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Abstract

Understanding Warm Cloud Aerosol-Cloud Interactions

by Alyson R. DOUGLAS

Warm clouds play an important role in Earth’s radiative budget, cooling the atmosphere
and surface by reflecting shortwave radiation. Increases in biomass burning and other an-
thropogenic activity could alter Earth’s radiative balance through aerosol-cloud-radiation
interactions. Unfortunately, modeling and observations have led to little understanding of
the expected impacts of aerosols on the cloud’s radiative balance, also known as the effec-
tive radiative forcing from aerosol-cloud interactions (ERFaci). Aerosol-cloud-radiation
interactions, therefore, remain poorly understood, but could have large implications for
climate sensitivity. Understanding and decomposing the shortwave warm cloud forcing
sensitivity, the efficiency of aerosol to alter a cloud’s radiative effect, into meteorological
regimes could increase our understanding of the relevant physical processes and help mod-
elers reduce error. This study compares the regime estimated forcing and decomposed
forcing sensitivity against regional estimates of the sensitivities, which reveals shortcom-
ings of the regime framework. Using four years of collocated NASA A-Train satellite
retrievals along with MERRA reanalysis, warm clouds are separated by environmental
regimes using the local stability and free tropospheric humidity. The sensitivities are
then further separated by cloud regimes separated by AMSR-E liquid water path. Esti-
mates from regimes are compared to regional estimates of the sensitivities. In the tropics

regimes fail to reproduce a negative forcing sensitivity. Regime separation works well



i

to induce a lower boundary on the forcing sensitivity and its components, however the
regional sensitivity estimates are likely to be closer to the truth. Further analysis of the
effects of precipitation on aerosol-cloud-radiation interactions, as well as validation of the

results against modeled aerosol concentrations are needed.



"All models are wrong; some models are useful.

George Box



To all marine stratocumulus clouds out there acting as

FEarth’s sunblock.
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Chapter 1. Introduction 1

Chapter 1

Introduction

1.1 Warm Clouds and Radiation

Warm clouds, low altitude clouds with a cloud top temperature above -5C, play an im-
portant role in Earth's radiative budget, cooling the atmosphere and surface by re ecting
shortwave radiation. Marine stratocumulus, a common type of warm cloud, covers a
guarter of the Earth's ocean and a tenth of the Earth's land annually averaged, making
them the most common type of cloud (Hahn and Warren, 2007). Increases in industrial
emissions, biomass burning, and other anthropogenic activity near warm cloud decks
could alter Earth's radiative balance through aerosol-cloud-radiation interactions. Unfor-
tunately, despite nearly 40 years of active research, modeling and observations have led to

little understanding of the expected impacts of aerosols on cloud radiative properties on
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global scales, also known as the e ective radiative forcing from aerosol cloud interactions

(ERFaci).

The Intergovernmental Panel on Climate Change's (IPCC) fth report has low con dence

in the understanding of changes in radiative forcing due to aerosol-cloud interactions,
leading to large margins of error for the potential radiative forcing estimates (Boucher
et al., 2013). The current range of estimates from the report are from -1\ m 2 to 0
Wm 2 of forcing from pre-industrial (1750) to current times. Further uncertainty lies in

de ning the radiative forcing due to aerosol induced changes in the cloud's thermody-
namics and lifetime (adjustments). The RFaci only constitutes half of the clouds reaction
to aerosol loading, where aerosol increases the brightness of the cloud. Unlike the RFaci
which represents a fast, immediate response to aerosol, cloud adjustments are the long
term changes in the physical structure of the cloud. The ERFaci is a combination of
RFaci and cloud radiative adjustments. Since the fth report, e orts have been made
to understand ERFaci, however untangling aerosol-cloud-radiation from aerosol-radiation
and cloud-radiation interactions is a challenge. A better understanding of these e ects
is however, essential since the climate sensitivity, a metric of the global sensitivity to a

forcing, varies depending on the magnitude and sign of the ERFaci (Randall et al., 2007).

The innovative work of Twomey in 1977 and Albrecht in 1989 laid the groundwork for
understanding ERFaci. The albedo e ect, or radiative forcing due to aerosol-cloud inter-
actions, is where pollution increases the albedo of the cloud. The RFaci encapsulates the

response in the cloud's radiative balance due to an increasing number of small droplets
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within the cloud. Aerosols act as cloud condensation nuclei (CCN) within a cloud layer.
Twomey theorized an increase of aerosol in a cloud layer leads to more CCN without al-
tering the amount of water inside a cloud, decreasing the mean drop size while increasing

the droplet concentration, brightening the cloud (Twomey, 1977).

The lifetime e ect, or cloud adjustments, is where the decreased number of cloud droplets
in a cloud due to pollution suppresses the time to precipitation, increasing the cloud life-
time and cloud expanse. Cloud adjustments encapsulate the response of a cloud to a
suppression of precipitation, leading to a larger expanse throughout a cloud's lifetime
and increasing the overall e ective radiative forcing of the cloud (Albrecht, 1989). Since
Twomey and Albrecht's breakthroughs, little research has been forthcoming about ER-

Faci.

1.2 Challenges

Observing, modeling, and quantifying ERFaci has proved challenging for researchers.
Warm cloud parameterization in models has proven challenging. The key processes that
regulate the response and coarse resolution of models lead to large margins of error when
simulating aerosol-cloud interactions (Wood et al., 2016). Satellites and eld experi-
ments must gather observations on a scale close to the scale of key processes to properly
capture all cloud responses. However, it is not possible to observe or explicitty model
these scales globally. Models incorrectly use statistics to represent the range of cloud

properties, which do not capture the micro- or macrophysical aerosol-cloud interactions
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within a cloud layer, resulting in incorrect model estimates of ERFaci. Even if scales
of observation can be calibrated to match those of \key processes," identifying how to
guantify the key processes, and which are most important to cloud response, remains a
challenge. Additionally, all necessary cloud properties and relationships must then be

properly parameterized in models and calibrated to observational constraints.

Di culties in understanding and quantifying key processes remain because cloud pro-
cesses are sensitive to local meteorology and cloud state, meaning there is signi cant
covariance between cloud and radiative properties due to changing local meteorology
and cloud morphology. This covariance and a lack of understanding lead to large in-
termodel disparities of the ERFaci (Wood et al., 2016). In fact, it has been postulated
that the cloud response to aerosol perturbations is controlled by the local meteorology
of the cloud's environment, as well as the cloud morphology. The local meteorology and
cloud morphology can work to amplify or diminish observed aerosol response, known as
bu ering. The local meteorology can work to increase the response of the cloud, such as
heightening the cloud brightness response, or dampen any micro and/or macrophysical
responses. Untangling the cloud response from local meteorology and cloud state could
unravel \signi cant, but regime-speci c, responses” (Stevens and Feingold, 2009). Cloud
responses, when separated by regime, may reveal regimes where aerosol e ects in the
cloud are bu ered by the cloud system, canceling out any e ective changes in ERFaci

and adjustments in the cloud thermodynamics.

Is there evidence of regime specic responses? And if a cloud is a buered system,
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how can both the RFaci and adjustments be observed and quanti ed on global scales if
aerosol-cloud-radiation interactions are di cult to constrain? Previous satellite studies
have suggested that observations of aerosol, cloud, and radiation information at a high
spatial resolution combined with reanalysis of the environment may provide a pathway
toward accounting for local meteorology and cloud morphology in global assessments of
the ERFaci (Chen et al., 2014, Christensen et al., 2016, Ma et al., 2014). The shortwave
RFaci and cloud adjustments determined by recombining the regime speci c responses
represent observed aerosol-cloud interactions and radiative impact. These approaches
have never been rigorously tested to determined how well regime separation works or the

degree of separation required to separate all responses.

1.3 Focus of the Study

The focus of this study is to determine the sign and magnitude of the shortwave ERFaci
in warm clouds. By only focusing on warm clouds, e ects of aerosols on ice nucleation,
and the error in satellite observations of ice containing clouds, can be ignored. Warm

cloud-aerosol-radiation interactions will be examined, addressing the following questions:

How large is the shortwave warm cloud e ective radiative forcing due to aerosol-

cloud interactions?

Can the two main components of the ERFaci, the albedo e ect and cloud adjust-

ments, be quanti ed individually?

Does the cloud response depend on regime?
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Are there regional responses not captured by cloud regimes?

1.4 Background

Extensive interest in aerosol-cloud interactions from both the modeling and satellite com-
munities has yielded a rich array of literature, guiding the eld. The history of each
guestion will be covered in order to avoid repeating mistakes of other studies and utilize

the full potential of satellite observations.

1.4.1 How large is the shortwave warm cloud e ective radiative

forcing due to aerosol-cloud interactions?

Estimates of the ERFaci vary depending on year studied, cloud type, and data source.
The third IPCC assessment report estimated a range from -1.9 to -\ m 2 when only
estimating the RFaci. The ERFaci is estimated to be in a range from -1.4 to -Wm 2
(Penner et al., 2001). Global climate models at the time agreed with the range for
both the RFaci (-1.9 to .5Wm 2 ) and adjustments (-1.4 to .3Wm 2 ) (Lohmann
and Feichter, 2005). Unfortunately, advances in modeling and availability of satellite
observations since 2001 have not constrained the of estimates or error. The fourth IPCC
assessment determined the ERFaci to be between 0 toW2m 2 with high uncertainty
(Forster et al., 2007). The fth IPCC assessment report estimated with a low con dence

a range from -.95 to .08N m 2 for the total ERFaci (Boucher et al., 2013).
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During the period between the third and fth assessments, competing signs of the ERFaci
have been discovered. The albedo e ect (RFaci) may decrease depending on the cloud
base height of the aerosol layer within the cloud (Wood, 2007). It has also been suggested
aerosol perturbations can lead to a decrease in cloud lifetime (adjustments) by activating

an “evaporation-entrainment feedback’ (Small et al., 2009).

A multisensor study in 2008 appraised the warm cloud ERFaci to be -.AZm 2, nonethe-
less \it is cautioned that these results, particularly those dealing with the water path
response of clouds, warrant substantial further exploration and con rmation on regional
and seasonal scales" (Lebsock et al., 2008). Averaging of the warm cloud ERFaci on a
global scale can smooth out annual and regional forcing trends. A collocated satellite
study has estimate the ERFaci to be -.44Vm 2, with error .33Wm 2, which could
almost entirely cancel out the e ect on the upper end of error. Neither separation of rain-
ing and nonraining scenarios nor stability led to a decrease in error (Chen et al., 2014).
A study using the same collocated satellite dataset found the warm cloud ERFaci to be
-20Wm 2 with an error range of .31Wm 2, which could reverse the sign or double the

cooling (Christensen et al., 2016).

Simple relationships do not lead to better estimates of ERFaci nor decrease error. Ma et
al. (2014) separated cloudy and clear skies, and used only cloud scenes where aerosol is
retrieved near the cloudy scene, but had similar uncertainties with the error and robust-
ness of the signal (Ma et al., 2014). While Chen et al. (2014) used direct measurements

of the cloud forcing from CERES, Ma relied on changes in albedo related to changes in
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cloud droplet density to estimate a change in forcing. Neither approach led to increased

robustness or con dence in ERFaci estimates.

1.4.2 Can the shortwave ERFaci be decomposed into its two
components, the RFaci and cloud adjustments?

Decomposing the ERFaci into the RFaci and cloud adjustments has been attempted
using satellite observations, eld campaigns, and all scales of modeling. Estimates of
the magnitude and sign of the two e ects continue to show the same substantial error
since e orts to understand the individual components began in the early 2000s (Lohmann
and Feichter, 2005) (Boucher et al., 2013). Chen et al. 2014 attempted to separate the
ERFaci into “intrinsic' (RFaci) and “extrinsic' (cloud adjustments) components, however
both estimates incurred margins of error that could negate the e ects. The “extrinsic’
component particularly may be biased due to \uncertainties that cannot be quanti ed
directly" (Chen et al., 2014). Using models to hold cloud adjustments constant while
evaluating the change in RFaci results in covarying relationships between region and time
period modeled (Engstrem et al., 2014). Choosing to ignore cloud adjustments and focus
on changes in RFaci have led to reasonable estimates but of only one half of the total

e ect (McCoy et al., 2017).

Many studies do not attempt to quantify both RFaci and cloud adjustments when us-
ing satellite observations and focus only discerning one half, the RFaci, of the ERFaci

(Boucher et al., 2013, Christensen et al., 2016, Engstr®m et al., 2014, Kaufman et al.,
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2005a, Lebsock et al., 2008, Ma et al., 2014, McCoy et al., 2017, Small et al., 2009, Wang
et al., 2012). Relating cloud adjustments to the e ective radiative forcing has remained

a challenge. Because of that, few studies have attempted to contrast the strength of
radiative forcing from aerosol-cloud interactions against cloud adjustments or prove the

sum of both components is equal to an observed ERFaci.

There has been success in decomposing the ERFaci using a Newtonian approach. Feingold
et al. (2016) identi ed a method to easily discern trends in the shortwave ERFaci. Yet
the authors once again note the strong dependence of aerosol e ects, including e ects
on albedo and lifetime, on local meteorology. The decomposition and phase space used
failed to incorporate e ects of local meteorology on aerosol-cloud interactions. Further,
the cloud morphology and existence of a bu er is not factored into the decomposition
(Feingold et al., 2016). Attempts to hold the environmental feedback of cloud-aerosol
interactions constant using a kernel method in models could not constrain the impacts
of the cloud's microphysical state on aerosol-cloud-radiation interactions (Ghan et al.,

2016).

1.4.3 Does the cloud response depend on regime?

There are marked di erences in aerosol-cloud-radiation interactions between cloud regimes.
While albedo usually shows an increase when aerosol increases, the magnitude of the
increase varies by environmental regime. Responses vary between precipitating and non-
precipitating clouds; precipitating clouds show a larger albedo e ect than non-precipitating

(Chen et al., 2014). It has been proposed "distinct thermodynamic regimes' can modulate
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the magnitude and sign of the ERFaci. Stable environments may be less prone to aerosol
induced changes due to bu ering of the cloud layer, while unstable environments may be
more prone to aerosol induced changes due to turbulence and entrainment in the cloud

layer (Andersen and Cermak, 2015).

Stability not only in uences the amount of mixing within a cloud layer, but the entrain-
ment of free tropospheric air through the cloud top. Entrainment is a key method to
the decoupling process, which can lead to variability in an otherwise homogeneous cloud
layer (Wood and Bretherton, 2004). Entrainment of high relative humidity air through
the cloud top may invigorate the cloud layer, leading to a decoupling of the upper layer
from the surface, and embedded cumulus within the warm cloud layer. Embedded cu-
muli lead to more variability in the cloud in terms of both radiation and cloud properties

(Wood, 2012).

Small, regional variation in the ERFaci may be due to the local meteorology of the region
rather than aerosol alone (Grandey and Stier, 2010). Wind, stability, relative humidity

, etc. can aect not only the cloud layer and response, but a ect the aerosol locally.

Deepening of the cloud layer occurs as invigoration from aerosol, or entrainment through
the cloud top, increases the depth of the marine boundary layer depth, altering the radia-
tive balance of the cloud deck (Altaratz et al., 2014, Wood and Bretherton, 2004). Even
small-scale observational studies have trouble separating the e ective radiative forcing
due to aerosol-cloud interactions from the change in e ective radiative forcing due to

local meteorology. Separating clouds by environmental regimes, due to the covariability
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of aerosol concentration and local meteorology, may constrain estimates of aerosol-cloud
interactions (Ghan et al., 2016) Partitioning the e ects of local meteorology and cloud

morphology from aerosol-cloud interactions is needed to properly parameterize clouds in
global climate model (Bony and Dufresne, 2005). Accounting for cloud regimes is the

only way to truly constrain the ERFaci.

1.4.4 Are there regional responses not captured by cloud regimes?

Cloud regimes governing response to aerosol perturbations may vary from a global to
regional scale. Regime dependent cloud responses have been observed most often over
large scales, but discrepancies between regimes may wash out smaller signals (Grandey
and Stier, 2010). Small scale a ects may not be represented in global regimes. Aerosol
type and concentration vary regionally and locally, e.g. a small re may impact clouds
near its plume but not 100km downwind, and without regional separation the e ect of

the small re may be dampened in a regime framework.

Using small scale (12km) observations within the regime framework should help repre-
sent all e ects. Satellite retrieved parameters generally agree with aircraft and station
retrieved parameters. Although satellite eld of views can be many kilometers of area,
satellite observations are suitable to quantify a global cloud susceptibility when years of
data are used to analyze trends (Painemal and Zuidema, 2013). Satellite parameters,
such as aerosol type and vertical information from the CALIPSO satellite, and cloud pa-
rameters and uxes from the CloudSat satellite, can capture cloud processes in all regions

of the Earth on a small scale. Comparing the di erences between global estimates from
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environmental and cloud state regimes and estimates from regional evaluation at a ¥5

15 scale will reveal what e ects global regimes cannot distinguish.

1.5 Summary

The fth IPCC report has low con dence in the forcing e ects from aerosol-cloud inter-
actions (Boucher et al., 2013). Models are unable to correctly parameterize aerosol-cloud
interactions, and satellite observations have yet to constrain meteorological and cloud
morphological e ects enough to yield con dence in observed estimates (Stevens and Fein-
gold, 2009). Thorough analysis of satellite observations constrained within regimes im-
proves our con dence in estimates of the e ective radiative forcing due to aerosol-cloud
interaction (Christensen et al., 2016). Regional analysis of aerosol-cloud interactions will
reveal any shortcomings of the regime framework and convey improvements that can be
made to the regime framework. To begin, observations of warm clouds and aerosols are

needed.
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Chapter 2

Methods

To provide a robust sample to evaluate aerosol-cloud interactions globally, observations
from the NASA A-Train satellites from January 1st 2007 to December 30th, 2010 will be
used in analysis. Measurements are from instruments aboard the Aqua, CALIPSO, and
CloudSat satellites. The A-Train constellation allows for collocated observations from all
satellites in the constellation. Global, collocated measurements from four years of data

allows for a systematic evaluation of aerosol-cloud interactions in warm clouds.

2.1 Theory

The e ective radiative forcing due to aerosol-cloud interactions can be described by the
product of the sensitivity of the cloud's radiative e ect (CRE) to aerosol and the change

in aerosol concentrations since the pre-industrial times.
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ERFaci = ﬁ aerosol
aerosol (2.1)
CRE . ) o
where ———— = is the forcing sensitivity
aerosol

Satellite observations of the CRE can be used in equation 2.1 to estimate the sensitivity,
from here on referred to as . The Clouds and the Earth's Radiant Energy System, or

CERES instrument measures the incoming and outgoing radiation of Earth in three chan-
nels. Clear sky observations of CERES are approximated using the MODIS collocated
cloud fraction to discern clear pixels from cloudy pixels. The monthly mean clear sky

shortwave forcing is used to determine the cloud radiative e ect (CRE).

CERES shortwave top-of-atmosphere balance for clear scenes (scenes with less than 10%
cloud cover) are aggregated over the four year period and gridded by 255 . The
monthly mean of each 15x 15 region is used in equation 2.1 as the clear forcing. The
clear sky forcing over the ocean is assumed constant. In regions where no CERES footprint
is clear enough to observe a accurate clear sky forcing, the SYN1deg level 3 product from
CERES is used to provide "clear-sky lling", which allows for higher con dence radiances

in consistently cloudy regions (Loeb, 2014). The CERES cloud forcing is found using the
monthly mean clear sky for the region, observed instantaneous all sky ux, and cloud

fraction from collocated CloudSat measurements.

The aerosol index from satellite observations will be used as a proxy for aerosol concen-

tration. The Moderate-Resolution Imaging Spectroradiometer, or MODIS, aboard the
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Aqua satellite captures information from 36 spectral bands. In the study, MODIS re-
trieved aerosol optical depth (AOD) and Angstrom exponent are used to calculate the
aerosol index (Al). The Angstrom exponent relates the AOD and the wavelength its ob-
served with, allowing the particle size to be inferred if both AOD and the Angstrom
exponent are known. The AOD measures the extinction along a path from the MODIS
instrument to the ground due to absorption and scattering of aerosols in the path. The
product of the AOD and the Angstrom exponent is the Al, a quantity inversely propor-
tional to the size of the aerosol particle. Al has a higher correlation with CCN compared
to AOD and is more suitable for aerosol-cloud interaction studies (Dagan et al., 2017).
A high Al (2.0) is indicative of aerosol from biomass burning and urban pollution, while
a low Al (1.0) is indicative of aerosol from dust and sea salt (Schuster et al., 2006). Al

reveals information on both size and extinction properties of the aerosol.

Records of pre-industrial aerosol are scarce; estimates oAl would rely on modeling
of the pre-industrial climate to estimate the change in aerosol loading. There is high
uncertainty in the accuracy of pre-industrial aerosols. To decrease the error in analysis,

all estimates are left as sensitivities in per unit In(Al) (such as) (Carslaw et al., 2017).

2.1.1 Including the Components of the ERFaci

The total radiative e ect can be described as the sum of the mean clear sky radiative
e ect weighted by the fraction of clear sky in a scene and the mean cloud radiative e ect
weighted by the cloud fraction. The total cloud radiative e ect for any scene is the

product of the mean CRE and the cloud fraction. Applying the same regression from
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2.1 to this de nition of CRE, the forcing sensitivity can be decomposed into the two

components of this new regression.

Total Radiative E ect = Clear Forcing (1 Cloud Expanse

+ Cloud Forcing Cloud Expanse

from that, CRE = Cloud Forcing Cloud Expanse

and therefore, regressing by aerosol and applying the chain rule

CRE Cloud Forcing
aerosol aerosol

Cloud Expanse
aerosol

Cloud Expanse+ Cloud Forcing

(2.2)

The decomposed forcing sensitivity is the sum of the radiative and cloud adjustment
sensitivities. These yield from the main components of the ERFaci, the radiative forcing
due to aerosol-cloud interactions (RFaci) and the cloud adjustment e ect. To a rst
degree, the RFaci is the product of the brightening or dimming of the cloud with increased
aerosol and the cloud expanse. The cloud adjustments are the product of the swelling or
contracting of cloud expanse with increased aerosol and the mean cloud radiative e ect.
The sensitivities of these describe the propensity of the cloud to brighten or swell due to

aerosol loading.
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. CRE

ERFaci = ———— aerosol= aerosol

aerosol

CRE Cloud Forcin Cloud Expanse :
g Cloud Expanse+ P Cloud Forcing
aerosol aerosol aerosol
Cloud Forcing
where grg = Cloud Expanse
aerosol

Cloud Expanse .

and ca = P Cloud Forcing
aerosol

(2.3)
Note the use of in all regressions. The sensitivities in the study are not absolute. All
regressions depend on homogeneity in the cloud eld and simplifying the RFaci and cloud

adjustment terms. The sum of grr and ¢ is the decomposed sensitivity.

The rst term of the decomposed sensitivity, the RFaci, will be left as a product of the
sensitivity and mean cloud expanse, similar to. The rst term of the decomposition
will be referred to as rr. The cloud adjustment term will be left as the product of the

cloud expanse sensitivity and cloud forcing.

Terms from the decomposition can be found using observations from CloudSat. The
cloud shortwave forcing (CSWF) from the CloudSat satellite, which is collocated with
other observations from MODIS and CERES, provides information on the brightening
or dimming of the cloud and is approximately the cloud forcing term. CloudSat's top of
atmosphere forcings, mean solar radiation, and cloud forcings from the 2B-FLXHR-Lidar
product are model-derived parameters from measurements utilized to estimate the RFaci.
Retrieved vertical to horizontal hydrometeor size are manipulated to derive liquid water

and ice contents. Upwelling and downwelling uxes are then computed using the liquid
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water and ice contents in a radiative transfer model. Environmental parameters needed
for the radiative transfer model not retrieved by satellites in the A-Train are collected
from the European Centre for Medium-Range Weather Forecasting reanalysis model. The
surface albedo applied in the radiative transfer model is assumed from historical, seasonal
maps. The conditional mean cloud shortwave forcing at the top of the atmosphere is found
using the CloudSat retrieved cloud forcing and mean solar radiation. Averages of cloud

fraction and conditional mean shortwave forcing are taken on along track averages.

The rr assumes the cloud forcing is an adequate proxy of the cloud albedo, which
has been successful in other indirect e ect studies (Chen et al., 2014). Determining the
re using the CSWEF is a "top-down" approach. Other studies have chosen to employ
a "bottom up" approach to relate the mean e ective cloud droplet radius with cloud
albedo (Bender et al., 2016). Satellite estimates of cloud droplet e ective radius are
prone to error, therefore a "top down" approach is more appropriate for the CCCM

dataset (Painemal and Zuidema, 2011).

cloud forcing upwards

P .
mean solar ~ [L§ouY Pxels : (2.4)
downwards forcing

n cloudy pixels

CSWF =

The cloud expanse is de ned as the number of cloudy pixels from CloudSat over a 12
kilometer swath. The small scale averaging of both the cloud expanse and cloud forcing
allow small scale variation to be captured in the decomposition. The mean cloud expanse

is dependent on the sample analyzed, and is not the mean cloud expanse on Earik,
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the sensitivity of the cloud expanse to aerosol loading, assumes to a rst order that the
cloud adjustment e ect is the swelling (or contraction) of a cloud in reaction to increased

aerosol concentrations.

All sensitivities are based on observed radiances and cloud properties. The e ective
radiative forcing sensitivity , also called the forcing sensitivity, is from CERES, the
radiative sensitivity gr and cloud adjustment sensitivity ¢, are both from CloudSat.
All sensitivities depend on MODIS retrieved Al. The forcing sensitivity is used as a

benchmark to compare against the decomposed sensitivity.

_ CRE .
n(AD (AD) RF CA 25)
CSWF __ CF
2T CF+ CSWF
In (Al In (Al

2.2 Constraining Analysis to Warm Clouds

To homogenize the clouds studied, observations from CloudSat are used to limit our
analysis to warm, single layer clouds. The Cloud Pro ling Radar (CPR) aboard the
CloudSat satellite is a 94-GHz nadir radar which can measure the backscatter of observed
clouds (Tanelli et al., 2008). The cloud top height and temperature, the cloud class, and
precipitation ag all derived from the CPR 2B-CldClass-Lidar product constrain analysis

to single layer warm clouds. Only observations where the cloud top temperature is greater

than -5 C and liquid water path, from collocated AMSR-E measurements, less than 700
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3, observed over the ocean are used in the analysis. Only 3% of the observations have a
liquid water path greater than 700-%;, but these can unevenly weigh sensitivity estimates.

m2?

2.3 Constructing Cloud Regimes

Environmental cloud regimes are established using estimated inversion strength (EIS) and
relative humidity of the free atmosphere. Cloud state regimes are further de ned by liquid
water path (LWP). The Modern-Era Retrospective analysis for Research and Applications
Version 2 (MERRA-2) dataset is used in the study to give information on the local
cloud environment. MERRA-2 has almost entirely closed the hydrological cycle of Earth
using satellite observations and incorporated e ects of aerosols to the Earth's system
(Bosilovich et al., 2015). Observational constraints on the Earth's hydrological budget
improve con dence in environmental parameters. An atmospheric pro le of temperature
and relative humidity from MERRA-2 is used in the analysis to calculate the estimated

inversion strength (EIS) and the relative humidity at 700 hPa (RH).

The estimated inversion strength (EIS) approximates the stability of the boundary layer
using potential temperatures from 700 hPa and the surface combined with the lower
tropospheric stability (gure 2.1). Stability is better articulated by the EIS versus the
lower tropospheric stability because EIS captures the e ects of moisture and the inversion
on the stability of the boundary layer. The EIS is well correlated with cloud cover not
only in the tropics, as is the case for the lower tropospheric stability (LTS), but the

sub-tropics and mid-latitudes as well (Wood and Bretherton, 2006).
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Percentiles of EIS and RH patrtition clouds
into cloud regimes. These regimes are
then further partitioned by LWP, pro-
vided by The Advanced Microwave Scan-
ning Radiometer-EOS a passive microwave
instrument aboard the Aqua satellite. For
each regime, the forcing sensitivity is
found using both methods. Constraining

regimes by EIS controls variation in cloud _
Figure 2.1: From Wood and Bretherton

(2006), the EIS as a measure of stability in the
boundary layer compared to the lower tropo-
spheric stability LTS.

layer due to local meteorology, while par-
titioning by the LWP and RH restricts the
variation in the cloud layer due to cloud morphology. Accounting for variation and cloud
growth by the local meteorology and cloud morphology constrains covariance between

the environment and ERFaci.

Without regimental constraints the relationship between aerosols and clouds would com-
pletely altered by the clouds meteorlogy and state (Gryspeerdt et al., 2016). Cloud
adjustments in particular are strongly controlled by both aerosol and the cloud environ-
ment. Both can force evaporation or condensation within the cloud (Rosenfeld et al.,
2008). The use of cloud regimes allows for an accurate examination of aerosol-cloud

interactions and cloud adjustment processes.
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2.4 Regional vs. Global

Bu ering in the cloud system controlled by regional in uences that are not adequately
accounted for by single bulk metrics like EIS, RH, or LWP can be identi ed by regional
15 x 15 estimates. Global evaluations, even when partitioned by environmental and cloud
state regimes, may not exhibit all regional e ects. While it is known that cloud decks of
marine stratocumulus like those studied in (McCoy et al., 2017) show no variation in the
sign of all e ects, the sign or magnitude of all e ects can vary globally. Comparing the
regional evaluation to the global estimates can shed light on any missing e ects, such as
bu ering, not captured by the decomposition or properly subset by environmental and

cloud state regimes.

2.5 Overview of methods

Satellite observations from CERES, MODIS, and CloudSat are used to estimate the forc-
ing, radiative, and cloud adjustment sensitivities. Observations are constrained within
environmental regimes from the MERRA-2 reanalysis estimated inversion strength and
relative humidity of the free atmosphere to control the e ects of local meteorology. Sep-
aration into cloud regimes de ned by liquid water path from AMSR-E will then be used
to further test the e cacy of regime constraints. Global sensitivities from regimes will be
compared against regional sensitivity estimates. If regional sensitivities display behavior
not captured by the regimes, regime constraints may not be su cient to represent all

aerosol-cloud interactions seen on Earth.
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Chapter 3

Results & Discussion

3.1 Global Regressions

3.1.1 Forcing Sensitivity

It is found in this work that the global and time averaged forcing sensitivity () is es-
timated to be 13.3% (gure 3.1). The e ect intensi es for smaller particles, corre-

sponding to a lower In(Al). As In(Al) increases, the e ect weakens.

Past studies have found the warm cloud ERFaci to be .36, .5, .49, and .4 respectively
% (Chen et al., 2014, Christensen et al., 2016, Gryspeerdt et al., 2017, Schreier et al.,
2007). The change in aerosol index due to anthropogenic sources from the pre-industrial to
present day would have to be .025 In(Al) (1.025 Al) globally to reach the same magnitude

as others.
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A linear regression for all warm clouds observed from 2007 to 2010 violates the core
assumption that other forcings are held xed and does not accurately represent the true
warm cloud . The time period is too short to remove noise, and the result is likely not
representative of the for all cloud regimes in all aerosol environments. The use of a single
linear regression also limits the ability to account for e ect due to the environment. This

is important because variation in the e ect may signal bu ering of the cloud response by

the environment.

Correlation between increased CRE and increased In(Al) does not imply causation. While
there is a high correlation between CRE and In(Al), this can only imply there is a rela-
tionship between the two. For all results it is only implied, but not certain, that aerosol

loading leads to an increase in cloud radiative e ect.

3.1.2 Radiative Forcing Sensitivity

The radiative sensitivity diminishes with increasing In(Al) corresponding to larger particle
sizes (gure 3.2). For the highest In(Al), however, the sign of g reverses. Higher
In(Al) correspond to the larger amounts of aerosol loading and larger particles. The peak
e ect is between -3.06 to -2.7 In(Al). After -2.7 In(Al), the radiative sensitivity decreases

in strength until eventually reversing in sign after -2.1 In(Al). rr shows a binomial
relationship with particle size, where the relationship eventually reverses as particle size
increases. As a result, the smallest aerosols have the largest radiative forcing e ect. The
smallest aerosols may most e ectively decrease the mean droplet size and brighten the

cloud when the aerosol acting as CCN are the smallest.
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Figure 3.1: Global scatter plot of MODIS In(Al) against CERES CRE % Each bar
represents the strength of the sensitivity at the point.

3.1.3 Cloud Adjustment Sensitivity

ca shown in gure 3.3 diminishes at the highest In(Al), but not to the same degree as
the ge. The e ect peaks for In(Al) between -2.7 and -2.2, the range of In(Al) after the
radiative sensitivity peaks. Cloud adjustment sensitivity shows a non-linear relationship
with the size of the aerosol particle. The e ectiveness of aerosol to act as a CCN and

alter the droplet size spectrum within the cloud decreases as aerosol size increases.
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Figure 3.2: Global scatter plot of MODIS In(Al) against CloudSat conditional mean
shortwave forcing %"z Each bar represents the strength of the rr at the point.

The decomposed sensitivity is 9.3%{2—02. The radiative sensitivity comprises 3.5(3%,
or 40% of the decomposed sensitivity, while the cloud adjustment sensitivity comprises
the remaining 5.79{=, or 60%. The decomposed sensitivity is 4947 less than the
forcing sensitivity ( gure 3.1). The percent di erence between the decomposed sensitivity

compared to the is 35%.

Decomposing the forcing sensitivity in this way allows the inclusion of the cloud ad-

justment sensitivity, which may not be captured by a single linear regression of MODIS
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Figure 3.3: Global scatter plot of MODIS In(Al) against CloudSat along track cloud
fraction. Each bar represents the strength of the cloud adjustment sensitivity at the
point.

In(Al) against the CERES CRE ( ). ca the main e ect represented by the modi ed
cloud extent, directly connects long term consequences of aerosol loading in the cloud
layer (i.e. increased lifetime) with the cloud's radiative e ect. Without the inclusion of
the ca, the forcing sensitivity would be underestimated, and depend solely on ther

(gure 2).

The response of cloud extent to aerosol loading has been discussed in recent literature.

Previous studies have found both larger, smaller, and oscillating between larger to smaller
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cloud extents due to aerosol. In our results, theca is found to lead to cooling due to
increased cloud extent for all aerosol scenarios except for In(Al) greater than -1.8. Our
results agree with previous modeling studies which have estimated, and the g are

of comparable magnitude (Lohmann and Feichter, 2005).

Unlike the ca, the Rre is strongest for lower aerosol environments and the e ciency
greatly decreased with aerosol loading. The aerosol environment and activation of aerosol
control the strength of the radiative sensitivity (Koren et al. (2014), Chandrakar et al.

(2016), Sandu et al. (2008),Stevens and Seifert (2008).)

The decomposed sensitivity is 35% less than the forcing sensitivity, however the forcing

sensitivity may not capture variation in the e ect. Mauger and Norris (2007) estimated a

single linear regression method may overestimate the e ect by as much as 30%. Likewise,
re from a single global linear regression using MODIS Al may underestimate the sensi-

tivity by as much as 30% (Carslaw et al., 2013). Interestingly, if ge iS underestimated

by a global linear regression, the di erence between the overestimated forcing sensitivity

and the underestimated decomposed sensitivity would decrease to 4%.

The use of a single linear regression does not allow for regional variation in response
to be incorporated into estimates. Variation in each independent componentge and

ca, can then be understood as a function of Al. The inclusion of variation by using
two terms dampened the magnitude relative to the rst estimate (gure 3.1), however
a single global regression overestimates the e ect. Aerosol-cloud interactions depend

on the local meteorology, which modulates the magnitude and sign of each component.
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Although the decomposition does allow for each component to vary in magnitude, a
global linear regression prevents distinguishing in uences due to local meteorology. Local
meteorology, like the boundary layer stability and free atmosphere RH, modulate aerosol-
cloud interactions by acting as a bu er to the system. Th sensitivities diagnosed from
global linear regressions should be held as an upper limit of the e ects. As variation is
included within estimates of the forcing and decomposed sensitivities, whether through
cloud regimes or diagnosing on di erent scales, estimates should decline towards the

actual value.

3.2 Accounting for environmental controls

3.2.1 Forcing Sensitivity

The magnitude of varies signi cantly between the cloud regimes of estimated inversion
strength (EIS) and relative humidity in the free atmosphere (RH) (gure 3.4). The

forcing sensitivity when evaluated within each regime and weighted by frequency is 3.1

Wm 2

Ay The largest e ect is observed in the most humid and most stable cloud regime.

The smallest e ect is for the driest and least stable cloud regimes. The highest RH
regimes, i.e. those with RH greater than 55%, show a strong dependence on stability.
For the least stable regimes, increasing RH has an negligible e ect. For the most stable

regimes,however, increasing RH can double the e ect.

Evaluating the forcing sensitivity in an environmental regime framework allows variation

between cloud regimes to be compared. Cloud regimes help identify environments acting
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Figure 3.4: The forcing sensitivity found within global regimes of RH and EIS. Cloud
regimes are unweighted.

as a bu er to inhibit aerosol-cloud interactions. For example, unstable regimes may be
acting as a bu er to aerosol-cloud interactions. These regimes show the smallest e ect
compared to stable, moist regimes. The unstable regimes may alter the evaporation-

entrainment feedback of the cloud, resulting in a reduced sensitivity (Jiang et al., 2006).

The largest aerosol e ects observed are in the most humid and stable environments. The
moist free atmosphere may support high amounts of cloud top entrainment. Conversely,
if the moisture in the free atmosphere is not a result of turbulent mixing between the

cloud and free atmosphere, then entrained moist free atmosphere air can invigorate the
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cloud layer. However, the high stability of the boundary layer would limit cloud top

entrainment, preventing the free atmosphere from drying out the cloud layer. The moist,
stable environment allows for the greatest activation of aerosol, heightening the e ect.
Results suggest that stable environments with intensive mixing within the cloud layer

may lead to a greater sensitivity, enhancing the e ect.

When the weighted sum of e ects is computed, it more accurately holds the cloud con-
stant. Using the regression assumes the cloud to be held approximately constant with
respect to the environment and cloud state; incorporating regimes allows enforces this
assumption. Further incorporation of cloud state regimes should more accurately control

for variation assumed in the methods to be constant.

3.2.2 Radiative and Cloud Adjustment Sensitivities

The radiative sensitivity comprises 2-00%' or 53%, of the decomposed sensitivity
(gure 3.5). g shows similar patterns to (gure 3.4). The maximum e ect is for the
moistest and most stable regimes. Low stability regimes show a decreased e ect with a

moist FA, while high stability regimes show an increased e ect for as the free atmosphere

moistens. As a result, the highest RH regimes show a strong dependence on stability.

The contribution of gr to the decomposed sensitivity increased when evaluated within
environmental regimes. rr shows signs of bu ering by the environment in unstable
regimes, similar to the forcing sensitivity, where the e ect is dampened and independent

of the RH. The radiative sensitivity increases as RH and stability increases, signaling
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Figure 3.5: The radiative sensitivity found within global regimes of RH and EIS.

the CSWF (and cloud albedo) require stable environments with high rates of cloud top
entrainment to maximize the rg. This suggests stable environments are most conducive

to maximizing activation of aerosol, leading to the greatest radiative sensitivity.

ca contribute 47% or .802‘{,‘1(me2 of the decomposed sensitivity ( gure 3.7). Regimes with
low stability and moisture did not have a a su ciently high correlation to be included
the in analysis. In these regimes the decomposed sensitivity completely depends on

the radiative sensitivity. Like rg, the cloud adjustment e ect strengthens in stable

environments. The cloud adjustment sensitivity does not exhibit the same enhancement
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Figure 3.6: The cloud adjustment sensitivity found within global regimes of RH and
EIS.

for moist free atmosphere in stable environments; suggesting the e ect in stable regimes

is independent of RH.

Within the highest humidity regime, the e ect increases as stability increases. The cloud
adjustment process may be undergoing two counteracting processes in moist regimes.
High humidity in the FA may serve to accelerate precipitation in warm clouds (Ackerman

et al., 2004), while stability increases the activation of aerosol, decreasing the mean droplet
size but also increasing the time to precipitation. The ability of the cloud to precipitate

likely impacts cloud adjustment sensitivity due to aerosol-cloud interactions.
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Figure 3.7: The decomposed sensitivity found within global regimes of RH and EIS.
Cloud regimes are unweighted.

3.2.3 Decomposed Sensitivity

Evaluating rr and ca within each cloud regime, the decomposed sensitivity is esti-
mated to be 3.811% (gure 3.5). The percent di erence between the forcing and the

decomposed sensitivities is -22%. The decomposed sensitivity displays similar patterns of

eectas (gure 3.4). The largest e ect is again for the most humid and stable regime.

The maximum magnitude is 3%')2 less than the forcing sensitivity from gure 3.4.

Although has a greater maximum e ect, the decomposed sensitivity indicates a greater
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number of stable environmental regimes with a high ( %) magnitude.

The di erence between the two methods of assessing a sensitivity decreased from 35% to
22% with the inclusion of environmental regimes. Environmental regimes allow for better
accounting of bu ering mechanisms in both methods of evaluating the sensitivity. The
decomposed sensitivity shows the same signs of bu ering in unstable regimes ad-or
neutral to stable regimes, the decomposed sensitivity shows greater cooling. Assessment of
the forcing sensitivity and cloud adjustment sensitivity can help determine the component

responsible for the dampening or enhancement of the decomposed sensitivity.

3.2.4 Incorporating Cloud State Regimes

The partial derivative decomposition outlined in 2.4 also requires accounting for cloud
morphology when computing the mean CSWF and CF. Indeed, the albedo e ect outlined
by Twomey in 1977 explicitly applies only to clouds with a xed liquid water path.
Variation of LWP within environmental regimes may lead to contrasting e ects due to
cloud morphology. To further investigate the e ects of cloud morphology, is evaluated
within cloud regimes of LWP, EIS and RH. The total forcing sensitivity from the summed
regimes is 3.18@&“;—,)2 (gure 3.8). The higher LWP regimes show less organization than
the lowest LWP regimes. In low LWP regimes, the greatest sensitivities are organized in

the high stability and high RH regimes.

Above .2 % the contribution from the LWP regime is negligible. The e ect for higher

LWP regimes is dampened due to weighting, although higher LWP regimes show a higher
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Figure 3.8: The forcing sensitivity found within global regimes of RH and EIS sep-

arated further by LWP in % A).02to.1B).1to.2C).2t0.3D).3to .4E) .4to

.5 F).51t0 .6 G) .6 to .7 H) the weighted sum of within each regime of RH and EIS.
*Note the colorbars are not consistent between the plots.
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magnitude maximum than lower LWP regimes. The maximum forcing for LWP regimes
above .4% is always above 59{‘%. Suggesting that the maximum e ect always occurs
in a most moist, stable regime. As stability and relative humidity decrease, the e ect
decreases in all LWP regimes. The unweighted e ect increases as a function of LWP,

con rming the cloud morphology plays a role in modulating the sensitivity.

Separating by regimes of LWP allows in uences of cloud liquid water, to be held relatively
constant. The forcing sensitivity increases when LWP is constrained is to 3.13%,
.069% greater than without LWP regime limits. The largest contribution is from the
thinnest clouds, with an LWP less than .2%. These results are consistent with eld
campaigns that have shown even the thinnest clouds may have a large forcing overall due
to their abundance (Hirsch et al., 2017). However, these results also demonstrate that
the sensitivity to aerosol depends on LWP. The dependence of the forcing sensitivity on
LWP constraints, and the dominance of low LWP clouds, implies the relationship between
LWP and aerosol-cloud interactions must be parameterized in models in order to constrain
covarying e ects (Quaas et al., 2009). Models must accurately simulate LWP in order to
faithfully represent the warm cloud ERFaci (Wang et al., 2011). Model parameterizations
have improved the representation of warm cloud moisture uxes, which strongly control

low cloud variance (Guo et al., 2014). Con dence in estimates of the ERFaci depends on

cloud paramerizations continuing to improve.
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Figure 3.9: The radiative sensitivity found within global regimes of RH and EIS
separated further by LWP in % A).02t0.1B).1t0.2C).2t0.3D).3to 4E) .4to
.5F).5t0.6 G).6to .7 H) the weighted sum of gg within each regime of RH and EIS.
*Note the colorbars are not consistent between the plots. Grey regimes denote cloud
regimes where the correlation between CRE and In(Al) is statistically insigni cant.
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3.2.4.1 Radiative and Cloud Adjustment Sensitivities

The radiative sensitivity, when summed by cloud regimes of LWP, EIS, and RH, con-
tributes 1.894 %, or 60% of the decomposed sensitivity. The largest contribution,
as shown in gure 3.10, is from the lowest two LWP regimes, similar in pattern to
from section 3.3.1. grr displays the smallest magnitude response in the lowest LWP
regimes. The maximum e ect is only 10.4Ym 2 for the lowest LWP regime, compared

In(ATy

to 20.9 % for LWPs between .2 and .3%%. The e ect increases signi cantly as LWP
increases. Grey regimes denote cloud regimes where the correlation between CRE and

In(Al) is statistically insigni cant.

The radiative sensitivity shows a stronger e ect for high stability and high relative hu-
midity regimes compared to ca. The magnitude in all regimes of LWP of g is greater
than ca. When weighted by occurrence, however, the regimes where the radiative sen-
sitivity is maximized occur less than 3% of the time. If the regimes shift in the future

towards higher relative humidity, the gg will rapidly increase.

The e ect diminishes for higher liquid water paths, most likely due to the nature of the
hypothesis behind the e ect. Twomey estimated the albedo would increase if cloud liquid
water is held constant. Higher liquid water paths are more likely to precipitate, decreasing
the e ciency of the cloud to increase droplet concentration and decrease droplet size.
The e ect Twomey hypothesized is truly only possible in models since liquid water will

increase due to aerosol-cloud interactions, violating the main assumption of the e ect.
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3.2.4.2 Decomposed Sensitivity

ca, When summed by regimes of LWP, EIS, and RH, contributes 1.24@!“—2

mZ, or 40%

to the decomposed sensitivity ( gure 3.11). The cloud adjustment sensitivity has a much
smaller magnitude e ect consistent across all regimes of LWP, RH, and EIS. The number
of regimes lacking statistically signi cant regressions increases as the LWP increases.

Unlike grr and (gures 3.10 and 3.9), ca does not vary between regimes.

In thinner clouds, aerosol loading increases the number of CCN in the cloud, invigorating
the cloud rapidly (Christensen and Stephens, 2011). The opposite is true in thicker clouds
with higher LWPs. Thicker clouds adjust the cloud morphology, diminishing the e ciency

of aerosol to alter precipitation processes and inhibiting the cloud growth precipitation
suppression process (Goren and Rosenfeld, 2015). Susceptibility of the cloud may depend
not only on LWP, but on the initial cloud height and thickness (Wood, 2007). The initial
susceptibility has implications on the ability of aerosol to alter precipitation within the
cloud. If the cloud thickens, more aerosol is required to delay precipitation, while if the
cloud thins, less aerosol is needed to delay collision coalescence (Goren and Rosenfeld,
2015). The local meteorology, especially RH in the free atmosphere, can work to bu er or
invigorate the cloud's response (Lu and Seinfeld, 2005), (Ackerman et al., 2004). Future
work should explore the linkages among the e ciency of aerosol to alter precipitation,

the e ects altering precipitation has on the cloud state and the cloud's radiative forcing.
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Figure 3.10: The decomposed sensitivity found within global regimes of RH and EIS
separated further by LWP in % A).02to.1B).1t0.2C).2to.3D).3to 4E) 4
to .5F).51t0 .6 G) .6 to .7 H) the weighted sum of the decomposed sensitivity within
each regime of RH and EIS. *Note the colorbars are not consistent between the plots.
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Figure 3.11: Cloud adjustment sensitivity found within global regimes of RH and EIS
separated further by LWP in % A).02t0.1B).1t0.2C).2t0.3D).3to 4E) .4to
.5F).5t0.6 G) .61t0.7 H) the weighted sum of ¢ within each regime of RH and EIS.
*Note the colorbars are not consistent between the plots. Grey regimes denote cloud
regimes where the correlation between CRE and In(Al) is statistically insigni cant.
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3.2.4.3 Decomposed Sensitivity

The weighted sum within cloud regimes of LWP, EIS, and RH of the decomposed sensi-

tivity is 3.148 Wm

TAD (Figure 3.9). A majority of the forcing comes from the two lowest

LWP regimes, from .02 to .2%. Separating cloud regimes further by LWP has converged
the sensitivities. The percent di erence between the two sensitivities has decreased with

additional regime separation to 1.5%.

The decomposed sensitivity has similar contributions by each LWP regime asrom gure
3.8. The lowest LWP regime, from .02 to .14, contributes 2.206% to the decomposed

sensitivity, compared to 2.376‘|’r‘f(mTl)2 to the forcing sensitivity. The distribution of the
magnitude of e ect is similar between gures 3.8 and 3.9. The decomposed shows the
same signature of maximum magnitude cloud regimes occurring in high humidity, stable

regimes for most LWPs. The number of statistically insigni cant regimes increases as

LWP increases for decomposed sensitivity.

3.2.5 Regime Frequency

3.2.5.1 Environmental Regimes

Clouds are most likely to be observed in moist, unstable regimes or dry, stable regimes
(gure 3.12). In moist regimes, clouds are more likely to be stable while in dry regimes,

clouds are more likely to be unstable. As clouds increase in stability, the average RH
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decreases. The maximum e ect for the forcing sensitivity ( gure 3.8) and the radiative

sensitivity ( gure 3.10) occurs in stable, moist regimes which are the least likely to occur.

It is interesting to note that the most frequent environmental regimes do not coincide
with environmental regimes where the maximum e ect occurs. Thus the dependence of
aerosol e ects on environmental regime has implications for aerosol-cloud interactions in
a future climate that extend beyond changes in aerosol concentrations themselves. If
the free atmosphere moistens in the future, cooling due to ERFaci may increase through
an increased radiative sensitivity. gr IS maximized in stable, moist environments. The
cloud adjustment e ect would likely remain unchanged if the FA moistens because it is
almost constant with RH for stable regimes. Overall, a moist FA would lead to more

cooling.

If the average stability decreases, and the RH remains unchanged, the all sensitivities
would all decrease in strength. The radiative sensitivity would experience a larger de-
crease than cloud adjustment sensitivity due to re's dependence on cloud regime.ca
shows a slight decrease for less stable regimes, howewugr decreases signi cantly as
the environment becomes unstable. With a decrease in stability, the forcing sensitivity
would decrease to the same magnitude tore. A change in the environmental stability

modifying the would most likely be attributed to a decreased gf.



Chapter 3. Results & Discussion 45

Figure 3.12: Frequency of occurrence in % for each environmental regime for .02 to

k
7 kg

3.2.5.2 Cloud Regimes

Throughout regimes of LWP, clouds are most likely to occur in the moistest and least
stable or driest and most stable regimes. As LWP increases, the frequency of clouds oc-
curring in dry and stable regimes decreases. In the highest LWP regime, almost all clouds
are found in the moistest and least stable regime. The lowest LWP cloud regimes, with a

LWP less than .3 X9

m2?

show a bimodal distribution of clouds, with the highest frequencies

grouped in opposite environmental regimes. As the LWP increases, the bimodality of
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the frequency decreases, until §% where the frequencies are clustered solely around the

highest humidity, least stable environmental regime.

As mentioned before, the lowest LWP regime contributes the highest number of occur-
rences globally. Thin, liquid clouds, like trade cumulus and thin marine stratocumulus,

dominate warm cloud types. If in the future, the average LWP of warm clouds increases,
cooling would increase due to an increased forcing and radiative sensitivity. However, in
order to signi cantly alter the distribution and force a mean regime shift, the frequency of

higher LWP clouds would have to greatly increase. Future climates are more likely to see
an environmental regime shift than a cloud regime shift because of the almost complete

dominance of low LWP clouds.

3.3 E ects of Unknown Regional In uences

Bulk metrics like those employed in 3.1 may not constrain environmental impacts on the
cloud, as demonstrated in 3.2. Incorporating environmental and cloud regimes does ac-
count for bu ering by local meteorology and the cloud state, but may arti cially dampen
the signal. To test the e cacy of regime separation, the sensitivities are evaluated region-
ally. Any e ects not displayed in environmental or cloud regime separation may signify

regime separation does not always capture all e ects.
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Figure 3.13: Frequency of occurrence in % for each environmental regime within
cloud regimes of LWP separated by A) .02t0.1B).1t0.2C).2t0.3D).3t0.4E) .4
to.5F).5t0.6G).610.7 H) X
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3.3.1 Forcing Sensitivity

There is signi cant variation in ~ when evaluated on a regional 15 x 15 scale ( gure 3.14).
The weighted sum of the global forcing sensitivity is 5.%, although the magnitude
and sign varies signi cantly on a regional scale. The southern ocean dominates the global
e ect, with the largest positive e ects all located at 45S. The northern hemisphere max-
imum is located near Iceland in the north Atlantic. The equator and tropical latitudes,
from 15 N to 15 S, show an opposite e ect globally. A large coherent region of negative
sensitivity, representing a warming due to aerosol-cloud interactions, extends throughout
the Indian ocean and around the eastern coast of Asia. Although a large portion of the
globe shows a negative (warming), the weighted sum is still positive (cooling) due to the

frequency and strength in e ect of the Southern Ocean's warm clouds.

The pattern of observed variation in magnitude and sign suggest the forcing sensitivity is
controlled by regional factors. Global environmental and cloud morphology regimes are
able to capture the variation in magnitude, but no cloud regimes displayed a mean warm-
ing e ect; such e ects become readily apparent, however, on regional scales. Clouds near
the equator show a propensity to warm the environment due to aerosol-cloud interactions,
unlike clouds in the subtropics. Regions of noted similar regimes showed similar sensitiv-
ities; the Southeast Paci ¢ and the South Atlantic both showed the same magnitude of

e ect and are noted to have similar meteorology and cloud states (Mace, 2010).

A warming may result from non-linear aerosol-cloud interactions. Within a pristine
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environment, aerosol loading will initially impact the cloud signi cantly. Aerosol limited
environments show the greatest response to aerosol loading; cloud growth is limited by the
number of CCN (Koren et al., 2014). As aerosol loading continues to increase, the cloud
shifts from a regime of aerosol limited to cloud water limited, where there is an excess
of aerosol available as CCN. Evaporation and mixing of the cloud layer then reverse the
brightening, leading to a negative forcing sensitivity (Chen et al., 2012). The southern
hemisphere mid-latitudes show the opposite regime, where aerosol limited regions show a
large response to small amounts of aerosol loading. The results presented here are, to the
best of our knowledge, the rst demonstration that such e ects can manifest themselves

coherently over large scales like those shown in gure 3.14.

3.3.2 Decomposed Sensitivity

To further explore the source of this spatial variability in aerosol sensitivity, the radiative
and cloud adjustment sensitivities are evaluated regionally. The decomposed sensitivity
shows similar variation in magnitude and sign as the (gure 3.15). The decomposed
sensitivity is 5.17 %, 3.4% di erent compared to the forcing sensitivity from gure
3.14. The decomposed sensitivity displays fewer regions with a warming compared to
The equatorial region in the Paci ¢c does not show a negative e ect, unlike. Only coastal
regions directly east of Asia show a negative sensitivity, compared to the large swath of
warming throughout the Indian and western Paci c seen in gure 3.14. The equatorial

Atlantic shows the same warming signal, but of a lesser magnitude. The Southern Ocean

still exhibit the strongest e ect, however this extends to further towards the equator than
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the regional forcing sensitivity.

The decomposed sensitivity shows very few regions with a warming e ect compared to
the forcing sensitivity. The magnitude of the southern hemisphere mid-latitudes is signif-
icantly less than . Because of this, the summed decomposed sensitivity is comparable
to the summed forcing sensitivity. However, the regional di erences demonstrateis not
replicated by the decomposed sensitivity. Non-linear aerosol-cloud interactions, demon-
strated by the equatorial region of the forcing sensitivity, may not be accurately captured

by the decomposition.

3.3.3 Radiative and Cloud Adjustment Sensitivities

The radiative sensitivity contributes almost exactly half of or 2.57‘% to the decom-
posed sensitivity ( gure 3.16). The largest e ects are observed throughout the midlati-
tudes of the Southern Ocean. The global maximum is in the southeastern Pacic. The
maximum negative e ect is just north of the maximum positive e ect, in the tropics o

the western coast of South America. There is a slight warming e ect throughout tropics

globally, except in the eastern Paci c.

The cloud's susceptibility to brighten is highest in the southern oceans (Gryspeerdt et al.,
2017). Hemispheric di erences in clouds may explain the larger response in the southern
vs northern hemisphere (Wood et al., 2002). r¢ in the south Atlantic, equatorial west
Paci ¢, and Indian oceans displays non-linear behavior. The magnitude ok may stay

constant at a certain amount of aerosol loading, before reaching a critical value of cloud
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