoothing data from 1 km to 10 km, and due to artifactual retrieval were calculated. The
red color represents ACI calculated using all data, and the blue data represents the ACI
calculated using uncontaminated data.

5 Artifactual
Case aircraft eMAS (1 km) eMAS (10 km) MODIS R of Smooth  retrieval
(10 km) ACI-HP
(1 km)
uncontaminated  all uncontaminated  all
1 0.32 0.3 0.24 0.11 0.05 0.12 0.93 63.30% 20%
2 0.17 0.16 0.11 0.05 0.03 0.04 0.87 68.70%  31.30%
3 0.25 0.28 0.21 0.17 0.09 0.13 0.91 39.30% 25%

Table 4. Comparison of ACI calculated using contaminated and uncontaminated data.
Variations of ACI caused by aerosol humidification effect and 3-D radiation transfer effect
were also shown in this table. Red color represents ACI calculated using maximum
hygroscopic growth factor, and blue color represents ACI calculated using minimum
hygroscopic growth factor.

3-D
Case Uncontaminated Humidification effect radiation Contaminated
transfer
effect
High RH Low RH
1 0.3 0.26 0.247 0.28 0.24
2 0.16 0.12 0.118 0.14 0.11
3 0.28 0.23 0.22 0.25 0.21
Average - 18.7% 21.8% 10.10% -

contribution
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Initialize w, (X,Y,2),
(HX,HY,HZ), Tfree

v € A

Compute path length to the
grid cell boundary

NO Motion to boundary
w 3 (modify X.y,Z, Tp..)
YES
Determine type of collision @ E
Motion to collision point

(molecule/aerosol/cloud)
l NO
N
(modify x,y,z,w)
NO i ot
N Determine new direction,
NeW Ty,
YES

Figure 1. The algorithm flowchart for the Monte Carlo Radiative Transfer model used in
this study. Here w represents the photon weight, (x, y, z) represents the position of the
photon, (nx, ny, nz) represents the direction of movement, 7. represents the free optical
path that a photon can travel without any interactions.
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Figure 2. Example of constructing three-dimensional cloud field using collocated CPL and
eMAS data. Data obtained from eMAS measurement on Aug. 30 2013 (leg 9). CPL footprint
overlay on eMAS image (Panel a). The library (Panel b) of cloud optical thickness, effective
radius, cloud top temperature and extinction profiles used to compare with the off-nadir
pixel from eMAS retrieval.
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CTP > 500 hPa, CTT > 273 K, Single layer cloud, zenith < 60°

Identify/filter contaminated
data near clouds

DC-8 collocated scene MCRT/CPL/DC-8

Figure 3. Flowchart of this study showing the steps to solve the research questions.
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Figure 4. The ACI calculated from eMAS (red), MODIS (purple) and aircraft (DC-8, blue),
as well as the homogeneity parameter (green) as a function of data resolution ranging from
1 km to 10 km (Panel a). The linear relationship between eMAS derived ACI and
homogeneity parameter calculated using Eqg. 10 (Panel b).
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) (6) (7

Figure 5. An example scene where AOD (aerosol optical depth) was aggregated from 0.5 km
to 10 km resolution (from panel 1 to panel 7). This process significantly smoothed out the
signal of AOD, reducing the standard deviation of AOD without changing its mean.
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(a)

cloud mask

Clear . Contaminated

Cloudy ,
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Figure 6. eMAS image of cloud mask (Panel a) on the 30 Aug 2013. Coinciding aerosol
optical depth retrieved from eMAS (Panel b). Separated contaminated (red) and
uncontaminated (blue) aerosol retrievals (Panel ¢) determined by using the 4 km critical
distance for this scene.
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Figure 7. AOD (Panel a) and Angstrom exponent (Panel b) as a function of the distance
from each aerosol pixel to its nearest cloud pixel. The blue squares represent the mean of
AOD/A in each distance bin. Blue bars represent the standard deviation of AOD/A. Red
points represent number of samples in each bin.
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Figure 8. ACI calculated using all data (red, contaminated) and uncontaminated (blue) data
with resolution aggregated from 1 km to 10 km.
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1 f(RH) = 1+0.7*(RH/100)*® .
6 i 179 R*=0.7974 .

= [ RH] | [ - AOD,,
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hygroscopic growth factor
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Figure 9. Profiles of RH and AOD (Panel a and b) measured from DC-8 aircraft. Aerosol
hygroscopic growth factor as a function of RH (Panel c). The AOD profile was obtained
from 4STAR which was installed on the top of aircraft and measures the AOD above the
aircraft.
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Figure 10. Frequency distribution (%) of DC-8 aircraft in-situ measured clear sky RH. In
this figure, only clear sky data points are included. To determine the clear sky measurement,
we first checked the cloud droplet number concentration and liquid water content sampled
from the cloud probe. If cloud probe shows there is no cloud droplet in the sample, and then
we classify the measured RH for clear sky, otherwise, we classify as cloudy sky.
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Figure 11. The enhancement of TOA reflectance for clear sky pixels only simulated from
MCRT model. The color bar represents the magnitude of enhancement.



138

Chapter 5

Summary, conclusions and future work
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1 Summary and conclusions

Aerosols play a critical role in the climate system. A change in aerosol properties may
directly impact atmospheric radiation and also lead to a change in the microphysical and
radiative properties of clouds, thus directly and indirectly influence the Earth’s climate.
The interactions among aerosol, cloud, precipitation, and meteorological conditions are
complex and sometimes enhance or offset with each other making them even more
mystery. This complexity hampers our understanding of the climate response to

anthropogenic activity and causes the largest uncertainty in climate prediction.

Three primary objectives of this work aiming to contribute to this field are: 1) deepen our
understanding of how cloud responses to aerosol loading; 2) examine the variation of
aerosol-cloud interactions (ACI) over a wide range of meteorological conditions and the
subsequent regional radiative forcing; 3) investigate the errors in quantifying the ACI
from remote sensing observations. We have been fortunate of having several major
modes of information to work with: data from the Cloud Aerosol Radiative forcing
Dynamics EXperiment (CARDEX) campaign, data from the Studies of Emissions and
Atmospheric  Composition, Clouds and Climate Coupling by Regional Surveys
(SEAC®RS) campaign, data from satellite, and a Monte Carlo Radiation Transfer (MCRT)
model designed by the author. The information from any one of these platforms is useful
for recognizing specific parts of the ACI as demonstrated by the vast number of papers
that define and derive aerosol indirect effect (AIE) using one data source. However, the
integration of all those data is more powerful and allows us to gain confidence in our

results and ensuing interpretations, but full of difficulties. It requires an understanding of
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fundamental knowledge, data fusion skills, and strong programming ability. Additionally,
with the availability of those data, this work crosses boundaries by addressing a wide
range of aerosol-cloud interaction processes across multiple scales in time and space.
Nonetheless, it is also recognized in this work that the nature of aerosol-cloud interaction

processes remains a challenging problem requiring careful analysis and caveats.

In this research, we first studied aerosol-cloud interactions in trade cumulus cloud regime
using aircraft in situ data and high-resolution surface remote sensing data. More polluted
clouds are associated with more and smaller cloud droplets. These clouds are
substantially deeper and narrower with greater cloud liquid water path (LWP) than less
polluted clouds. The deeper and narrower clouds in high polluted condition are mainly
due to the warmer, more humid and shallower boundary layer and the intensified cloud
edge evaporation effect as a result of aerosol loading. The changes in clouds that are
embedded in a layer with a high concentration of absorbing aerosols over this region are
not consistent with a reduction in cloud coverage and cloud LWP via the semi-direct
effect. Instead, cloud cover and cloud LWP increase with increased black carbon aerosol.
As a consequence of pollution aerosols, the regional top of atmosphere (TOA) shortwave
(SW) forcing increases significantly due to the deeper clouds which develop under highly
polluted conditions. This study focused on data from dry days to partially constrain the
meteorological variations. However, the observed correlations cannot fully explain the
cause and effect relationship between aerosols and clouds; further modeling studies are
required to isolate the impact of aerosols from other meteorological impacts on cloud

properties.
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After investigating the marine cloud responses to aerosol, the focus was shifted to
continental shallow warm clouds using multiple remote sensing data. Aerosol-cloud
relationships were investigated under different meteorological conditions, and their
influences on regional radiative forcing were examined. Results show that non-
precipitating and precipitating clouds have similar responses to aerosol loading but
different magnitudes. The key properties of cloud, including LWP, cloud optical
thickness (COT), cloud fractional coverage (CF) and cloud thickness, generally increased
with aerosol optical depth (AOD) for both types of cloud except for effective radius (Re).
The CF, LWP, COT and cloud thickness increase with increased AOD from 0 to 0.7.
After that, these parameters generally decreased with increasing AOD. This indicates that
aerosols favor cloud growth under relatively unpolluted conditions but likely to dissipate
cloud at high pollution condition, mainly due to enhanced entrainment of overlying dry
air which evaporates cloud droplets. The calculated ACI was generally higher under
unstable, humid conditions and was lower under unstable, dry conditions. This was due to
stronger entrainment of dry air above the cloud which increased mixing at the cloud top,
evaporating cloud droplets leading to a loss of cloud water. Under stable conditions, the
ACI is higher for precipitating than for non-precipitating clouds because the former are
susceptible to precipitation suppression by aerosol-induced reduction in droplet size. The
total TOA cloud radiative forcing (CRF) was estimated to be -80 W m™ when the ACI
increased to 0.3. Clouds with greater LWP exhibit a greater ACI as well as stronger CRF.
Aerosol indirect forcing of the estimated anthropogenic portion of the aerosol due to the
intrinsic aerosol effect was estimated to be -0.63 W m™ and the forcing due to the

extrinsic aerosol effect was estimated to be -1.77 W m™. This demonstrates the strong
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radiative forcing associated with the aerosol indirect effect on cloud cover for the clouds

observed during SEACRS.

In the last part, the errors due to sampling scale and remote sensing retrieval artifacts
(aerosol humidification and 3-D radiation transfer) when quantifying aerosol indirect
effects on shallow warm clouds were investigated by utilizing remote sensing, in situ data
and a radiative transfer model. ACI shows a strong scale-dependent behavior. It decreases
as data resolution decreases. Estimation of the ACI using in-situ aircraft data is similar to
ACI derived from the enhanced MODIS Airborne Simulator (eMAS) data at 1 km
resolution, but generally higher than ACIs derived using coarser resolution data. The
MODIS-derived ACI is similar to eMAS derived ACI at 10 km resolution. This high-
resolution remote sensing data demonstrates its ability to bridge the scale gap through
data aggregation. 1-km resolution is sufficient to compare with in-situ measurement. The
smoothing of aerosol and cloud fields may cause a large variation of estimated ACI
which can be as high as 69% at 10 km resolution. It is therefore essential to biases arising
from the spatial resolution of the data when estimating the aerosol-cloud interaction and
associated radiative forcing. The biases in the ACI arising from artifacts related to remote
sensing retrievals (aerosol humidification and 3-D radiation transfer) were evaluated. A
Monte Carlo Radiation Transfer model was constructed and used together with in-situ
and remote sensing observations. The results show that the aerosol humidification effect
accounts for an 18.7% - 21.8% decrease in corrected estimated ACI. The magnitude of
this effect depends on aerosol loading and its chemical composition. The effect should be
larger for pollution-derived sulfate particles than for natural mineral dust. The 3-D

radiative transfer effect enhances the reflectance in clear regions around broken clouds.
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The 3-D effect can cause about a ~ 10% difference in ACI for a broken cloud scene.
Three-D radiative effects in the regions near clouds are important in the understanding of
aerosol indirect effects on climate from satellite observations. Thus, one should be
cautious in applying the 1-D approximation in frequently-used plane-parallel radiative
transfer models to compute clear-sky solar radiation in cumulus fields or using aerosol

products derived from the 1-D approximation in aerosol indirect effect research.
2 Future work

In this study, we filtered data to consider only shallow warm cloud and limited AOD
above cloud to be very small. However, aerosol layers lofted in the atmosphere are
frequently observed, and these aerosols can absorb solar radiation, changing atmospheric
stability, circulation, and ultimately cloud properties, especially when absorbing aerosols
are presented. Those absorbing aerosols can initially overlay the cloud deck, but later
subside and are mixed into the clouds. These interactions include adjustments to aerosol-
induced solar heating and microphysical effects which remain a large uncertainty. In
future work, it is of great interesting to investigate this problem. Also, the aerosol effects
on cirrus clouds are more uncertain than warm liquid clouds. Cirrus clouds are of
particular importance since they have extensive global coverage (20-25% globally and as
much as 70% over tropics) and occur high in the atmosphere, indicating such clouds can
exert an overall warming effect like GHGs do (different from shallow warm clouds
which exerting a net cooling effect) and act as one of the major modulators of the global
radiation budget. It is meaningful to apply some techniques used in this dissertation to

study the cirrus clouds response to aerosols and their impacts on climate forcing.
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