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Aerosols, tiny suspended solid or liquid particles in the atmosphere, are important drivers

of atmospheric processes. Aerosols affect the climate as well as local weather by modu-

lating the Earth’s energy budget. Previous studies have quantified the impact of aerosols

on global climate change, with a focus on the atmospheric radiation budget. However,

aerosols have a disproportionately higher impact on the Earth’s surface, where we reside.

This dissertation isolated this impact of aerosols on the surface climate to better understand

the mechanisms that modulate the overall climate response to aerosol loading.

This work developed a surface energy budget perspective to aerosol-climate interac-

tions and quantified the impact of aerosols on surface climate through both radiative and

non-radiative pathways. The relative strengths of these pathways depend heavily on both

aerosol and land surface properties. Thus, a major emphasis of the dissertation was to in-

vestigate the impact of aerosols on the surface energy budget tied to differences in regional

aerosol loading and land cover. The research methodology combined data analysis, remote

sensing, atmosphere modeling, and land-surface modeling. Both reanalysis datasets with

assimilated aerosol observations and atmosphere model runs with radiation diagnostics

were used to separate the impact of aerosols on surface climate through the shortwave and

longwave radiative effects. To capture the impact of aerosols on surface climate through

non-radiative pathways, a global land model was run with and without aerosols. In both

cases, a conceptual framework to attribute surface temperature anomalies to its determi-

nants was used to examine the relative impact of each pathway on the local surface tem-

perature. The associated impacts on terrestrial evapotranspiration and land carbon uptake
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were also quantified on a global scale using land model runs. Finally, given the impor-

tance of diffuse radiation of sunlight on surface processes, a comprehensive evaluation of

gridded diffuse radiation in current-generation global products was undertaken. To cor-

rect some of the observed biases in these gridded products, a supervised machine learning

algorithm was trained to develop a global bias-corrected radiation dataset for future land

modeling.

Aerosols lead to one of the largest uncertainties in both diagnostic and prognostic cli-

mate simulations. This dissertation advances our understanding of the biophysical mech-

anisms through which aerosols can impact surface temperature, terrestrial evapotranspira-

tion, and land carbon uptake. It also provides a broader perspective on the importance of

the diffuse radiation fertilization effect and the current uncertainties in its representation

in Earth System Models.
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Chapter 1

Introduction

1.1 Research Background

The principal constituents of the Earth system - the atmosphere, the ocean, and the land -

show great non-linearity in their interactions (Suni et al., 2015). The interaction between

the land and the atmosphere is particularly variable due to the heterogeneity of the land

surface (as opposed to the ocean surface). The effect of these interactions on the climate

has received much attention in recent years (Seneviratne & Stockli, 2008). In climate and

numerical weather prediction models, these interactions determine the lower boundary

conditions for the model domain.

The sun's radiation warms the Earth's surface and the net absorbed energy is parti-

tioned into the turbulent �uxes - sensible heat �ux and latent heat �ux - and ground �ux,

collectively representing the surface energy balance (Eq. 1.1) (Trenberth et al., 2009).

Studies have shown that the heterogeneity of the Earth's land surface makes the feedback

between land use and the turbulent �uxes dynamic in space and time (Giorgi & Avissar,

1997; Pielke, 2001; Suni et al., 2015), which, in turn, affects local and regional weather

and climate.

The basic surface energy balance is formulated as:

1



K # + L# � K " � L " = H + �E + G (1.1)

The terms on the left-hand side comprise the net radiative �ux (Rn ) received by the

surface, whereK # is the incoming shortwave radiative �ux,L# is the incoming longwave

radiative �ux, K " is the shortwave radiative �ux re�ected by the surface, andL " is the

longwave radiative �ux emitted by the surface.H is the sensible heat �ux and represents

the turbulent transfer of heat from the surface to the atmosphere.�E is the latent heat �ux

or the transfer of moisture from the surface to the atmosphere andG is the ground �ux -

the energy being transmitted from the surface into the deeper soil layers.

1.1.1 Aerosols: Properties and Impacts

Aerosols are tiny suspended liquid or solid particles that have natural or anthropogenic

origins. Naturally, aerosols can be mineral dust (from re-suspension of dust from deserts),

sea salt (from sea spray), organic compounds (from forest �res and biogenic emissions),

sulphates (from volcanic eruptions), etc. Anthropogenic aerosols can form due to biomass

burning, industrial emissions, vehicular emissions, etc. Ultra�ne aerosols (< 0.01 � m)

can be formed by nucleation, or condensation of gaseous pre-cursors. These gradually

grow through coagulation into �ne aerosols (0.01 - 1� m) and can then be scavenged by

precipitation. The coarser particles (1-10� m) can be formed due to continued coagulation

or due to mechanical re-suspension of dust or evaporation of water droplets. Based on

size and chemical nature, aerosols have a wide variety of impacts on both atmospheric

processes and human health (Hinds, 1999).

Aerosols interact with radiation in a multitude of ways. These can be grouped into

two main processes: scattering and absorption. If, after interaction, the light is re-radiated

in the same wavelength, it is termed as scattering. On the other hand, if the light has a
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shift in wavelength, it is usually due to absorption. Scattering by a single aerosol particle

depends on its size, shape, refractive index, as well as the wavelength of the incident light.

For studying earth system processes at synoptic scales, the interactions between aerosol

particles and radiation are usually quanti�ed by their bulk properties.

For the atmospheric column, the extinction due to aerosols is given by the Aerosol

Optical Depth (AOD), which is:

� =
Z T OA

SF C
kedz (1.2)

Here� is the AOD, SFC is the surface (z=0) and TOA is the height of the top of the

atmosphere.ke is the extinction coef�cient, which is wavelength dependent.

The intensity of radiation of a particular wavelength reaching the surface is then given

by:

I = I 0e� � (1.3)

whereI is the direct radiation intensity received by the surface andI 0 is the TOA radiation.

Aerosol Radiative Effects

As indicated by Eq. 1.3, aerosols can affect the temperature of the surface and near-

surface by modifying the radiation received by the planet. The modi�cation of the radiative

balance is also termed as radiative effect (or radiative forcing when considering only the

anthropogenic contribution). A positive radiative effect means that more radiative �ux is

being absorbed by the atmosphere or the surface compared to a standard atmosphere or

surface, while a negative radiative effect means that less radiative �ux is being absorbed.

The in�uence of aerosols on the radiative effect can be divided into two main categories:

the direct effect and the indirect effect. Aerosols can directly in�uence both the incoming
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solar radiative �ux (K #) and the terrestrial radiative �ux through absorption and scattering.

This is known as the direct radiative effect of aerosols. Aerosols also affect the formation

of clouds, their size and longevity. Since clouds can also interact with the radiative balance

of the Earth, this is known as the indirect radiative effect of aerosols.

The Direct Radiative Effect

Aerosols reduce the incomingK # from the sun by either scattering it or absorbing it. The

ratio of scattering and absorption depends mainly on the concentration, type and vertical

pro�le of aerosols (Forster et al., 2007; Spencer et al., 2008; Boucher et al., 2013). The

aerosol-induced longwave radiative effect can be positive - the opposite sign of the short-

wave radiative effect (Alizadeh-Choobari et al., 2013) - and depends strongly on particle

size (Miller et al., 2006). The relative importance of the direct shortwave and longwave

radiative effects depend on aerosol composition. Industrial aerosols (nitrates and sulfates)

induce stronger shortwave radiative effect than longwave radiative effect (Haywood et al.,

1997; Liao et al., 2004). On the other hand, mineral dust has been shown to have high

longwave radiative effect (Hansell et al., 2012; Sicard et al., 2014). Overall, this leads

to a change in both the atmospheric and the surface radiative balance. Together, anthro-

pogenic and natural aerosols partially offset the global warming caused by greenhouse gas

emissions (Solomon, 2007). However, there are regional differences, with black carbon

aerosols warming the atmosphere (Ramanathan & Carmichael, 2008) and sulfate aerosols

cooling it (Bellouin et al., 2005; Andreae et al., 2005), though the strength of this cooling

is debatable (Harris et al., 2013). Most studies have determined the radiative effect of

aerosols at a global scale. However, there are still signi�cant uncertainties at the regional

and local scale, where much of the research has been done in recent years (Yu et al., 2001;

Verma et al., 2006; Wendisch et al., 2008; Mickley et al., 2012; Han et al., 2012; Zhang et

al., 2012).

4



Except for dust and sulfate aerosols, the directK # radiative effect dominates the direct

L# radiative effect (Haywood et al., 1997, 2003; Liao et al., 2004). A global modeling

study onK # andL# aerosol forcing found that theL# forcing is non-negligible and may

be important to reduce uncertainties in climate projections (Reddy et al., 2005). Another

modeling study over Australia found that the positive longwave radiative effect due to

dust can offset a large portion of the shortwave radiative effect in arid climate (Alizadeh-

Choobari et al., 2013). The ratio of the shortwave and longwave radiative effect also has a

signi�cant diurnal component. Although shortwave radiative effect may dominate during

the day (and on an annual basis), it is not present at night. Given the opposite signs of

the two forcings and their diurnal asymmetry, the impact of the aerosol-induced longwave

radiative effect is non-negligible for accurate prediction of the diurnal temperature range.

A recent study (Cao et al., 2016) on the attribution of causes to the UHI in China found that

the nighttime UHI may be enhanced byL# forcing due to aerosols. Thus, it is important to

disentangle the two components of the aerosol-induced radiative effect and examine how

their ratio varies diurnally for different aerosol types, especially at the local and regional

scale.

The Indirect Radiative Effect

The indirect effect of aerosols on radiation is manifold and dependent on the interaction

of the aerosols with clouds. The major known interactions are:

� The increased re�ection of solar radiative �ux by clouds, known as the cloud albedo

effect or the Twomey effect (Twomey, 1977)

� Prolongation of cloud lifetime by delaying precipitation, known as the cloud lifetime

effect (Albrecht, 1989)

� Increase in ice nuclei in mixed-phase clouds, which leads to higher precipitation, as
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well as radiative effect, known as the glaciation indirect effect (Lohmann, 2002)

� Delay in freezing of clouds due to smaller droplet size, known as the thermodynamic

effect (Matsui et al., 2004)

There are currently signi�cant uncertainties in each of these interactions, particularly

in the context of radiative effect (Stocker et al., 2013). Although both the cloud albedo

effect and the cloud lifetime effect reduce the incoming radiative �ux for both the top of

the atmosphere and the surface, the magnitude of reduction depends strongly on the type

of cloud and its lifetime. There is also some evidence that aerosols may reduce the lifetime

of clouds, for instance, in case of non-precipitating cumulus clouds (Small et al., 2009).

Although there is signi�cant observational basis of the aerosol indirect effects on cloud

formation (Ramanathan et al., 2001b; Schwartz et al., 2002; Feingold et al., 2003; Kim et

al., 2003; Ackerman et al., 2015), the radiative effect due to the indirect effects is hard to

quantify (Shao & Liu, 2005). Of the few studies done, one looked at the indirect effect of

Saharan dust aerosols on warm clouds and found an indirectK # forcing of 29.88� 2.42

W m-2 per Aerosol Optical Depth (AOD). A study on theL# indirect effect due to aerosols

for Arctic clouds found a climatologically signi�cant surface forcing of 3.4 W m-2 (Lubin

& Vogelmann, 2006). Further studies are required on the effect of different aerosols on

different types of clouds in various moisture regimes to reach a scienti�c consensus and

hopefully reduce uncertainties in future model projections.

Semi-Direct Effect and Impact on Turbulent Fluxes

There is another group of less studied climatological impacts of aerosols known as the

semi-direct effect. The absorption of solar radiative �ux by aerosols may lead to a re-

duction in ambient precipitable water vapor and cause evaporation of clouds, leading to

positive radiative effect at the surface (Johnson et al., 2004). Aerosols can also affect
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the surface energy budget by in�uencing the evapo-transpiration from vegetated surfaces

(Matsui et al., 2008; Wang et al., 2008). In general, we do not fully understanding the

mechanisms involved in the semi-direct radiative effect due to aerosols at different scales

(Johnson, 2003).

Aerosols can also change the diffuse radiation (K #;d), as well as the fraction of dif-

fuse radiation (kd), received by the surface through scattering (Liepert and Tegen, 2002).

The higherK #;d allows the sunlight to penetrate the dense canopy and illuminate normally

shaded leaves. This impacts ecosystem response, primary productivity, and evapotranspi-

ration (ET) (Niyogi et al., 2004; Mercado et al., 2009) and is known as the diffuse radiation

fertilization effect. Thus, other than reducing the incoming radiation at the surface (Zhang

et al., 2011), aerosols can also affect the turbulent transfer of heat and moisture (Wang et

al., 2008; Urankar et al., 2012).

Previous modeling studies have shown that aerosols, through the diffuse radiation fer-

tilization effect, tends to increase the evaporative fraction, and thus decrease the ratio of

the sensible and latent heat �uxes, also known as the Bowen ratio (� ) (Wang et al., 2008;

Pere et al., 2011; Urankar et al., 2012). Liu et al. (2014) compared the impact of aerosols

at a global scale onH and�E and found a proportionally greater decrease inH than would

result from just the negative radiative effect. Since the impact ofK #;d on photosynthesis

and transpiration rate depend on vegetation canopy characteristics (Knohl & Baldocchi,

2008), it follows that the aerosol-mediated change in� (� � ) would also be a function of

the land cover. The reduction in� due to aerosols has been found to be highest for tropical

and temperate broadleaf evergreen forests (Liu et al., 2014) and is positively associated

with the Leaf Area Index (LAI) (Matsui et al., 2008). Furthermore, solar radiation may

be absorbed or scattered forward, backward or uniformly depending on the chemical and

physical characteristics of the aerosol (Hinds, 1999). Thus, aerosol type has a signi�cant

in�uence on howkd is affected (Cohan et al., 2002). Predominantly scattering aerosols like
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sulfate and mineral dust increase the proportion ofK #;d, while predominantly absorbing

aerosols like black carbon can slightly reduce it (Kvalevag and Myhre, 2007).

It should be noted that there have not been many systematic investigations of the

aerosol-� association over highly polluted regions for different aerosol types. Most impor-

tantly, while the impact of aerosols on the turbulent �uxes has been studied, no previous

work has examined how that could translate into reductions in surface temperature.

1.1.2 Asymmetric Aerosol Radiative Effect and Temperature Response

Aerosol radiative effect has disproportionately large regional and local impacts, which

cannot be captured by the top of the atmosphere radiative effect normally used as a metric

in climate studies. Unlike greenhouse gas-induced radiative effect, the impact of aerosols

on radiation is different for the surface (large and negative), the atmosphere (large and

positive), and the top of the atmosphere (small and negative) (Ramanathan et al., 2001a).

Moreover, the ratio of shortwave and longwave radiative effect also depends on the height

(Alizadeh-Choobari et al., 2013). For instance, as seen by Alizadeh-Choobari et al. (2013),

the TOA longwave forcing is around 4% of the TOA shortwave forcing. However, for the

surface, it is close to 20% and in the opposite direction, as in, longwave forcing at the

surface is positive, and negates part of the shortwave forcing. Finally, the sensitivity of

surface temperature response due to the radiative effect of aerosols is stronger than that

due to greenhouse gases (Marvel et al., 2016).

The scienti�c literature focuses on the top of the atmosphere radiative effect in the

context of climate change. However, when trying to elucidate the impact of aerosols on

the surface temperature, the surface radiative effect is more important, since the surface

temperature directly responds to the change in the incoming radiation at the surface. This

is especially true at the regional and local scale since the impact of aerosols on the sur-

face radiation and on the surface feedback through evaporation depend on aerosol type
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as well as land cover. Moreover, there is an implicit assumption in the literature that the

temperature sensitivity due to aerosol loading is predominantly due to the radiative effect.

Since the ecosystem also responds to the aerosol-induced increase inK #;d, which generally

increases�E and evaporative cooling, this may not be a correct assumption.

1.1.3 Dearth of Observational Constraints on the Diffuse Radiation

Fertilization Effect

K#,d remains a relatively understudied component of the Earth's radiation budget. The K#,d

fertilization effect, in particular, is poorly constrained by observations due to the dearth

of simultaneous measurements of K#,d and turbulent �uxes across biomes. For instance,

only around 50 such sites exist in publicly accessible datasets, namely the FLUXNET

(Baldochhi et al., 2001) and AMERIFLUX (Novik et al., 2018) networks (sites shown in

Fig. 1.1). When I separate the observed Net Ecosystem Exchange (NEE) and�E into high

and low regimes ofkd for different bins of total absorbed shortwave radiation, one can see

the expected trends, with both carbon uptake and evapotranspiration increasing for more

diffuse conditions (examples shown in Fig. 1.2). This pattern is consistently across most

of these sites (not shown).
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Figure 1.1: Global distribution of sites with simultaneous measurements of diffuse radia-
tion and turbulent �uxes.

However, many of these datasets only contain a couple of months of data, making it

hard to generate insights about the global contributions of this effect on the carbon and

water budget. Moreover, almost all of these stations are in the northern hemisphere, not

in tropical regions, where the K#,d fertilization effect is expected to be stronger. Thus, our

main tool for estimating global impacts of this effect on terrestrial processes is land-surface

modeling.
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Figure 1.2: Observed latent heat �ux and net ecosystem exchange under high and low
diffuse fraction regimes for the Renon FLUXNET site in Italy.
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1.2 Research Objectives and Dissertation Outline

In my dissertation, I propose to develop a surface energy budget perspective to aerosol-

climate interactions and demonstrate that atmospheric aerosols can modify surface climate

through both the commonly studied radiative pathways and by enhancing surface evapo-

rative cooling.

This work aims to �ll a gap in our scienti�c understanding of aerosols by isolating

the different mechanisms by which aerosols can change the surface temperature at the

regional and local scale. The focus is on both aerosol loading and land cover, such that the

combined contribution of shortwave radiative effect, longwave radiative effect, and� �

can be quanti�ed for different ecosystems. In particular, the effect of aerosol-induced�

modulation on the surface temperature has not been studied to the best of my knowledge,

which is a major gap in our understanding of aerosol in�uence on the surface energy and

carbon budgets. Since the diffuse radiation fertilization effect, one of the main mechanisms

by which aerosols can change� , is poorly understood, we discuss potential uncertainties

in accurately simulating this effect, both from the perspective of land and atmosphere

modeling.

The major objectives and phases of this study are:

- 1) Isolating surface climate response to the shortwave and longwave radiative effects

of aerosols

- 2) Isolating the impact of aerosols on surface temperature, terrestrial evapotranspi-

ration, and land carbon uptake through both radiative and non-radiative pathways

- 3) Examining and correcting biases in diffuse solar radiation in global data products

Chapter 2 deals with objective 1 and separates the surface temperature response to

aerosols through the shortwave and longwave radiative effects at global to regional scales
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for both day and night. This work incorporates the Modern-Era Retrospective analysis for

Research and Applications global reanalysis product (version 2; MERRA-2; Gelaro et al.,

2017) and using a conceptual surface energy budget framework (Lee et al., 2011).

Chapter 3 deals with objective 2 and expands onChapter 1 by including both radia-

tive and non-radiative pathways in the diagnostic calculations. Since MERRA-2 does not

provide changes in turbulent �uxes due to aerosols, the latest versions of the Community

Atmosphere Model (CAM; Gettelman et al., 2019) and Community Land Model (CLM;

Lawrence et al., 2019) are run to calculate them. I also set up modeling experiments to sep-

arate the impact of global dimming and the diffuse radiation fertilization effect on surface

temperature, terrestrial evapotranspiration, and land carbon uptake.

Chapter 4 deals with part of objective 3. Here I compare the gridded diffuse radiation

and diffuse fraction among current-generation reanalysis and satellite-derived products

and against ground observations. I also examine the role of aerosols and clouds on long-

term trends and biases in diffuse and total incoming solar radiation in the gridded datasets,

particularly over Europe and China.

Chapter 5 addresses the biases found inChapter 4 by testing different bias-correction

techniques for improving the accuracy of gridded datasets and developing a global monthly

bias-corrected diffuse radiation product using supervised machine learning.

Appendix A aims to better quantify the impact of urbanization on local climate by

developing a new automated algorithm to estimate surface urban heat island (UHI) inten-

sity using satellite remote sensing. The results from the algorithm are validated against

previous studies and implemented using over 16-years of satellite observations to create a

dataset of surface UHI for over 10000 urban clusters across climate zones. Till date, this

remains the most comprehensive quanti�cation of the surface UHI intensity on a global

scale using a consistent methodology.

Appendix B uses the COVID-19 lockdown as a perturbation experiment to better un-
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derstand human-land-atmosphere coupling in the Indo-Gangetic Basin, one of the most

polluted and populated regions of the world. Using some of the methodologies and work-

�ows developed inChapters 1, 2, and 4, as well asAppendix A, this study provides

observational evidence of rural control on the UHI, and, more broadly, the strong human

in�uence on surface climate in this region.
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Chapter 2

Isolating Surface Climate Response to
the Shortwave and Longwave Radiative

Effects of Aerosols

Published as:Chakraborty, T., & Lee, X. (2019). Land cover regulates the spatial variabil-

ity of temperature response to the direct radiative effect of aerosols.Geophysical Research

Letters, 46(15), 8995-9003.

15



2.1 Abstract

Aerosol impact on the surface temperature varies between the shortwave and the longwave

components of radiation, depends on the time of the day, and is modulated by underlying

biophysical processes. We disentangle these complexities by isolating the direct surface

shortwave and longwave radiative effects from a global reanalysis data product and calcu-

lating their spatially explicit climate sensitivities. Higher sensitivity is found for the long-

wave component and is driven by a combination of spatial variability of aerosol species

and biophysical control of the underlying surface. The opposing shortwave and longwave

effects reduce the global terrestrial mean diurnal temperature range by 0.47 K, with al-

most half the contribution in the regions of interest considered coming from aerosols of

anthropogenic origin. We also �nd evidence of trend in the local climate sensitivity in the

equatorial zone, possibly caused by deforestation. These surface processes can partially

explain why the climate forcing ef�cacy of aerosols exceeds unity.
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2.2 Introduction

The impact of aerosols is one the greatest uncertainties in our understanding of the Earth's

climate system (Stocker et al., 2013). Aerosols modulate the Earth's radiative budget,

either directly through scattering and absorption (Bellouin et al., 2005) or indirectly by

in�uencing the size and longevity of clouds (Li et al., 2011; Twomey, 1991). While sev-

eral methods can be used to estimate the perturbation to the radiative budget by different

forcing agents (Tang et al., 2019), the top of the atmosphere values are traditionally used

as a metric for temperature predictions in climate studies. This practice implicitly assumes

that the temperature response of the planet is independent of the forcing agent or location

of its emission source. While this is defensible for globally homogeneous forcing agents

such as well-mixed greenhouse gases, for forcing agents that have signi�cant spatial vari-

ability, like land use change, this assumption is insuf�cient (Bright et al., 2017). Aerosols

also fall into this category, due to the signi�cant horizontal and vertical variability of the

aerosol radiative effect (RE; Stuber et al., 2005). Because of these spatial heterogeneities,

particularly the higher concentration of aerosols over the Northern Hemisphere, the global

climate sensitivity to the radiative forcing (RF) of aerosols—the anthropogenic component

of the aerosol RE—is higher than to the RF associated with well-mixed greenhouse gases

(Hansen et al., 2005; Marvel et al., 2015; Rotstayn et al., 2015; Shindell, 2014).

Both the total aerosol RE (Ramanathan et al., 2001) and the relative roles of shortwave

and longwave RE depend on altitude (Choobari et al., 2013), aerosol composition, and

aerosol size (Hansell et al., 2012; Haywood et al., 1997; Sicard et al., 2014). Overall, the

shortwave RE (� K #) dominates the longwave RE (� L#; Haywood et al., 1997; Highwood

et al., 2003; Liao et al., 2004). However,� L# can offset a large portion of� K # in arid

and semiarid regions, where coarse-grained mineral dust aerosols are effective emitters of

longwave radiation in the atmospheric thermal window (wavelength 4–10� m; Choobari
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et al., 2013).

Moreover,� L# exists during both daytime and nighttime unlike� K #. Further com-

plicating the matter is the fact that the same RE can induce different surface tempera-

ture responses because the energy redistribution between the surface and the atmospheric

boundary layer varies between time of the day and with the biophysical attributes of the

underlying local surface.

Here we deploy the theory of the intrinsic biophysical mechanism (IBPM; Lee et al.,

2011) and an atmospheric reanalysis data product to disentangle these synergistic interac-

tions between the aerosol RE and the local biophysical processes. We aim (1) to quantify

spatial variations of the surface shortwave and longwave radiative effects under present

climate conditions, (2) to calculate the local surface temperature perturbations caused by

these effects, and (3) to discuss the contribution of surface-air exchange processes to the

long-term change in the climate ef�cacy of aerosols.

2.3 Methods

2.3.1 The IBPM Theory

The IBPM theory combines the surface energy balance equation with a one-source model

of the sensible heat �ux to solve for the surface temperature (TS; Lee et al., 2011). This so-

lution expressesTS as a function of atmospheric forcing and energy redistribution between

the surface and the lower atmosphere

TS = Tb +
� 0

1 + f
(R�

n � G) (2.1)

whereTb is the background or blending-height air temperature,� 0 is the local intrinsic

climate sensitivity,f , a dimensionless energy redistribution factor, is a measure of the
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ef�ciency of energy dissipation between the surface and the atmospheric boundary layer,

G is ground heat �ux, andR�
n is the apparent net radiation given by

R�
n = K #(1 � a) + L# � �T 4

b (2.2)

whereK # is the incoming shortwave,L# is the incoming longwave, a is surface albedo, and

� is the Stefan-Boltzmann constant. The local intrinsic climate sensitivity is essentially the

longwave feedback derived by differentiating the Stefan-Boltzmann law and is given by

� 0 =
1

4 2 �T 3
b

(2.3)

Changes toTS are produced via perturbations to the energy redistribution and to the

forcing variablesTb andR�
n .

The aerosol direct effect changesTS by perturbingTb, K # andL# at the surface, and

f . Differentiating Eq. 2.1, we obtain

� TS = � Tb + � T �
� 0

(1 + f )2
(R�

n � G) � f (2.4)

where� indicates the perturbation signal. Perturbation to the energy redistribution factor

� f can arise from changes in Bowen ratio as a response to more diffuse radiation under

polluted skies or from changes in land use that alters the surface roughness.� T can be

separated into the contributions from the aerosol surface� K # and� L# as

� T =
� 0

1 + f
[(1 � a)� K # + � L#] (2.5)

where the effective local climate sensitivity is given by

� � =
� 0

1 + f
(2.6)
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Note that the local surface temperature perturbation (� T), when added to the back-

ground temperature change (� Tb), gives the total surface temperature change (� TS).In

this study, we estimate this� T from (1) � K # and� L# derived from the radiation diag-

nostics with and without aerosols and (2)f from the lowest level modeled temperature and

the reanalyzed surface energy balance variables (Bright et al., 2017; Lee et al., 2011) from

the Modern-Era Retrospective analysis for Research and Applications global reanalysis

product (version 2; MERRA-2; Gelaro et al., 2017).

2.3.2 Reanalysis Data Product

The MERRA-2 data are gridded at a spatial resolution of 0.625� by 0.5� for every hour.

In addition to standard meteorological variables and radiative �uxes under realistic con-

ditions, MERRA-2 calculates the diagnostic radiative �ux by assuming no aerosols in the

atmosphere. The direct aerosol effect is then determined from these radiation �elds. In

the case of the shortwave RE,� K # is the difference inK # between all-sky and polluted

conditions versus all-sky and clean conditions (Figs 2.3e and 2.3f). In the case of the

longwave RE,� L# is the difference inL# absorbed by the surface under all-sky and pol-

luted conditions versus clear-sky and clean conditions (Figs 2.3g and 2.4a). This hybrid

approach (all-sky forK # and clear sky forL#) is used since MERRA-2 does not provide

all-sky incomingL# without aerosols.

Additionally, the MERRA-2 dataset is used to computef by inverting Eq. 2.1

f =
� 0

TS � Tb
(R�

n � G) � 1 (2.7)

In this diagnostic calculation,Tb is the air temperature at the lowest model level (985

hPa), and all other variables are obtained from the suite of surface micrometeorological

variables produced by the reanalysis. The medianf values for each year are calculated
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separately for daytime and nighttime for each grid. The annual mean values are averages

of the daytime and nighttime values weighted by the daytime and nighttime hours for each

grid. For all variables, data from the most recent decade (2008 to 2017) are used to produce

mean spatial patterns, and data from the full assimilation period (1980 to 2017) are used

to examine temporal trends.

21



Table 2.1: Summary of mean and standard deviation of the estimated variables for the
world's land surfaces and each climate zone for 2008-2017. Heref is the energy redis-
tribution factor (unitless),� 0 is the intrinsic climate sensitivity (in K W� 1 m2), � � is the
effective local climate sensitivity (in K W� 1 m2), RE is the aerosol radiative effect (in W
m� 2), � K # is the aerosol RE in the shortwave band (in W m� 2), � L# is the aerosol RE in
the longwave band (in W m� 2), � T is the temperature perturbation (in K), and� DTR is
the diurnal temperature range perturbation (in K).
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The global spatial pattern of daytimef (Fig. 2.1a) is broadly similar to thef map

given in Bright et al. (2017) for the period from 2001 to 2011. In Bright et al. (2017),

thef value was computed from a satellite- and surface-based observational dataset using

the same diagnostic equation (Eq. 2.7). Our global meanf of 4.21 (Table 2.1) compares

favorably to the global mean of around 3.67 reported in Bright et al. (2017). As expected,

f is lower for smooth surfaces and higher for rough surfaces. Due to the predominance of

forested (rougher) areas in tropical latitudes, thef value is much higher near the equator

than at other latitudes. A strong diurnal asymmetry exists inf , with much lower values at

night resulting from higher static stability and less turbulent mixing than during the day.

Figure 2.1: Global spatial patterns of daytimea and nighttimec f (unitless) for 2008-
2017. Non-linear color maps are used to better visualize the spatial variations throughout
the world. The corresponding zonal characteristics are given in panelsb (daytimef ) and
d (nighttimef ). The solid lines represent the zonal means, while the shaded regions show
standard deviations at each degree of latitude.

2.3.3 Isolating the Impact of Aerosols by Climate Zone

Given that we focus on the Earth's land surfaces in this study, all global mean values,

unless speci�ed otherwise, refer to the spatial means over the MERRA-2 grids that are

predominantly (> 90%) land. To investigate the role of surface characteristics on aerosol-

surface interactions, we divide the world's land surfaces into the Koppen-Geiger climate

classes, namely, equatorial, arid, warm temperate (henceforth, temperate), snow, and po-
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lar (Rubel & Kottek, 2010), representing �ve different regimes of surface characteristics

and atmospheric forcing (Fig. 2.2a). Regional mean values are computed from spatial

averaging within these regions of interest.

Figure 2.2: aDistribution of Koppen-Geiger climate zones and regions of interest used in
this study andb comparison of contribution of different species to total AOD for MERRA-
2 and Street et al. (2009).

2.3.4 Contribution of Anthropogenic Aerosols to Radiative Effect

A second group of regions of interest are used to estimate the anthropogenic aerosol con-

tribution to the� T. They are the following: United States, South America, OECD Eu-

rope, Southern Africa, Russia, East Asia, South Asia, and South East Asia. These regions

are chosen based on a previous study, in which researchers ran the Goddard Chemistry,

Aerosol, Radiation, and Transport (GOCART) model using emission inventories for an-

thropogenic and natural aerosol sources and quanti�ed the anthropogenic contribution to

the aerosol optical depth (AOD) for each aerosol species (Streets et al., 2009).

At the surface, changes in� K # are proportional to changes in AOD. Thus, for each

region of interest, the fractional contribution of anthropogenic aerosols to� K # is equal

to the fractional contribution of these aerosols to the total AOD. The anthropogenic AOD

fractions for these regions are taken from Streets et al. (2009).

The AOD calculated by MERRA-2 for the �ve main aerosol species (dust, sea salt,

sulphate, organic carbon, and black carbon) is in excellent agreement with the results of
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Streets et al. (2009; Fig. 2.2b), indicating broad consistence between MERRA-2 and

GOCART. The anthropogenic contribution to� T for aerosol RE (shortwave) is obtained

from Eq. 2.5 using anthropogenic� K #.

To obtain the anthropogenic contribution to� L#, we �rst convert the total assimi-

lated AOD at 550 nm from MERRA-2 to the AOD at 10,000 nm (roughly the middle of

the longwave wavelength band) for each aerosol species using the Angstrom power law

( 	Angstr̈om, 1929);

AOD10000 = AOD 550

�
10000
550

� 	A
(2.8)

where	A is the Angstrom exponent for the wavelength-dependence of AOD for that species.

Of the �ve aerosol species, we assume that all sulphate, organic carbon, and black car-

bon aerosols originate from anthropogenic sources and that all dust and sea-salt aerosols

originate from natural sources. We then obtain the total fractional contribution of anthro-

pogenic aerosols to the total AOD at 10,000 nm. The anthropogenic contribution to� L#

is the product of� L# and this AOD fraction. Strictly,	A is based on the AOD at two

wavelengths and is valid within the range bounded by the two wavelength values used.

For instance, MERRA-2's	A is based on the AOD at 470 and 870 nm. Beyond this range,

linear extrapolation using	A can lead to uncertainties (Kedia & Ramachandran, 2009).

Moreover, some of the sulphate, organic carbon, and black carbon aerosols are produced

by natural sources. For these reasons, we consider our estimates of the anthropogenic

contribution to� L# to be upper bounds of the actual values. The overall results are not

affected by these simpli�cations because the anthropogenic� L# fraction is almost neg-

ligible, varying from 2% to 6% in the regions of interest, and consistent with previous

estimates (Stier et al., 2007).

25



Figure 2.3: Global spatial patterns of daytimea and nighttimec apparent surface climate
sensitivity� � (in K W � 1 m2), daytime shortwave radiative effect RE (e � K #; in W m� 2),
nighttime longwave RE (g � L#; in W m� 2), daytime temperature perturbation� T due
to shortwave RE (in K) (i), and nighttime� T due to longwave RE (in K) (k) for 2008-
2017. Non-linear color maps are used to better visualize the spatial variations throughout
the world. The corresponding zonal characteristics are also given in panelsb (daytime
� � ), d (nighttime� � ), f (daytime shortwave RE),h (nighttime RE),j (daytime� T), and l
(nighttime� T). The solid lines represent the zonal means, while the shaded regions show
standard deviations at each degree of latitude.
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2.4 Results

2.4.1 Local Temperature Response to Aerosol Direct Radiative Effect

The surface� K # is most negative over eastern China, North India, and western Africa

owing to high pollution and dust emissions (Fig. 2.3e). Due to the strong interaction be-

tween dust aerosols andL#, the surface� L# shows large positive values over arid regions,

namely, the Sahara Desert, the Arabian Peninsula, northwestern China, and western India

(Figs 2.3g and 2.4a). In heavily polluted parts of eastern China and North India, the day-

time� L# is around 3.5 W m� 2 or about 30% of the highest value found for Sahara Desert.

The global mean daytime� K # over land is -16.40 W m� 2, or 16 times the magnitude of

the daytime (1.01 W m� 2; Fig. 2.4a) and nighttime� L# (0.99 W m� 2; Fig.2.3g). The

annual mean� K # over the whole planet (land + oceans) is -4.31 W m� 2.

Figure 2.4: a, Global spatial patterns of daytime surface longwave RE (� L#; in W m� 2)
andc, global spatial patterns of daytime temperature perturbation� T to daytime long-
wave RE (in K) for 2008-2017. Non-linear color maps are used to better visualize the
spatial variations throughout the world. The corresponding zonal characteristics are given
in panelsb (daytime� L#) andd (temperature perturbation to daytime� L#). The solid
lines represent the zonal means, while the shaded regions show standard deviations at each
degree of latitude.

The surface temperature response to aerosols is controlled by both the local RE and

the local climate sensitivity. The daytime local climate sensitivity� � is highest over the
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arid and polar climate zones due to the lack of vegetation and is lowest in the equatorial

zone because high surface roughness promotes energy redistribution between the surface

and the lower atmosphere (Fig. 2.3a). We have already noted the high RE over the arid

zone. � � is also high, implying that this zone is most sensitive to aerosol loading. The

presence of coarse mode aerosols that strongly affectL# over these regions, combined

with the overall higher surface re�ectivity forK #, leads to a stronger daytime sensitivity

to � L#(0.039 K W� 1 m2) than to� K # (0.024 K W� 1 m2) when averaged over the Earth's

land surfaces. The nighttime� � is more than twice as much as the daytime value, indicat-

ing less turbulent mixing during this period and resulting in a much stronger temperature

response to the same RE than during the day. There is less variability in� � among the

different climate zones at night than during the day (Fig. 2.3c). The mean surface climate

sensitivity to surface aerosol RE for the Earth's land surface is 0.016 K W� 1 m2, estimated

by dividing the global mean� T of -0.13 K with the global mean surface RE (including

both shortwave and longwave) of -7.94 W m� 2 (Table 2.1). This local surface climate

sensitivity is more than an order of magnitude smaller than the global climate sensitivity

derived from radiative balance perturbations at the top of the atmosphere (Rotstayn et al.,

2015).

The IBPM calculation reveals highly variable but spatially coherent patterns of� T

across the world (Figs 2.6i, 2.6k, and 2.4c). These spatial patterns are largely controlled

by the spatial variabilities of� K # and� L# and are also in�uenced by local biophysical

processes. The global mean daytime� T over land is -0.39 K due to� K # and 0.04 K due

to � L#, while the nighttime� T is 0.13 K due to� L#. Regionally, the strongest response

is seen in the arid zone, with the daytime� T reaching around -2.3 K and nighttime� T

reaching 1.2 K. The zonal mean� T peaks at around 20� N for both shortwave (-1.1 K)

and longwave (0.2 K in the daytime and 0.5 K during nighttime) due to the high climate

sensitivity (in the daytime; Fig. 2.3b) and the high RE (both daytime and nighttime, Figs
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2.3f, 2.3h, and 2.4b). Averaged over the 24-hr cycle, the aerosol direct RE reduces the

global surface temperature by 0.13 K during 2008 to 2017 (Table 2.1 and Fig. 2.5). In

some regions (like Australia), the nighttime warming due to� L# is large enough to almost

offset the daytime cooling due to� K # (Fig. 2.3).

Figure 2.5: a, Global spatial patterns of 24-hour� T (in K) andb, the zonal characteristics
of 24-hour� T for 2008-2017. Non-linear color maps are used to better visualize the
spatial variations throughout the world. The solid line in panelb represents the zonal
mean, while the shaded regions show standard deviations at each degree of latitude.

2.4.2 Impact on the Diurnal Temperature Range and Anthropogenic

Contributions

The daytime cooling and nighttime warming will reduce the diurnal temperature range

(DTR) (Huang et al., 2006; Sarangi et al., 2018). Although this aerosol DTR effect is

known conceptually for some time, we lack a detailed assessment of its geographic varia-

tion and a quantitative attribution of anthropogenic and natural contributions. Here we �nd

that unsurprisingly, the highest reduction in DTR (around 3 K) occurs over arid regions
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with high aerosol loading (Fig. 2.6). In the Amazon basin, because the effective climate

sensitivity is low (daytime� � = 0.0075 K W� 1 m2), aerosols have little impact on DTR

(around -0.09 K) even though� K # and� L# are moderately strong, at -10.55 and 0.28

W m� 2, respectively. For comparison, similar REs (� K # = -9.56 W m� 2; � L# = 0.44 W

m� 2 ) cause a larger reduction in DTR (-0.27 K) in Australia, where smooth landscapes,

which are not ef�cient at dissipating heat from the surface to the atmospheric boundary

layer, enhance the climate sensitivity (daytime� � = 0.0299 K W� 1 m2).

Figure 2.6: a, Global spatial pattern of changes in the diurnal temperature range (DTR;
in K) for 2008–2017,b, zonal mean change in DTR, andc, mean DTR change for each
region of interest due to all aerosols and only anthropogenic aerosols. Shaded regions in
panelb and error bars in panelc represent� 1 standard deviation.

Anthropogenic aerosols account for around 10% of the total global aerosol load (Hinds,

1999), but because they have higher scattering ef�ciencies than natural aerosols, they con-

tribute to almost half the AOD, thus disproportionately modulating the surface temperature

response. Averaged over the eight major regions of the world considered here, anthro-

pogenic aerosols reduce the surfaceK # by 8.2 W m� 2 and increase the surfaceL# by

0.022W m� 2 (Fig. 2.7) through their direct effect. The anthropogenic contribution to the

overall DTR reduction is highest for the Unites States at 68% and lowest for South Amer-

ica at 26%. Aggregating all the eight regions of interest, anthropogenic aerosols lead to

about 50% of the total DTR reduction (Fig. 2.6c).
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Figure 2.7: a, daytime shortwave RE (� K #), b, daytime temperature perturbation due to
shortwave RE,c, daytime longwave RE (� L#), d, daytime temperature perturbation due
to longwave RE,e, nighttime longwave RE (� L#), f , nighttime temperature perturbation;
g, total RE at the surface, andh, 24-hour mean temperature perturbation for 1980-2006.

2.4.3 Inter-annual Trends

Globally, the� T becomes more negative at a rate of -0.014 K per decade in the daytime

for shortwave and more positive at a rate of 0.002 K (daytime) and 0.006 K (night) per

decade for longwave, from 1980 to 2017 (Fig. 2.8). The combined effect is a decrease
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of the global DTR by -0.018 K per decade (Fig. 2.9). The primary driver of these global

temperature trends is the strengthening of the aerosol RE over time. The mean� K # and

daytime (nighttime)� L# are -16.4 and 1.01 (0.99) W m� 2 in 2008–2017, respectively,

compared to -14.6 and 0.88 (0.88) W m� 2 in 1980–1989. Note that the differences in

the �rst and last 10-year means are muted due to aerosol loading caused by the volcanic

eruption of El Chich́on in 1982. Of the �ve climate zones (Figs 2.8 and 2.10 to 2.13),

the temperate zone experiences the largest percentage change between the �rst and last 10

years for� K # (22%) and� L# (44% during day, 50% at night).

Figure 2.8: Long-term trends ina, daytime apparent surface climate sensitivity� � , b
nighttime� � , c daytime surface shortwave RE (� K #), d nighttime surface longwave RE
(� L#), e daytime temperature perturbation, andf nighttime temperature perturbation for
the equatorial climate zone. The dashed lines show the linear trends of the temporal vari-
ation. All long-term trends are statistically signi�cant (p-value< 0.01).
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Figure 2.9: Long-term trend of diurnal temperature range perturbation for the world's
land surfaces. The solid line shows the mean values while the shaded portion shows the
standard error of the means. The standard errors are negligible. The dashed line shows
the linear trend of the temporal variation. The long-term trend is statistically signi�cant
(p-value< 0.01).

33



Figure 2.10: Long-term trends ina, daytime apparent surface climate sensitivity (� � ), b,
nighttime� � , c, daytime surface shortwave RE (� K #), d, nighttime surface longwave RE
(� L#), e, daytime temperature perturbation, andf , nighttime temperature perturbation in
the arid climate zone. The dashed lines show the linear trends of the temporal variation.
All long-term trends are statistically signi�cant (p-value< 0.01).

34



Figure 2.11: Long-term trends ina, daytime apparent surface climate sensitivity (� � ), b,
nighttime� � , c, daytime surface shortwave RE (� K #), d, nighttime surface longwave RE
(� L#), e, daytime temperature perturbation, andf , nighttime temperature perturbation
in the temperate climate zone. The dashed lines show the linear trends of the temporal
variation. All long-term trends are statistically signi�cant (p-value< 0.01).
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Figure 2.12: Long-term trends ina, daytime apparent surface climate sensitivity (� � ), b,
nighttime� � , c, daytime surface shortwave RE (� K #), d, nighttime surface longwave RE
(� L#), e, daytime temperature perturbation, andf , nighttime temperature perturbation in
the snow climate zone. The dashed lines show the linear trends of the temporal variation.
All long-term trends, except for nighttime� L#, are statistically signi�cant (p-value<
0.01).
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Figure 2.13: Long-term trends ina, daytime apparent surface climate sensitivity (� � ), b,
nighttime� � , c, daytime surface shortwave RE (� K #), d, nighttime surface longwave RE
(� L#), e, daytime temperature perturbation, andf , nighttime temperature perturbation in
the polar climate zone. The dashed lines show the linear trends of the temporal variation.
All long-term trends are statistically signi�cant (p-value< 0.01).

Regionally, the most notable feature is a steady increase of daytime� � , or a progressive

reduction of ef�ciency of energy redistribution over time, in the equatorial zone (Fig.

2.8a). We attribute this trend to the wide-scale deforestation in the tropics (Achard et al.,

2002; Hansen et al., 2013). Although the MERRA-2 modeling system does not explicitly

prescribe land use change over time, it uses the observed surface climate variables to

constrain the surface energy balance calculation. Tropical deforestation appears to have

changed the surface climate so as to result in the diagnosis by the reanalysis of a loss in

the ef�ciency of energy redistribution between the surface and the atmospheric boundary

layer. This loss of forest cover serves to amplify the aerosol effect. Sensitivity calculations

using Eq. 2.5 show that of the increase of the daytime cooling signal of 0.067 K between

1980 and 2017, about one third is attributed to the reduction in� � (and the other two third
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to changes in� K #). Non-radiative surface pathways, such as the energy redistribution

ef�ciency, are shown to dominate the surface temperature change associated with ongoing

land cover change and land management activities (Alkama & Cescatti, 2016; Bright et

al., 2017; Naudts et al., 2016). Our result suggests that these surface processes can also

modify local temperature changes resulting from atmospheric radiative forcing.

2.5 Discussion

Previous studies have shown that the climate sensitivity associated with aerosol RF is

greater than that to CO2 RF (Marvel et al., 2015; Rotstayn et al., 2015; Shindell, 2014).

Estimates based on single-forcing model experiments reveal that the former is about 0.55

K W � 1 m2 and the latter is 0.40 K W� 1 m2 under transient climate conditions (Marvel

et al., 2015), giving a sensitivity difference of 0.15 K W� 1 m2 and a climate forcing ef�-

cacy of 1.4 for aerosols. Geographic variations in aerosols are suggested to play a role in

producing this large ef�cacy (Boucher et al., 2013), but the nature of this role is not well

understood. Our study provides a mechanistic explanation for why the ef�cacy of aerosol

RF should exceed unity. In the IBPM framework, the surface temperature perturbation

(� T) is a signal superimposed on changes in the background atmospheric temperature

(� Tb, Eq. 2.4). The total surface temperature change is the sum of the two. CO2, a

spatially homogeneous forcing agent, alters the energy balance of the climate system as

a whole, leading to changes in the background atmospheric temperature, but it does not

change the surface incoming solar radiation in predictable patterns either spatially or tem-

porally (Wild et al., 2015a). In other words, if CO2 is the only radiative forcing agent, we

can omit the surface temperature perturbation due to the surfaceK #.

On the other hand, aerosols alter both the whole Earth system energy balance and

radiation incident on the surface. We postulate that it is this strong surface RE that results
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in the large overall aerosol climate ef�cacy. In our analysis, we assume that the background

temperature change (� Tb) can be predicted by the energy imbalance measured at the top

of the atmosphere using a standard climate sensitivity value and the additional temperature

change (� T) is the result of the intrinsic surface biophysical mechanism. It is the latter

that explains why the aerosol climate forcing ef�cacy is greater than unity.

Our calculations suggest that the aerosol direct effect alone can explain the large cli-

mate ef�cacy of aerosols, without consideration of the aerosol indirect effect. The mean

surface climate sensitivity to aerosol RE reported above (0.016 K W� 1 m2) is based on

the surface RE. If we divide the global mean land surface� T (-0.13 K) by the combined

shortwave and longwave RE at the top of the atmosphere in MERRA-2 (-0.89 W m� 2;

Table 2.1), we obtain a sensitivity of around 0.15 K W� 1 m2 attributed to the intrinsic bio-

physical mechanism, which is nearly the same as the difference (0.15 W� 1 m2) between

the aerosol and the CO2 climate sensitivity (Marvel et al., 2015). Note that accurate calcu-

lations of climate sensitivities necessitate examining temperature changes over both land

and ocean surfaces. While we only focus on the world's land surfaces, we demonstrate

that the local climate response driven by land-atmosphere interactions below the blending

height can conceptually explain the higher global climate sensitivity to aerosols.

From this aggregated assessment, we have excluded the temperature perturbation that

may arise from changes in the energy redistribution factorf (the last term on the right-

hand side of Eq. 2.4). We have already noted that land use change at tropical latitudes has

ampli�ed the aerosol effect through reducingf and increasing the local apparent climate

sensitivity, although globally, the temporal trend in local apparent climate sensitivity is

negligible (Fig. 2.14). A second process that can alterf is changes in the diffuse radia-

tion. Aerosol scattering increases the fraction of diffuse radiation received by the surface,

allowing sunlight to penetrate vegetation canopies and increase the gross primary produc-

tivity of the land biosphere (Mercado et al., 2009; Rap et al., 2018) and the fraction of heat
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transferred through evapotranspiration, thus decreasing the Bowen ratio (Liu et al., 2014).

We are unable to isolate this biological response to diffuse radiation from the MERRA-2

dataset since MERRA-2 only provides diffuse radiation under polluted conditions. Ac-

cording to a global modeling study, the presence of aerosols can reduce the land Bowen

ratio by 15% to 30% between 20� N and 20� S (Liu et al., 2014). In principle, a reduction

in Bowen ratio will generate a negative surface temperature perturbation in the daytime

due to changes inf (Lee et al., 2011) in addition to the negative perturbation due to the

shortwave RE. An accurate estimate of this Bowen ratio induced signal requires that a land

surface model be coupled with an atmospheric radiation transfer model to simultaneously

calculate the surface incoming radiation (including changes in the diffuse fraction) and the

response of the surface sensible and latent heat �uxes.

Figure 2.14: Long-term trends ina, daytime apparent surface climate sensitivity (� � ), b,
nighttime� � , c, daytime surface shortwave RE (� K #), d, nighttime surface longwave RE
(� L#), e, daytime temperature perturbation, andf , nighttime temperature perturbation
for the world's land surfaces. The dashed lines show the linear trends of the temporal
variation. All long-term trends are statistically signi�cant (p-value< 0.01).
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2.6 Conclusions

In this study, we disentangle the local temperature response to the direct surface short-

wave and longwave radiative effects of aerosols for the world's land surfaces. We �nd

that the global mean climate sensitivity to the surface longwave effect during the daytime

(0.039 K W� 1 m2) is 60% stronger than to the daytime surface shortwave effect (0.024 K

W� 1 m2) and 5 times as strong at night (0.127 K W� 1 m2). The former is a consequence

of higher emissions of coarse aerosols in regions where the surface energy redistribution

is less ef�cient, and the latter is related to low turbulent mixing in stable nighttime con-

ditions. The opposing longwave and shortwave effects reduce the DTR, particularly in

arid regions, with almost half the mean reduction in the aggregated region of interest at-

tributable to anthropogenic aerosols. Finally, we analyze long-term trends in the surface

temperature response to aerosol direct radiative effect and �nd an increase in the local

climate sensitivity in the equatorial zone, possible driven by deforestation activities. Our

results demonstrate the importance of biophysical processes in modulating the spatial het-

erogeneity of aerosol-climate interactions. The inclusion of this local climate response to

aerosols may explain their higher climate forcing ef�cacy.
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Chapter 3

Isolating the Impact of Aerosols on
Surface Temperature, Terrestrial

Evapotranspiration, and Land Carbon
Uptake Through Both Radiative and

Non-Radiative Pathways

Published as: Chakraborty, T., Lee, X., & Lawrence, D. M. Strong Local Evaporative

Cooling Over Land Due to Atmospheric Aerosols.Journal of Advances in Modeling Earth

Systems, 13, e2021MS002491.
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3.1 Abstract

Aerosols can enhance terrestrial productivity through increased absorption of solar radia-

tion by the shaded portion of the plant canopy – the diffuse radiation fertilization effect.

Although this process can, in principle, alter surface evaporation due to the coupling be-

tween plant water loss and carbon uptake, with the potential to change the surface temper-

ature, aerosol-climate interactions have been traditionally viewed in light of the radiative

effects within the atmosphere. Here we develop a modeling framework that combines

global atmosphere and land model simulations with a conceptual diagnostic tool to inves-

tigate these interactions from a surface energy budget perspective. Aerosols increase the

terrestrial evaporative fraction, or the portion of net incoming energy consumed by evap-

oration, by over 4% globally and as much as� 40% regionally. The main mechanism for

this is the increase in energy allocation from sensible to latent heat due to global dimming

(reduction in global shortwave radiation) and slightly augmented by diffuse radiation fer-

tilization. In regions with moderately dense vegetation (leaf area index> 2), the local

surface cooling response to aerosols is dominated by this evaporative pathway, not the re-

duction in incident radiation. Diffuse radiation fertilization alone has a stronger impact on

gross primary productivity (+2.18 Pg C y� 1 or +1.8%) than on land evaporation (+0.18 W

m� 2 or +0.48%) and surface temperature (-0.01 K). Our results suggest that it is impor-

tant for land surface models to distinguish between quantity (change in total magnitude)

and quality (change in diffuse fraction) of radiative forcing for properly simulating surface

climate.
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3.2 Introduction

Aerosols modify the Earth's radiative budget through scattering and absorption of solar

(shortwave) and terrestrial (longwave) radiation and have large variability in their phys-

ical and chemical properties, horizontal and vertical distributions, and feedbacks from

other components of the climate system, particularly clouds (Ramanathan 2001; Persad &

Caldeira, 2018). Overall, aerosol climatic effects lead to one of the largest uncertainties

in future climate projections (Hinds 1999, Stocker 2014). Unlike the effect of well-mixed

greenhouse gases, the aerosol radiative effect is stronger at the surface than at the top of

the atmosphere (Ramanathan 2001), with aerosols reducing incoming shortwave radiation

through scattering and absorption and increasing incoming longwave radiation through

re-emission of the absorbed energy (Panicker et al., 2008; Chakraborty & Lee, 2019).

Several past studies have examined the aerosol climatic impacts through the lens of

atmospheric energy balance (Ramanathan 2001; Chung et al., 2005; Persad & Caldeira,

2018). In this study, we aim to investigate the global impacts of aerosols from a terrestrial

surface energy budget perspective. One outstanding question concerns how the surface

sensible heat (H) and latent heat �ux (�E ) respond differently to the aerosol surface ra-

diative effect. Both regional modeling and observational studies show that aerosols may

reduceH more than�E , resulting in an increase of the evaporative fraction (EF), or the

proportion of net incoming energy at the surface dissipated through evaporation (Zhang

et al., 2008; Matsui et al., 2008; Knohl & Baldocchi, 2008; Steiner et al., 2013; Liu et

al., 2014; Wang et al., 2018). Two competing hypotheses are advanced to explain the

enhanced EF. First, aerosols alter quality of the shortwave radiation by increasing diffuse

radiation (K #;d) at the Earth's surface, which can penetrate deeper into the canopy than

direct or beam solar radiation and illuminates normally light-limited portion of the vege-

tation (Gu et al., 2003). The resulting increase in primary productivity is called the diffuse
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radiation fertilization effect (Gu et al., 2002; Niyogi et al., 2004; Mercado et al., 2009; Rap

et al., 2015; Rap et al., 2018). Since carbon uptake and water loss are coupled in plants

through stomatal conductance, the primary hypothesis is that this increase in diffuse ra-

diation modi�es the moisture �ux from the surface and therefore EF (Wang et al., 2008).

A second hypothesis for the change in EF, implicit in the studies of Gu et al. (2006) and

others (Oliveira et al., 2011), is that global dimming, or reduction in quantity of the sur-

face shortwave radiation, is responsible for how the surface available energy is partitioned

betweenH and�E . It is not known which of the two mechanisms – the diffuse radiation

fertilization effect or the global dimming effect – dominates the EF response.

A second question of broad interest asks how temperatures respond to aerosol loading.

Since the aerosol radiative effect is much larger at the surface than in the atmosphere

or at the top of the atmosphere, it follows that aerosols disproportionately affect surface

temperature (Ts; Chakrabort & Lee, 2019). A reduction in incoming radiation generally

causes surface cooling, but the cooling signal is highly variable in space because land

biophysical properties exert a strong control on this local climate response to atmospheric

forcing (Luyssaert et al., 2014; Bright et al., 2017) and because the biophysical properties

of the surface and the aerosol loading aloft tend to co-vary geographically (Chakraborty &

Lee, 2019). In addition, changes in non-radiative processes like convection, evaporation

and EF can changeTs, even under a constant amount of incoming radiation (Bonan 2008;

Lee et al., 2011). A recent study has examined theTs response to the direct radiative

effect (Chakraborty & Lee, 2019). How aerosols modifyTs via non-radiative pathways,

however, remains largely unknown.

This study attempts to address these questions by using a modeling framework that

focuses on the modi�cation of the terrestrial surface energy budget by aerosols. We �rst

quantify the perturbations to each component of the surface energy budget using a model-

ing system consisting of an atmosphere model and a global land model. The atmosphere
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model is run with radiation diagnostics to determine the incoming shortwave and long-

wave radiation �elds at the surface with realistic atmospheric aerosol distributions and in

a hypothetical atmosphere with aerosols removed but with clouds intact. The remaining

components of the surface energy budget are simulated by forcing the land model with

the two sets of atmosphere results. In the two simulations, the incoming shortwave (beam

and diffuse) and incoming longwave radiation are different, but other forcing variables (air

temperature, humidity and wind) at the �rst grid height and surface variables (precipitation

and air pressure) remain the same. A comprehensive evaluation of the simulation results

at the appropriate scales using multiple data sources con�rms that the modeling setup cap-

tures the general direction of these interactions. In parallel, using an of�ine decomposition

analysis of the surface energy budget, we quantify the contributions of aerosol radiative

and non-radiative pathways to local surface temperature perturbations (� T). Since the

non-radiative pathways are expected to be strongly mediated by the biophysical charac-

teristics of the surface (Bonan 2008), we quantify the relative strength of these pathways

across different climate and vegetation density zones. Finally, using a third land model

run and of�ine calculations, we isolate the contributions of the aerosol global dimming

effect and the diffuse radiation fertilization effect on EF, the carbon budget, andTs. We

�nd that the aerosol-induced� T through the non-radiative pathways is large, especially

over vegetated surfaces.
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3.3 Materials and Methods

3.3.1 Modeling Framework to Isolate the Impact of Aerosols on the

Surface Energy Budget

The Earth's surface energy budget represents the thermodynamic interactions between the

surface and the adjacent air layer and is expressed as

K # + L# � K " � L " = H + �E + G (3.1)

whereK # is the incoming shortwave radiation,L# is the incoming longwave radiation,K "

is the shortwave radiation re�ected by the surface,L " is the longwave radiation emitted by

the surface,H is the sensible heat �ux and represents the turbulent transfer of heat from

the surface to the atmosphere,�E is the latent heat �ux or the transfer of moisture from

the surface to the atmosphere, andG is the ground �ux. The terms on the left-hand side of

Eq. 3.1 comprise the surface net radiation,

Rn = K # + L# � K " � L " (3.2)

We use the Community Atmosphere Model (CAM, version 6.0 with slab ocean, pre-

scribed sea ice and present-day climatological distribution of aerosols; Gettelman et al.,

2019) and the Community Land Model (CLM, version 5.0 with biogeochemistry and prog-

nostic vegetation state turned on; Lawrence et al., 2019) to quantify the impact of aerosols

on each component of Eq. 3.1 for the period 2001-2003. We run these models twice at a

resolution of 0.9375� � 1.5� . The �rst run, labeled as P, is for the polluted atmosphere.

Atmospheric forcing variables produced by CAM at the screen height and at the surface

(incoming solar radiation, incoming longwave radiation, air temperature, speci�c humid-
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ity, wind speed, atmospheric pressure, precipitation) are used as inputs to drive CLM. By

default, CLM in land-only mode partitionsK # into the diffuse (K #;d) and the beam (K #;b)

component using a polynomial �t function ofK #. In the present study, we bypass this

default partitioning, and instead useK #;d andK #;b calculated by CAM. The use of pre-

scribedK #;d andK #;b in CLM instead of its default partitioning scheme has been shown

to better capture both the magnitude of GPP and the GPP response to diffuse fractionkd (

= K #;d/K #) for a temperate deciduous forest site (Wozniak et al., 2020). To allow the land

processes to adjust to the different forcing sets, the same three years of forcing are looped

six times. The results from the �nal three-year loop are presented. The relatively short

time period used is justi�ed since this is a study of perturbation and not change over time.

Short periods are also used in other perturbation studies (Matsui et al., 2008; Rap et al.,

2018).

In the second run (labeled as C), the incoming solar and incoming longwave radiation

are calculated with the diagnostic radiation transfer code of CAM but without aerosols. All

other CLM forcing variables (air temperature, speci�c humidity, wind speed, atmospheric

pressure, precipitation) are identical to those in Run P. The results are for a hypothetical

atmosphere free of aerosols.

The effect of aerosols on the surface radiation and energy processes is quanti�ed as

the difference between Run P and Run C. For example,K #;d is 62.88 W m� 2 in the pol-

luted atmosphere in Run P and 52.09 W m� 2 in the clean atmosphere in Run C, giving

� K #;d of 10.79 W m� 2 (Fig. 3.1). K #;d is greater in P than in C because the former in-

cludes contributions from scattering by aerosols, gaseous molecules, and clouds whereas

the latter include only contributions from scattering by gaseous molecules and clouds. The

interaction of aerosols with clouds is simulated by default in CAM and does not affect the

diagnostic radiation calculation. Thus, in Run C, the clouds from Run P are preserved.

Had all aerosols been removed from the atmosphere in the default CAM setup, practically
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all clouds would have disappeared. We perform a third run, labeled as M, to help separate

the global dimming and diffuse radiation fertilization effects. In this simulation,K # is the

same as in the polluted run (P) andkd is kept the same as in the clean run (C). The overall

change in a variable X due to aerosols can then be decomposed as

� X = ( X P � X M ) + ( X M � X C) (3.3)

where subscript M, P, and C denote the three simulations, (X P-X M ) represents the contri-

bution arising from change in radiation quality or the diffuse radiation fertilization effect,

and (X M -X C) represents the contribution arising from change in radiation quantity or the

dimming effect. The global (and regional; see next subsection) means, as well as their stan-

dard deviations or standard errors (as noted in the corresponding text or �gure and table

captions), are calculated after weighing the gridded values by the grid areas. A schematic

of the modeling setup is in Fig. 3.1.

Figure 3.1: Schematic of modeling setup used in the present study. The forcing �elds
from CAM6 include incoming diffuse radiation, incoming direct beam radiation, incoming
longwave radiation, air temperature, speci�c humidity, wind speed, atmospheric pressure,
and precipitation. Only the diffuse radiation, direct beam radiation, and longwave radiation
are changed in the different runs to represent the impact of aerosols on the components of
the incident radiation at the surface.
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Table 3.1: Summary of grid area-weighted annual mean components of the surface radia-
tion energy budgets from CAM and CLM runs for aerosol and no aerosol cases, as well as
their changes, for the world's land surface and for each climate zone.

3.3.2 Model Evaluation

The realism of the CAM and CLM results (Table 3.1) are assessed by comparison with

multiple independent data products. The CLM forcing data simulated by CAM are com-

pared with the Global Soil Wetness Project version 3 (GSWP3) dataset (Dirmeyer et al.,

2011), the standard atmospheric forcing data used in the Land Model Intercomparison

Project (LUMIP) (Lawrence et al., 2016). The components of the surface energy budget
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from the model runs are also evaluated using NASA's MERRA-2 reanalysis (Gelaro et al.,

2017), while the simulated sensible and latent heat �uxes are further evaluated against the

FLUXCOM dataset, which merges FLUXNET observations with remote sensing phenol-

ogy and meteorological data (Jung et al., 2019). We choose the ensemble FLUXCOM

estimates from all the machine learning models based on the GSWP3 meteorological forc-

ing for this purpose. We also use observations from the Global Energy Balance Archive

(GEBA) (Wild et al., 2017) to evaluate grid-level incoming shortwave and diffuse radia-

tion. Perturbations to the surface radiation budget due to aerosols are compared against the

MERRA-2 radiation diagnostics and two previous global studies. The statistical param-

eters used for model evaluation are the coef�cient of determination (r 2), the root-mean-

square error (RMSE), and the mean bias error (MBE). For comparisons against the gridded

datasets, the same time-period as the model run (2001-2003) is used for all terrestrial sur-

faces as well as for each individual Koppen-Geiger climate class, namely tropical, arid,

temperate, boreal, and polar (Rubel & Kottek, 2010; Fig. 3.2a). For GEBA observations,

only the years for which all twelve months of data are available are selected. Since the

CAM-CLM run represents the climatological mean of the radiation �elds, GEBA sites

with at least 3 years of data are averaged to create monthly means. To check how well the

aerosol optical depth (AOD) in CAM and leaf area index (LAI) in CLM, two important

parameters that modulate aerosol-biosphere-climate interactions, compare to observations,

we use 5-year averages (2003-2007) derived from the Moderate Resolution Imaging Spec-

troradiometer (MODIS) observations (Knyazikhin et al., 1998; Lyapustin et al., 2018) for

each climate zone.
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