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Abstract Aerosols can enhance terrestrial productivity through increased absorption of solar
radiation 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 between plant water loss
and carbon uptake, with the potential to change the surface temperature, 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 investigate these interactions from a surface energy budget perspective. Aerosols
increase the terrestrial evaporative fraction, or the portion of net incoming energy consumed by
evaporation, 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 fertilization. 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 reduction in incident radiation. Diffuse radiation fertilization alone has

a stronger impact on gross primary productivity (+2.18 Pg C y~' or +1.8%) than on land evaporation
(+0.18 W m™ or +0.48%) and surface temperature (—0.01 K). Our results suggest that it is important 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.

Plain Language Summary Atmospheric particles or aerosols are known to enhance
plant growth by increasing photosynthesis in leaves that are normally shaded from direct sunlight,

a phenomenon known as the diffuse radiation fertilization effect. Since photosynthesis and water
vapor released from plants are linked, this would imply that there is more evaporative cooling at the
surface under polluted skies, a mechanism of aerosol-induced cooling that has not been explicitly
considered in past studies. In the present study, we test this hypothesis on a global scale by combining
a modeling framework with an offline energy balance method. We show that the surface cooling due
to the evaporative pathway is stronger than due to the radiative effect of aerosols for moderately dense
vegetation. Traditionally, aerosol-climate interactions are viewed in light of their radiation impacts on
the atmospheric energy budget. Our study provides a new, surface energy budget perspective on these
interactions and highlight the importance of differentiating between the quantity and quality of radiative
forcing at the Earth's surface when examining the impact of aerosols on the surface climate.

1. Introduction

Aerosols modify the Earth's radiative budget through scattering and absorption of solar (shortwave) and ter-
restrial (longwave) radiation and have large variability in their physical and chemical properties, horizontal
and vertical distributions, and feedbacks from other components of the climate system, particularly clouds
(Persad & Caldeira, 2018; Ramanathan, 2001). 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 absorp-
tion and increasing incoming longwave radiation through re-emission of the absorbed energy (Chakraborty
& Lee, 2019; Panicker et al., 2008).
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Several past studies have examined the aerosol climatic impacts through the lens of atmospheric energy
balance (Chung et al., 2005; Persad & Caldeira, 2018; Ramanathan, 2001). In this study, we aim to inves-
tigate 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 flux (AE) respond differently to the
aerosol surface radiative effect. Both regional modeling and observational studies show that aerosols may
reduce H more than AE, resulting in an increase of the evaporative fraction (EF), or the proportion of net
incoming energy at the surface dissipated through evaporation (Knohl & Baldocchi, 2008; Liu et al., 2014;
Matsui et al., 2008; Steiner et al., 2013; S. Wang et al., 2018; W. Wang et al., 2018; Zhang et al., 2008). Two
competing hypotheses are advanced to explain the enhanced EF. First, aerosols alter quality of the short-
wave radiation by increasing diffuse radiation (X 4) 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 radiation fertili-
zation effect (Gu et al., 2002; Mercado et al., 2009; Niyogi et al., 2004; Rap et al., 2018, 2015). Since carbon
uptake and water loss are coupled in plants through stomatal conductance, the primary hypothesis is that
this increase in diffuse radiation modifies the moisture flux from the surface and therefore EF (K. 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 surface shortwave radiation,
is responsible for how the surface available energy is partitioned between H and AE. 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 fol-
lows that aerosols disproportionately affect surface temperature (Ts; Chakraborty & 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 (Bright et al., 2017; Luyssaert et al., 2014) 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 change T, even under a constant amount
of incoming radiation (Bonan, 2008; Lee et al., 2011). A recent study has examined the T response to the
direct radiative effect (Chakraborty & Lee, 2019). How aerosols modify T via non-radiative pathways, how-
ever, remains largely unknown.

This study attempts to address these questions by using a modeling framework that focuses on the mod-
ification of the terrestrial surface energy budget by aerosols. We first quantify the perturbations to each
component of the surface energy budget using a modeling system consisting of an atmosphere model and
a global land model. The atmosphere model is run with radiation diagnostics to determine the incoming
shortwave and longwave radiation fields 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 radia-
tion are different, but other forcing variables (air temperature, humidity and wind) at the first 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 confirms that the modeling setup
captures the general direction of these interactions. In parallel, using an offline decomposition analysis of
the surface energy budget, we quantify the contributions of aerosol radiative and non-radiative pathways to
local surface temperature perturbations (AT). Since the non-radiative pathways are expected to be strongly
mediated by the biophysical characteristics 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 offline calculations, we isolate the contributions of the aerosol global dimming effect and the diffuse
radiation fertilization effect on EF, the carbon budget, and T,. We find that the aerosol-induced AT through
the non-radiative pathways is large, especially over vegetated surfaces.
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2. Materials and Methods
2.1. 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¢+LL—KT—I/T=H+1E+G, (1)

where K| is the incoming shortwave radiation, L, is the incoming longwave radiation, K; is the shortwave
radiation reflected by the surface, L; is the longwave radiation emitted by the surface, H is the sensible heat
flux and represents the turbulent transfer of heat from the surface to the atmosphere, AE is the latent heat
flux or the transfer of moisture from the surface to the atmosphere, and G is the ground flux. The terms on
the left-hand side of Equation 1 comprise the surface net radiation,

R,=K,+L,-Ky~Ls, @

We use the Community Atmosphere Model (CAM, version 6.0 with slab ocean, prescribed 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 prognostic vegetation state turned on; Lawrence et al., 2019)
to quantify the impact of aerosols on each component of Equation 1 for the period 2001-2003. We run these
models twice at a resolution of 0.9375 x 1.5°. The first 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, specific humidity, wind speed, atmospheric pres-
sure, precipitation) are used as inputs to drive CLM. By default, CLM in land-only mode partitions K| into
the diffuse (K 4) and the beam (X ;) component using a polynomial fit function of K|. In the present study,
we bypass this default partitioning, and instead use K, 4 and K| , calculated by CAM. The use of prescribed
K,4and K|, in CLM instead of its default partitioning scheme has been shown to better capture both the
magnitude of gross primary productivity (GPP) and the GPP response to diffuse fraction kq (=K, 4/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 final three-year loop
are presented. The relatively short time period used is justified 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, specific 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 quantified as the difference between
Run P and Run C. For example, K| 4is 62.88 W m ™ in the polluted atmosphere in Run P and 52.09 W m >
in the clean atmosphere in Run C, giving AK| 4 of 10.79 W m™2. K| 4 is greater in P than in C because the
former includes 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 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) and k; is kept the same as in the clean run (C). The overall change in a vari-
able X due to aerosols can then be decomposed as

AX = (XP—XM)+(XM—XC), 3)

where subscript M, P, and C denote the three simulations, (Xp - X)) represents the contribution arising from
change in radiation quality or the diffuse radiation fertilization effect, and (X, - X¢) represents the contri-
bution arising from change in radiation quantity or the dimming effect. The global (and regional; see next
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Same aerosol radiative effect; fixed k,

CAM6 to
generate
surface forcing
fields

Default run with aerosol climatology

subsection) means, as well as their standard deviations or standard errors
(as noted in the corresponding text or figure and table captions), are cal-
culated after weighing the gridded values by the grid areas. A schematic
of the modeling setup is in Figure 1.

CLM5 BGC run:
Fixed k, case (Xy,)

CLM 5 BGC run:
Polluted case (X;)

Radiation diagnostics without aerosols B R 2.2. Model Evaluation
— Clean case (X¢)

The realism of the CAM and CLM results (Table S1) are assessed by com-
parison with multiple independent data products. The CLM forcing data

Figure 1. Schematic of modeling setup used in the present study. The simulated by CAM are compared with the Global Soil Wetness Project
forcing fields from CAM6 include incoming diffuse radiation, incoming version 3 (GSWP3) data set (Dirmeyer et al., 2011), the standard atmos-

direct beam radiation, incoming longwave radiation, air temperature,
specific humidity, wind speed, atmospheric pressure, and precipitation.

pheric forcing data used in the Land Model Intercomparison Project

Only the diffuse radiation, direct beam radiation, and longwave radiation (LUMIP) (Lawrence et al., 2016). The components of the surface energy
are changed in the different runs to represent the impact of aerosols on the ~ budget from the model runs are also evaluated using NASA's MERRA-2
components of the incident radiation at the surface. reanalysis (Gelaro et al., 2017), while the simulated sensible and latent

heat fluxes are further evaluated against the FLUXCOM data set, which

merges FLUXNET observations with remote sensing phenology and me-
teorological data (Jung et al., 2019). We choose the ensemble FLUXCOM estimates from all the machine
learning models based on the GSWP3 meteorological forcing for this purpose. We also use observations
from the Global Energy Balance Archive (GEBA) (Wild et al., 2017) to evaluate grid-level incoming short-
wave and diffuse radiation. Perturbations to the surface radiation budget due to aerosols are compared
against the MERRA-2 radiation diagnostics and two previous global studies. The statistical parameters used
for model evaluation are the coefficient of determination (+%), 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 surfaces as well as for each individual Koppen-Geiger climate
class, namely tropical, arid, temperate, boreal, and polar (Rubel & Kottek, 2010; Figure Sla). For GEBA
observations, only the years for which all 12 months of data are available are selected. Since the CAM-CLM
run represents the climatological mean of the radiation fields, GEBA sites with at least 3 years of data are
averaged to create monthly composites. 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 interac-
tions, compare to observations, we use 5-years averages (2003-2007) derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) observations (Knyazikhin et al., 1998; Lyapustin et al., 2018) for each
climate zone.

Table S2 shows the evaluation of the forcing fields. We see relatively low * values for almost all the variables
for the tropical region. This is probably due to the difference in cloud distribution associated with different
parameterizations used in the models. However, overall, our mean forcing fields are comparable to the
GSWP3 data, except for wind speed (RMSE = 2.39 m s™"), though that should not affect our perturbation
runs much. Moreover, our overall results are presented at the areally averaged climate zone scale, not for
individual grid values.

We evaluate the gridded incoming diffuse radiation and total shortwave radiation against observations,
both globally and for each climate zone, and find the results to be reasonable (MBE = 10.20 W m™* for
shortwave; —10.52 W m™? for diffuse for all sites; Figures S2 and S3). Note that the underestimation of k4
due to the overestimation of shortwave radiation and underestimation of diffuse radiation will introduce
some uncertainties in the magnitude of our results. This underestimation may be due to the lower AOD in
CAM compared to MODIS MCD19A2 version 6 observations (Lyapustin et al., 2018), seen for all climate
zones except the arid zone (Figure S4b), which is consistent with the results from a recent study (Y. Wang
et al., 2021). The evaluation for longwave radiation is not shown since there are very few stations with at
least three years of incoming longwave observations in GEBA. The slight difference in incoming shortwave
and longwave radiation between Tables S3, S1 and Table S2 is because they are re-gridded from datasets at
different resolution. The MERRA-2 reanalysis assimilates satellite-based observations of aerosols and uses
them to isolate the direct radiative effect of aerosols (Gelaro et al., 2017). The magnitude of the shortwave
and longwave aerosol radiative effects from our CAM run are very similar to the MERRA-2 diagnostics
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Table 1

Comparison of Change to the Surface Energy Budget Terms Due to Aerosols With MERRA-2 Data and Chen and Zhuang (for Radiation components) and Liu

et al. (for Turbulent Fluxes). The Units arein Wm™

2

Source
Variable Case Liu et al.; Chen and Zhuang Present study MERRA-2
Sensible heat flux Without aerosols 95.26 35.64 + 29.7 NA
With aerosols 79.57 32.05 £ 27.86 35.37 + 33.06
Change —15.69 —3.59 +3.03 NA
Latent heat flux Without aerosols 46.00 37.93 +29.68 NA
With aerosols 43.60 37.42 + 29.23 43.13 +£37.3
Change —2.4 —0.51 + 0.8 NA
Change in incoming shortwave —-21.9 —8.72 + 8.98 —8.49 + 6.82
Change incoming longwave NA 2.12 + 3.73 (all-sky) 1.02 + 1.54 (clear-sky)

Table 2

(Table 1). Note that MERRA-2 only provides clear-sky AL, due to aerosols, which contributes to larger rela-
tive deviations from CAM (2.12 + 3.73 W m™> for CAM vs. 1.02 + 1.54 W m > in MERRA-2).

Table S3 shows comparison of the simulated surface energy budget components against the MERRA-2
reanalysis dataset. In addition to the expected low explanation of variability in the tropical region, there
is a large difference in the magnitude and variability of G between MERRA-2 and CLM (#* = 0.14;
RMSE = 1.53 W m ™).

Table 2 shows that the latent heat flux simulated by CLM is in excellent agreement with the FLUXCOM
data set on both the global scale and for individual climate zones with MBE less than 10%. The agreement
for sensible heat flux is also very good except for the boreal and polar climate zones, where CLM shows
systematic low biases. The LAI in CLM is slightly higher than the MODIS MCD15A3H version 6 5-years
estimates (Figure S4a; Knyazikhin et al., 1998), but the variability between the climate zones is generally
captured by the model.

We also compare our results with those reported by Liu et al. (2014), which appears to be the only other
global study on aerosol impact on turbulent fluxes on land (Table 1). Our reductions in H and AFE are lower
than theirs (Table 1). While Liu et al. (2014) did not provide the results for AK|, Chen and Zhuang (2014),

Evaluation of the Sensible and Latent Heat Fluxes Simulate by CLM Against FLUXCOM Data for the World's Land Surfaces and for Each Climate Zone

Regions of interest

Variable Case Global land Tropical Arid Temperate Boreal Polar
Sensible heat flux (W m™2) CLM 37.42 + 20.54 41.77 £ 14.21 57.17 + 14.95 40.78 + 14.53 19.88 + 12.27 18.78 + 23.07
FLUXCOM 40.87 + 15.82 44.06 + 10.47 56.51 + 12.89 39.09 + 14.34 28.71 + 8.01 32.1 +£19.24
r 0.71 0.32 0.47 0.48 0.44 0.81
RMSE 12.40 11.99 11.55 11.88 12.94 16.11
MBE —3.45 —2.29 0.67 1.69 —8.83 —13.31
Latent heat flux (W mfz) CLM 45.23 + 26.29 79.81 + 17 32.12 +15.61 51.7 + 16.74 27.84 +10.55 19.2 + 13.64
FLUXCOM 48.38 + 27.49 86.32 + 18.29 323+ 118 56.34 + 15.05 30.03 + 8.95 20.29 +9.75
s 0.87 0.52 0.42 0.66 0.73 0.62
RMSE 10.98 14.54 11.92 10.97 6.36 8.11
MBE —-3.14 —6.51 —0.18 —4.64 —-2.20 —1.09

Note. The top two rows for each variable show the grid-area weighted mean and standard deviation from the present study and FLUXCOM. The statistical
parameters for model evaluation are the coefficient of determination (), the weighted root-mean-square error (RMSE), and the mean bias error (MBE).

CLM, Community Land Model.
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who used the same modeling framework, reported a AK, of —21.9 W m™ (global terrestrial mean) due to
aerosols, which is higher in magnitude than previous studies (Chung et al., 2005; scaled by AOD over land),
as well as MERRA-2 (Table 1). Moreover, as also mentioned by the authors, the magnitude of H simulated
by their model is significantly higher than other estimates. Since our AK| is in good agreement with the
MERRA-2 diagnostics and our simulated sensible and latent heat fluxes are much closer to FLUXCOM and
MERRA-2 estimates than theirs (Tables 1 and 2), we are relatively confident about the overall magnitude of
the changes in turbulent fluxes in our study.

Davin and Seneviratne (2012) used an older version of CLM (CLM3.5; see changes since then in Oleson
et al., 2013 and Lawrence et al., 2019) with a two-big-leaf canopy structure to demonstrate that it can
simulate the enhancement of AE under diffuse light conditions as observed at an evergreen needleleaf for-
est site. However, a recent study using the multi-layer implementation of CLM at a temperate deciduous
forest site suggests an overestimation of the GPP response to k; at the hourly scale during summer (Wozni-
ak et al., 2020). Our results are less prone to this model uncertainty because the temperature change in-
duced by the fertilization effect is minor in comparison to the change associate with Bowen ratio increase
under reduced global radiation which is a robust feature across models (Davin & Seneviratne, 2012; Liu
et al., 2014; Matsui et al., 2008; Mercado et al., 2009; Oliveira et al., 2011; Rap et al., 2018, 2015; Zhang
et al., 2008) and in observational studies (Kanniah et al., 2012; K. Wang et al., 2008; S. Wang et al., 2018; W.
Wang et al., 2018).

2.3. Terrestrial Evapotranspiration and Its Partitioning

The terrestrial evapotranspiration can be separated into evaporation from the ground (1E,), evaporation
from the canopy (AE,), transpiration (1E;) from sunlit leaves (AE,,s,,), and transpiration from shaded leaves
(AE sha)- This separation in CLM is based on the vegetation temperature, ground temperature, surface tem-
perature, and specific humidity. The method starts with initial guesses for wind speed and Monin-Obukhov
length, which are used to iteratively solve for the other components and sub-components of the surface
energy budget. More information about this numerical scheme can be found in Oleson et al. (2013).

Of specific importance to the present study, CLM parameterizes photosynthesis and transpiration separate-
ly for sunlit and shaded leaves, but it represents the whole canopy with a single foliage temperature (Dai
et al., 2004). To determine if this simplification adversely affects our perturbation experiments, we com-
pared the CLM results with the results of the Community Atmosphere-Biosphere Land Exchange model
(CABLE version 1.4: Kowalczyk et al., 2006). Unlike CLM, CABLE solves the energy balance equation and
the foliage temperature separately for sunlit and shaded leaves (Wang & Leuning, 1998). The comparison
was made for three grid cells where >90% of the grid space is occupied by a single plant functional type
(PFT). Two of the grids are occupied by broadleaf evergreen trees, one with the highest (—22.3 W m™>; la-
beled as BET1, in Congo Basin; 3.3°N, 17.5°E) and the other with the lowest (—1.5 W m™>; labeled as BET2,
in Papua New Guinea; 3.3°S, 137.5°E) magnitude of the aerosol shortwave radiative effect AK|, both with a
LAI of about 6. The third grid is C3 grass with LAT of 2.1 and AK, of —6.6 W m* (labeled as C3, in northern
China; 49.5°N, 118.7°E).

For each grid cell, CABLE was prescribed with the corresponding PFT. The default LAI assigned to the rel-
evant PFTs in CABLE was replaced by the monthly LAI calculated by CLM. The CABLE simulations were
forced by the same atmospheric variables as in the CLM runs under clean and polluted conditions. To do
this, the CABLE model code was modified to use time-dependent beam fraction of radiation from the CAM
simulations. Figure 2 shows the sensible (H) and latent heat flux (AE), including their components, simu-
lated by the two models for clean sky conditions and their changes due to aerosols, as well as the surface
temperature response. The CABLE model confirms that aerosols decrease the Bowen ratio and the surface
temperature, by amounts similar to those simulated by CLM. The CABLE simulations also demonstrate
broadly similar changes in the sunlit and shaded components of transpiration due to aerosols compared to
the CLM simulations.
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aerosols. CLM is represented by filled bars and CABLE by hatched bars. CABLE, Community Atmosphere-Biosphere Land Exchange model; CLM, Community

Land Model.

2.4. Attributing Surface Temperature Perturbations Through Radiative and Non-Radiative
Pathways

The total surface temperature change (AT;) due to aerosols is the sum of the changes in the blending height
temperature (AT}) and the local temperature response (AT; Chakraborty & Lee, 2019):

AT, = AT + AT, . @

Here, AT arises from the radiative pathway associated with changes in K| and L, and the non-radiative
pathway associated with changes in evaporation and in efficiency of convection between the surface and
the lower atmosphere. This temperature response can be decomposed according to the theory of intrinsic
biophysical mechanism (IBPM) which is a solution of the perturbed form of Equation 1 (Lee et al., 2011),

AT = % % AG,

—1+fAKl(l—a)+LAL¢+i 1+f (5)

. ~
R, - G|Af, + ———
1+f (1+f)2( ) l+(1+f)2

(R -G)ap +

where a is the surface albedo, R,," is apparent net radiation given by

Ry=K(1-a)+L, -oT, .

(6)
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o is the Stefan-Boltzmann constant, 4, is the local temperature sensitivity due to longwave radiative feed-
back given by:

1
4073’

s

A = (7)

and fis a dimensionless energy redistribution factor, a measure of the efficiency of energy dissipation from
the surface to the lower atmosphere through convection and evaporation (Lee et al., 2011). A larger f corre-
sponds to a lower effective local climate sensitivity (1*) according to the relation 1* = 4,/(1 + f).

The IBPM method is a diagnostic tool grounded on a first principle (the surface energy conservation). It sep-
arates the surface temperature perturbation into contributions of different biophysical pathways. Accord-
ingly, the terms on the right-hand side of Equation 5 represent, from left to right, the temperature response
due to change in incoming shortwave radiation AK, (term 1), change in incoming longwave radiation AL,
(term 2), change in energy redistribution through evaporation (term 3), change in energy redistribution
through convection (term 4), and change in ground heat flux AG (term 5). The contribution of the radiative
pathway is given by the first two terms, and that of the non-radiative pathway is given by the last three terms.
The realism of the IBPM framework has been extensively documented in the past, for example, in studies
of temperature perturbation due to urbanization (Zhao et al., 2014), deforestation (Bright et al., 2017; Bu-
rokowski et al., 2018), and agricultural activities (Chakraborty et al., 2021; Ruehr et al., 2020), and in a study
of lake surface temperature change (S. Wang et al., 2018; W. Wang et al., 2018).

In this diagnostic calculation, the change terms AK|, AL, and AG are given as the difference between the
two model runs (P minus C), R," and 4, are based on the values of K|, L|, a, T,, and T, for the clean atmos-
phere, with 7, being the atmospheric temperature at the first CAM model grid height (average 60 m above
the surface). The energy redistribution factor (Lee et al., 2011) is calculated from the following diagnostic
equation

f= (R, -G)-1. ®)

Only grids with a positive value of fare considered. Contributions due to evaporation (Af;) and convection
(Af,) are calculated from

AB

A=~ f———.
Vi fﬂ(l+ﬂ) ©
Afy =—f Arr“, (10)

a

where 8 and 7, are the average Bowen ratio, the ratio of the sensible and latent heat fluxes, and aerodynam-
ic resistance, respectively, from Runs P (or M) and C, while the A terms are the changes in the respective
variables between the two runs. The role of the EF change is expressed through the 8 change, noting that a
negative A corresponds to a positive AEF and vice versa. Changes in 3 are very small (close to zero) for bo-
real and polar climate, leading to unreasonably high values of the third term in Equation 5. The AT through
the evaporative pathway is thus set to zero for these grids.

3. Results
3.1. Aerosol Impact on the Surface Energy Budget

Unsurprisingly, aerosols decrease the incoming surface shortwave radiation and increase the incoming
longwave radiation (Figure 3), whose spatial variations are consistent with the geographic distribution of
aerosols (Figures S5 and S6). The highest changes in incoming radiation are seen over arid regions like
the Sahara Desert and the Middle East, and moderately large changes over heavily polluted regions like
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Figure 3. Surface energy budget adjustment due to aerosols. Schematic showing grid area-weighted annual mean
terrestrial surface energy budget components for a clean atmosphere, namely incoming shortwave radiation (X)), direct
beam radiation (K| ;), diffuse radiation (K, 4), reflected shortwave radiation (K;), ground heat flux (g), emitted longwave
radiation (L;), incoming longwave radiation (L,), latent heat flux (AE), and sensible heat flux (h), along with changes
(and percentage changes) to each component due to aerosols. In each box, the baseline value is at the top, the change

is in the middle and the percentage change is in parentheses at the bottom. All quantities other than the percentage

changes are in W m™2.

northern India and eastern China (Figure S5). The global average reduction in the shortwave radiation AK,
over land is —8.72 W m™2 (—4.5%), from a base K, value of 194.57 W m™? for the clean atmospheric state
(Figure 3 and Table S1). This total AK| consists of an increase in the diffuse radiation (AK|,4) by 10.79 W m >
(20.7%) and a decrease in the beam radiation (AK,;) by 19.51 W m > (—13.7%). Consequently, the diffuse
fraction (k) increases by 26%, from 0.268 to 0.338. Because of the large mineral dust aerosol loading and of
the low base k, (0.165) due to low cloud amounts and low zenith angle, the largest percentage increase in
kq(~70%) is seen for arid regions. Averaged over all land surfaces, increases in L, are roughly one-fourth of
the decreases in K|, at 2.12 W m™ (0.7%), almost all of which are attributable to natural absorbing aerosols
(Chakraborty & Lee, 2019).

Aerosols reduce both the terrestrial sensible (H) and the latent heat flux (1E), but by different amounts (Fig-
ure S7). H decreases over seven times as much as AE (AH = —3.59 W m 2, AAE = —0.51 W m™~?; Figure 3 and
Table S1). Separating AE into its components (Figure 4) explains why AAE is smaller than AH in magnitude.
While AE,, AE,, and AE, decrease, the total decrease in AE; is partly offset by an increase in AE,,s,. Moreover,
the percentage increases in AE,,q,, are much higher than the percentage decreases in AE,,,. For instance,
for the tropical zone (Figure 4b), the increase in AE,,q, is 8.2%, while the decrease in AE,,q, is only 2.4%. In
this case, AE,,q,, increases by 0.55 W m ™2, partly offsetting the decrease in AE, due to AAE ., (—0.83 W m ™).
Similar enhancement of AE,,,, is also seen for other biomes.

According to the hypothesis of diffuse radiation fertilization, efficient penetration of diffuse radiation
through the canopy increases photosynthesis in shaded leaves under polluted conditions. Consequently,
this enhances transpiration from shaded leaves and compensates for the lower transpiration from sunlit
leaves under the decreased incoming sunlight (K,) due to aerosols. Similar patterns are seen for the com-
ponents of the ecosystem carbon budget (Figure 5). The net ecosystem productivity (NEP) increases under
aerosol loading in most climate zones, with an average increase of 1.7% for the Earth's land surfaces. A
similar analysis done for different LAI bins shows that the greatest increase in NEP (and second highest
percentage increase) is for grids with LAI > 5 at 0.46 Pg C y ' (Figure S8). The overall change in GPP is
positive as opposed to a negative AAE, supporting previous finding that aerosol loading enhances ecosystem
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Figure 4. Components of latent heat flux and their changes across climate zones. Total grid-area weighted mean latent heat flux (AE) for a clean atmosphere
and its change due to aerosols (AAE), as well as the corresponding components, namely ground evaporation (AE,), canopy evaporation (AE.), transpiration
from sunlit leaves (AE,,sun), and transpiration from shaded leaves (A1E,,sn,) over () all terrestrial surfaces, (b) tropical climate, (c) arid climate, (d) temperate

climate, (e) boreal climate, and (f) polar climate. The components for a clean atmosphere are represented by the filled bars in the lower part of each panel. The
net changes in the components due to aerosols are given by the filled bars in the upper part of the panel, with the percentage change noted. The net change is
further decomposed into contributions from the diffuse radiation fertilization effect (blank) and the dimming effect (hatched). The error bars represent the grid

area-weighted standard errors.
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Figure 5. Carbon budget across climate zones. Net ecosystem production (NEP, orange bar), gross primary productivity (GPP, red bar), and ecosystem
respiration (ER, green bar) over (a) All terrestrial surfaces, (b) Tropical climate, (c) Arid climate, (d) temperate climate, (e) Boreal climate, and (f) Polar climate
The carbon flux components for a clean atmosphere are represented by the filled bars in the lower part of each panel. The net changes due to aerosols are given
by the filled bars in the upper part of the panel, with the percentage changes noted. The net changes are further decomposed into contributions from the diffuse

radiation fertilization effect (blank bar) and the dimming effect (hatched bar).
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Figure 6. Association between diffuse fraction change and evaporative fraction change. (a) Scatter plot of grid-averaged percentage change in diffuse fraction
(kg) versus percentage change in evaporative fraction (EF) between polluted and clean atmosphere. The equation for the linear relationship between the two is
given above the figure. The dashed lines, from dark orange to black, are the lines of best fit between the two variables for increasing leaf area index (LAI) bins.
(b) Association between grid-averaged changes in EF and in diffuse fraction (Ak,) between polluted and clean atmosphere. The regression equation between
the two is given above the figure, with coefficient of determination 7, confidence level p, and number of grid points n noted. For each equal-sized Ak, bin,
frequency distributions of AEF, as well as box and whisker plots showing the 25th, 50th, and 75th percentile of AEF are given.

water use efficiency (Lu et al., 2017). The diffuse radiation fertilization effect alone has a stronger impact on
GPP (increase of 2.18 Pg C y ' or 1.8% of total terrestrial GPP, Figure 5a) than on land evaporation (increase
of 0.18 W m™ or 0.48% of total terrestrial evaporation, Figure 4a).

For AH, there is no corresponding compensating mechanism; instead H from both the ground (Hy) and
vegetation (H,) decrease (Figure S9). As a result, EF increases by 0.023 or 4.5% over the global terrestrial
surface (Figure S7). Changes in EF reach 0.05-0.06 (almost 10%) over the Congo Basin rainforest in central
Africa, northern India, and eastern and north-western China. Taklamakan Desert in north-western China
shows the highest percentage change in EF (25%-30%).

The percentage changes in EF are positively correlated with percentage changes in k4 and strongly modu-
lated by vegetation density, as seen from the steeper slopes of the linear fit between them for increasing LAI
bins (Figure 6a). The sensitivity of percentage change in EF to percentage changes in k4 increases from 0.14
for grids with an LAI less than 1-0.32 for grids with an LAI greater than or equal to 5. Similarly, the actual
change in EF shows an increasing trend with increasing Aky, though the correlation between the two is
weaker (Figure 6b) than between the relative changes since the base available energy varies widely between
different grids.

For this analysis, we used the latest version of CLM with biogeochemistry and prognostic vegetation. To
illustrate the validity of our conclusions within the modeling framework, we ran an earlier version of the
model (CLM4.5) with the same forcing data and obtained broadly consistent results (Figure S11).

3.2. Isolating Multiple Pathways of Aerosol-Induced Local Temperature Response

Using the theory of IBPM (Lee et al., 2011), we separate the contributions of different pathways, namely
surface shortwave radiative effect, surface longwave radiative effect, change in EF, change in convection
efficiency or aerodynamic resistance, and change in the ground heat flux, to the total surface temperature
perturbation (AT; Figure 7 and S12). Note that AT only refers to the local temperature response to aerosols.
The total aerosol-induced surface temperature change is the sum of this local response and the background
atmospheric temperature change (Equation 4). Here, the realism of the IBM method is further supported
by the good agreement between the temperature perturbation computed online (gray bars, the “truth”) and
the perturbation calculated with IBPM (red bars, Figure 7).

The magnitude of AK is higher in regions of higher aerosol loading (Figures S5 and S6). The highest values
are seen in the arid regions. Overall, the surface shortwave radiative effect reduces the global terrestrial sur-
face temperature by 0.15 K, while the longwave radiative effect increases it by 0.05 K. The contributions of
these radiative pathways are determined by both the radiation changes and the effective local climate sen-
sitivity (4.)—the change in local surface temperature due to a unit surface radiative forcing (Chakraborty
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Figure 7. Comparing modeled and diagnosed surface temperature response. Total grid-area weighted mean calculated (red, IBPM) and modeled (gray, CLM)
temperature response due to aerosols, as well as calculated component contributions from changes in incoming shortwave radiation (light yellow, AK)),
incoming longwave radiation (blue, AL,), evaporation (green, AEF), convection (purple, Ar,), and ground heat storage (dark yellow, AG) over (a) all terrestrial
surfaces, (b) tropical climate, (c) arid climate, (d) temperate climate, (e) boreal climate, and (f) polar climate. The temperature response through evaporation is
further decomposed into the contributions from the diffuse radiation fertilization effect (blank bar) and the dimming effect (hatched bar). The percentage value
denotes the relative component contribution to the total temperature response. Error bars represent the grid area-weighted standard errors. IBPM, intrinsic
biophysical mechanism; CLM, Community Land Model.

& Lee, 2019). The magnitude of 4, is higher for smooth surfaces, such as deserts and snowpack, and lower
for rough surfaces, such as forests (Figure S13). Subsequently, the temperature response to the radiative
effect are higher in arid regions and lower in the tropical forests (Figure S12). The highest perturbations
(<—0.4 K) occur in north-western China, central Australia, and the Middle East, where both the radiation
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changes and A, are high. In comparison, the Amazon rain forest shows low response to the radiative path-
ways, with decreases of less than 0.1 K (Figure S12a).

In contrast, the highest perturbations through the non-radiative pathways (sum of evaporation and con-
vection) occur in the Congo Basin (up to —0.6 K), eastern China (up to —0.5 K), and northern India (up to
—0.4 K). All of these regions have dense vegetation cover and relatively high aerosol loading. The Amazon
basin does not show a high response to the non-radiative pathways (less than 0.05 K) since aerosol loading
is relatively low over this region (Figures S6 and S12d). Taken together, the non-radiative pathways reduce
the annual mean terrestrial surface temperature by about 0.06 K. Although aerosols may change 7, through
modification of atmospheric stability (Talukdar et al., 2019), we find that the magnitude of this effect is
minor compared to the enhancement of evaporative cooling.

The overall change in the annual mean terrestrial surface temperature AT is —0.16 K. The highest AT is seen
in the arid zone, followed by the tropical, temperate, boreal, and polar climate zones (Figure 7). The evap-
orative pathway accounts for ~29% of the total AT globally, and for as much as 45% in the tropical climate
zone. To our knowledge, this is the first isolation of the local temperature response to aerosols through the
evaporative pathway. Although it is intuitive that increased water loss in plants will lead to surface cooling,
what is surprising is the strength of this pathway.

3.3. Dependence on Vegetation Density

The evaporative contribution to the total temperature response increases with increasing LAI, though the
total temperature response itself decreases (Figure 8a). At an LAI of around 2, the AT via the evaporative
pathway exceeds the AT due to the surface radiative effect (Figure 8b). At grids with high LAI (>2), the effec-
tive local climate sensitivity is much lower (mean A, of 0.013 K W' m? vs. global mean of 0.029 K W™ m?),
reducing the surface temperature response through the radiative pathway and thus leading to the relatively
large contribution of aerosol-induced evaporation to AT. In comparison, arid regions have low LAI (re-
gional mean LAI of 0.39) and high climate sensitivity (regional mean A, of 0.026 K W' m?), leading to the
low contribution of the evaporative pathway to AT (Figure 7b). Of the three climate zones considered, LAI
is greater than 2 in 58% of the tropical grids, 45% of the temperate grids, and 0.6% of the arid grids (Fig-
ure S1b). Overall, high percentage contributions of the evaporative pathway to the aerosol-induced local
temperature response are seen over the tropical rainforests in both South America and Africa (Figure 8c).

3.4. Global Dimming Versus Diffuse Radiation Fertilization

Since aerosols simultaneously reduce K, and increase kg, an open question is whether the aerosol-induced
changes in EF, GPP, and surface temperature are caused by changes in the quantity or in the quality of
solar radiation (Oliveira et al., 2011). To answer this question, we conducted a third numerical experiment
to help separate the total change in a variable into contributions from change in radiation quality or the
diffuse radiation fertilization effect and from change in radiation quantity or the dimming effect. Overall,
the fertilization effect is more important for GPP and NEP than for AE, increasing the global mean AE by
only 0.18 W m™ or 0.48% (Figure 4a) and global annual NEP by 0.49 Pg C and GPP by 2.18 Pg C (1.8%; Fig-
ure 5a). For intensive aerosol emission episodes, such as fires and volcanic eruptions, net reductions in GPP
and yield have been demonstrated in previous studies (Proctor et al., 2018; Yue & Unger, 2018). Here, we
find that for the sum of all aerosols (natural plus anthropogenic), the fertilization effect is stronger than the
dimming effect, resulting in a net increase in GPP, which suggests that most ecosystems are light-saturated,
although the change is less than half the total change seen in Chen and Zhuang (2014).

In the case of AE, the fertilization effect is much weaker than the dimming effect, resulting in a net reduc-
tion in AE (Figure 4). For transpiration, only the shaded canopy shows a positive fertilization effect. That
the percentage increase in GPP is higher than the percentage reduction in AE supports the conclusion that
diffuse radiation enhances ecosystem water use efficiency (Kanniah et al., 2012; Knohl & Baldocchi, 2008).
Dimming dominates the evaporative response to aerosols, contributing 84% to the global EF increase, with
the remaining increase (16%) coming from the fertilization effect. Consequently, 84% and 16% of the cooling
due to EF change of the terrestrial surface (81% and 19% for tropical areas) are attributed to the dimming
and the fertilization effect, respectively (Figure 7). It would not be feasible to obtain the diagnostic insights,
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Figure 8. Contribution of evaporative pathway to aerosol-induced surface temperature perturbation. (a) Percentage of
surface temperature change attributed to the evaporative pathway in increasing leaf area index (LAI) bins. Each data
point represents one grid mean value. The box and whisker plot indicates 25th, 50th and 75th percentile values, with
the frequency distribution given to the left. The median of the total local surface temperature change in K for each

LAI bin is at the top of the figure. (b) Scatter plot of grid-averaged ratio of temperature change attributed to change in
evaporation and that attributed to changes in surface shortwave and longwave radiation. The linear regression equation
is given above the figure and the dashed line is the line of best fit between the two variables. The three colors represent
three climate zones. (c) Global map of percentage contribution of the evaporative pathway to total local temperature
response to aerosols.

such as shown in Figure 8b, using only a fully-coupled simulation because of the interactive nature of
different biophysical processes. For example, by perturbing K, in the coupled simulation, the EF will also
change, and we would not know whether the surface temperature change is caused by the change in K| or
by the change in EF.

4. Discussion

The results of our global scale modeling are broadly consistent with those reported in ecosystem (Knohl &
Baldocchi, 2008) and regional scale studies (Davin & Seneviratne, 2012; Matsui et al., 2008). The stronger ef-
fect of diffuse radiation on canopy photosynthesis for higher LAI values (which we see for EF in Figure 6a)
was seen using multi-layer model simulations at a deciduous temperate forest (Knohl & Baldocchi, 2008).
Matsui et al. (2008) found that H is reduced more than AE by aerosol pollution over eastern United States
(AH = —8.36 W m™ or —11.3%; AAE = —3.12 W m™” or —2.1%) during summer. Using the same model do-
main and season, we find similar patterns (AH = —4.21 W m~2or —7.5% and AAE = —0.63 W m ™ or —0.8%),
though the magnitude of change is lower in our study, which could be due to both the different land-surface
model used and the lower value of direct shortwave radiative effect (—16 W m™2 in Matsui et al., 2008 vs.
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—6.4 W m ™ in present study). Davin and Seneviratne (2012) found that a higher and more realistic diffuse
fraction k4 improves the prediction of summertime T; over Europe than a fixed k, of 0.30.

Our results highlight the importance of differentiating between total radiative forcing and diffuse radiative
forcing at the surface and vegetation responses to these forcings. Currently, K| ; remains a relatively under-
studied component of the radiative budget (Halthore & Schwartz, 2000). Although atmospheric reanalysis
modeling systems, such as NCEP/NCAR (Kalnay et al., 1996), MERRA-2 (Gelaro et al., 2017), and ERA5
(Hersbach et al., 2020), have gridded K| 4 values, they have not been rigorously evaluated against field obser-
vations, which remain scarce. In the Radiative Forcing Model Intercomparison Project, the primary focus
is on the quantity of the radiative forcing compared to the pre-industrial baseline, with a tertiary focus
on the aerosol radiative forcing (Pincus et al., 2016). Given the importance of the quality of the radiative
forcing demonstrated in the present study, we recommend a coordinated effort to compare K, ; among the
models taking part in CMIP6, which would also constrain climate sensitivity to other climate forcers that
change K| 4, like clouds (K. Wang et al., 2008). Note that to ensure realistic representation of aerosol impact
on K| 4 it is important to compare absorbing versus scattering aerosols as prescribed in or simulated by
different models. Even identical AOD values can lead to different K 4. The presence of primarily absorbing
aerosols would reduce both K| 4 and K| 5, while primarily scattering aerosols would reduce K| , but enhance
K, 4 through forward scattering (Gadhavi & Jayaraman, 2010). The present study gives an evaluation of the
CAMe6-simulated diffuse radiation at the global scale. Although the model has reproduced the observed
spatial variations in K 4 reasonably well on the global scale and also regionally (+* 0.92-0.98; Figure S2), its
diffuse fraction kg4 is biased low due to a high bias in K| (Figure S3) and a low bias in K| 4 (Figure S2). For
the 224 model grids that contain GEBA observations for both K| and K| 4, the modeled k, is biased low by
an average amount of 0.08. In contrast, Mercado et al. (2009) evaluated their modeled k4 using a subset of
GEBA observations in Europe, Germany, and China, demonstrating a positive bias in their simulated values
for Europe and Germany and comparable values for China. The global land mean k, (0.34, Run P) is lower
than the value of k4 for photosynthetically active radiation of 0.41 reported by Ryu et al. (2018). For refer-
ence, the global mean k, is 0.27 for Run C. If we assume that the model error in k, is 0.07 and that this error
only affects Run P, correcting the model bias would change the diffuse radiation fertilization effect on AT
from —0.007 K in Figure 7a to —0.014 K, which is still much smaller in magnitude than the global dimming
effect (—0.040 K). In other words, the conclusion that the dimming effect dominates the fertilization effect
still holds despite the bias error. Furthermore, most of the error will probably cancel out in the perturbation
signal (difference between Run P and C) because k; in Run C is likely biased by a similar amount as both
runs incorporate clouds.

On the land-modeling side, there are three broad leaf-to-canopy upscaling schemes (one-big-leaf, two-big-
leaf, and multi-layer; Luo et al., 2018). The one-big-leaf models ignore shaded leaves and are thus unable
to simulate the diffuse radiation fertilization effect (Lian et al., 2018). On the other hand, CLM uses a
two-big-leaf approach for photosynthesis and transpiration, where the carbon and water cycle are sepa-
rately calculated for sunlit and shaded parts of the canopy, with sunlit leaves receiving both beam radiation
and diffuse radiation and shaded leaves receiving only diffuse radiation, and the LAI dependence captured
through the fractional change of shaded versus sunlit leaves (Bonan et al., 2011; Kennedy et al., 2019; Ol-
iveira et al., 2011). Of the land surface models (LSMs) taking part in the LUMIP (Lawrence et al., 2016),
at least three still use the one-big-leaf scheme (Table 3). Likewise, the land surface modules in regional
weather models usually have the simplistic one-big-leaf type representation of the vegetation (Davin &
Seneviratne, 2012) or even combined vegetation and ground surface layers (Chakraborty et al., 2019). Thus,
regional studies on aerosol impact on the surface energy budget using these models evidently miss this
key mechanism (Li et al., 2017; Pere et al., 2011). Improved representation of canopy architecture to re-
solve the scale mismatch between leaf and canopy leads to more accurate estimation of radiation transfer
through the canopy layer and better agreement between simulated and observed GPP in many cases (Bonan
et al., 2012). It is important to stress, however, that these evaluations are based on light-response curves and
do not explicitly resolve the response of vegetation to K| 4. Uncertainties still remain as to how well the CLM
model simulates the GPP response to K, ;4 (Wozniak et al., 2020). However, our results are not adversely
affected by these uncertainties as the cooling attributed to the diffuse fertilization effect is minor in com-
parison to the overall Bowen ratio change. Our modeling results regarding the latter are broadly consistent
with previous regional (Davin & Seneviratne, 2012; Matsui et al., 2008; Zhang et al., 2008) and global-scale
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Table 3

Overview of the Land Surface Models (LSMs) and Their Parent Earth System Models (ESMs) Taking Part in the Land Model Intercomparison Project (LUMIP),
and Their Canopy Representation

Model Overview

ESM LSM Canopy representation Reference Additional note

CESM2 CLMS5.0 Two-big-leaf Lawrence et al. (2019) Big leaf has one sunlit and one shaded
part

CMCC-ESM CLM4.5 Two-big-leaf Oleson et al. (2013) Big leaf has one sunlit and one shaded
part

CNRM-ESM2 ISBA-CTRIP Multi-layer Carrer et al. (2013) 10-layer canopy

E3SMv1 ELM (CLM4.5) Two-big-leaf Oleson et al. (2013) Big leaf has one sunlit and one shaded
part

EC-Earth LPJ-GUESS One-big-leaf Smith et al. (2001) No shaded leaf

GFDL-ESM4 LM4 Multi-layer Weng et al. (2015) Multi-layer collection of cohort that
compete for sunlight

GISS ModelE Multi-layer Spitters et al. (1986) Multi-layer two stream model with
direct/diffuse fraction for each layer

MIROC-ES2L Matsiro/VISIT One-big-leaf Takata et al. (2003) No shaded leaf

MPI-ESM1.2-LR JSBACH3.2 One-big-leaf Loew et al. (2014) No shaded leaf

NorESM CLMS5.0 Two-big-leaf Lawrence et al. (2019) Big leaf has one sunlit and one shaded
part

UKESM1-0-LL JULES-ES-1.0 Multi-layer Clark et al. (2011) Diffuse radiation is fixed as 0.4 of

total downwelling in standard
configuration; 10-layer canopy

CLM, Community Land Model.

modeling studies on this topic (Table 1, Liu et al., 2014), as well as several field-scale observational studies
(Gu et al., 2002, 2003; Kanniah et al., 2012; Niyogi et al., 2004; K. Wang et al., 2008; S. Wang et al., 2018; W.
Wang et al., 2018). On the measurement side, observational constraints on the diffuse radiation fertilization
effect are lacking (Steiner et al., 2013). Regions where the magnitude of this signal would be strong, such as
heavily polluted tropical areas, have a dearth of simultaneous measurements of K| 4 and the surface energy
fluxes—an important issue to address in future studies.

The main limitation of the present study is that the atmosphere is prescribed rather than interactive. In the
real world, increases in EF would also lead to local feedback on grid-level forcing variables such as air tem-
perature and humidity and to regional and global feedback via changes in cloud cover and potential changes
in aerosol circulation. According to our CLM runs, the local screen-height air temperature is, expectedly,
also reduced by aerosols, though the magnitude of decrease is only 0.02 K (global land mean); much smaller
than the reduction in surface temperature (mean reduction of 0.13 K; Figure S14). This stronger sensitiv-
ity of surface temperature is similar to the local cooling effect of reforestation (Novick & Katul, 2020). In
an idealized numerical experiment in which the surface AE is increased by 1 W m™> and H decreased by
1 W m™? uniformly across the land and the ocean surface (equivalent to an increase of EF by 0.014), the
global surface temperature is reduced by 0.54 K due to increases in cloudiness (Ban-Weiss et al., 2011). In
other words, the non-radiative pathway of aerosols (via EF increase) could lead to additional cooling via a
cloud feedback, although the feedback strength may have been overestimated by this idealized experiment
because the 1 W m > addition is applied to AE at all times (in day and night and in growing and non-growing
season) and over both the land and the ocean surfaces.

With aerosol emissions expected to decrease in future climate scenarios (Westervelt et al., 2015), better con-
straining aerosol-biosphere-climate interactions will help us isolate regions vulnerable to future warming.
In the context of this study, at the local scale, some of the future warming will result from the decrease in the
aerosol surface radiative effect and from the decrease in EF due to global brightening. Based on our results,
for the highly populated and highly polluted regions of northern India and eastern China, where roughly
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half of the AOD is from anthropogenic sources (Chakraborty & Lee, 2019), the radiative and non-radiative
pathways can lead to an additional annual mean warming of 0.3-0.4 K if all anthropogenic aerosols are
removed (Figure S12f). In contrast, the geoengineering scenario of injecting aerosols to the stratosphere
to offset greenhouse gas warming will change the surface energy budget and temperature in the opposite
direction to pollution abatement. One analog for such a scenario is the eruption of Mount Pinatubo in 1991
(Proctor et al., 2018). According to the MERRA-2 reanalysis, this volcanic eruption reduced the global K|
by about 3.05 W m™ and increased K, 4 by 3.74 W m™ (year 1992s annual mean minus the mean of 1988
1990), or about one-third of the aerosol surface radiative forcing shown in Figure 3. A similar amount of K| 4
increase is reported from a global model simulation of stratospheric sulphate geoengineering (3.20 W m™;
Xia et al., 2016). These results suggest that aerosols from geoengineering will have a modest non-radiative
effect on local temperature.

5. Conclusions

We develop a modeling framework for understanding terrestrial aerosol-climate interactions from the sur-
face energy budget perspective. In this framework, aerosols reduce the incoming shortwave radiation four
times as much as they increase the incoming longwave radiation, with an overall reduction in the incoming
radiation energy of 6.60 W m ™2 over the global terrestrial surface. Our modeling results demonstrate that the
reduction in the incoming radiation is mainly compensated by a reduction in the surface sensible heat flux
(AH = —3.59 W m™?) and to a lesser extent by a reduction in the surface evaporation (AAE = —0.51 W m ™),
leading to an increase in the terrestrial evaporation fraction EF by 0.023. The main mechanism for the
EF increase is change in energy allocation due to global dimming (reduction in incoming solar radiation)
and augmented by a diffuse radiation fertilization effect or enhanced transpiration from the shaded plant
canopy due to the increase of diffuse radiation. We then partition the surface temperature response into
contributions from the radiative pathway (reduction in incoming radiation energy) and from the non-radi-
ative pathway (increase in EF). A surprising result is that for grids with LAI > 2, the non-radiative pathway
dominates the local temperature response over the radiative pathway. The diffuse radiation fertilization
effect alone has a small effect on the terrestrial surface energy budget, increasing evaporation by 0.18 W m™
or 0.48% of total terrestrial evaporation. This contrasts sharply with the terrestrial carbon budget response,
with the diffuse radiation fertilization increasing GPP by a much larger amount of 2.18 Pg C y™' or 1.8% of
the total GPP. Given the model-dependent nature of the magnitude of some of these results, we discuss the
importance of comprehensive future land model evaluations focused on the diffuse radiation fertilization
effect.

Data Availability Statement

The Community Earth System Model is a public domain software and its releases are accessible through this
GitHub repository: https://github.com/ESCOMP/CESM. The MERRA-2 reanalysis dataset can be found on
NASA's website (https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/). The GSWP3 data used in this study
was accessed through NCAR's Globally Accessible Data Environment, but can also be accessed through the
Inter-Sectoral Impact Model Intercomparison Project Earth System Grid Federation server (https://www.
isimip.org/gettingstarted/input-data-bias-correction/details/4/).The GEBA and FLUXCOM datasets can be
accessed from their respective websites (https://geba.ethz.ch/and http://www.fluxcom.org/). The CABLE
source code can be accessed through NCI (https://trac.nci.org.au/trac/cable/wiki/CableRegistration). Oth-
er datasets used and generated for this study, as well as the codes used for data analysis and modifying the
model outputs are available from the authors upon reasonable request.
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