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Abstract: We assess the 40-year climatological clear-sky global direct radiative effect (DRE) of five
main aerosol types using the MERRA-2 reanalysis and a spectral radiative transfer model (FORTH).
The study takes advantage of aerosol-speciated, spectrally and vertically resolved optical properties
over the period 1980-2019, to accurately determine the aerosol DREs, emphasizing the attribution of
the total DREs to each aerosol type. The results show that aerosols radiatively cool the Earth’s surface
and heat its atmosphere by 7.56 and 2.35 Wm 2, respectively, overall cooling the planet by 5.21 Wm~2,
partly counterbalancing the anthropogenic greenhouse global warming during 1980-2019. These
DRE values differ significantly in terms of magnitude, and even sign, among the aerosol types
(sulfate and black carbon aerosols cool and heat the planet by 1.88 and 0.19 Wm 2, respectively), the
hemispheres (larger NH than SH values), the surface cover type (larger land than ocean values) or
the seasons (larger values in local spring and summer), while considerable inter-decadal changes are
evident. These DRE differences are even larger by up to an order of magnitude on a regional scale,
highlighting the important role of the aerosol direct radiative effect for local and global climate.

Keywords: aerosol; radiation; direct radiative effect; dust; sea salt; sulfate; black carbon; organic

carbon; climate

1. Introduction

Understanding the current climate and predicting its future state is a major challenge
and priority in the field of atmospheric sciences. Changes in climate are linked to perturba-
tions of the radiation budget of the Earth-atmosphere system, caused either by external
factors (e.g., astronomical) or by internal ones, namely interactions of radiation with green-
house gases and aerosols, of both natural and anthropogenic origin [1]. However, there
are differences between the radiative impacts of these two main atmospheric constituents,
arising from the diversity between the life cycle components of greenhouse gases and
aerosols [2]. Opposite to the mostly long-lived and spatially homogeneous greenhouse
gases and stratospheric aerosols, the suspended tropospheric particles, emitted either by
natural or anthropogenic sources [3], have highly variable spatiotemporal distributions
in their physical, chemical, optical and radiative properties [4]. This is attributed to the
heterogeneity of the production (primary and secondary emissions), transport and removal
(sedimentation, diffusion, turbulence and below- and in-cloud scavenging) mechanisms
of tropospheric aerosols. Due to their highly variable nature and the complexity of the
associated properties and processes, the scientific understanding of the climatic role of
aerosols, although improved during the last two decades [1,5], is systematically lower than
that of greenhouse gases. The estimates of global and annual mean radiative forcing due to
aerosol-radiation interaction still include considerable uncertainties [6].

Aerosols exert a perturbation of the radiation fluxes at the surface, within the atmo-
sphere and at the top-of-the-atmosphere (TOA) via their interaction with the incoming
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solar and the outgoing terrestrial radiation. The aerosol-induced effects on the radiation
fields within the Earth-Atmosphere system, i.e., the anomalies with respect to a reference
state, are denoted as aerosol radiative effects (AREs). AREs are divided into Direct Radia-
tive Effects (DREs), arising from the scattering and absorption of radiation by aerosols,
and indirect ones, consisting of the modification of clouds” microphysical/macrophysical
and optical properties [7-11]. Due to the redistribution of energy within the atmosphere
and the subsequent modifications to the surface radiative and heat (sensible and latent)
fluxes [12], rapid adjustments [13,14] to the DREs take place, formerly defined as semi-direct
effects [15,16]. Under such conditions there is an evident alteration of temperature/water
vapor profiles and atmospheric stability, thus highlighting the role of aerosols in atmo-
spheric dynamics related to clouds formation/dissipation [17] and precipitation. The
overall “sign” of the impact on the Earth-Atmosphere system radiation budget, relevant to
planetary climatic effects [18], is estimated at the TOA and results from the combination of
the associated atmospheric and surface radiative perturbations.

Several modeling studies have documented the importance of the aerosol-radiation
interactions in numerical simulations, particularly for mineral particles, towards improving:
(i) short-term weather forecasts [19,20], (ii) the simulated near-surface temperatures under
specific dust outbreaks [21] or for extended time periods [22] and (iii) the representation
of the shortwave (SW) [23] and longwave (LW) [24] cloud-free radiative fluxes at TOA.
Nevertheless, large intercomparison initiatives of global circulation models (GCMs), such
as AEROCOM [25-27], have demonstrated a considerable range among the estimated
aerosol radiative effects. Numerous factors contribute to this uncertainty, which are mainly
attributed to the representation of the suspended particles’ optical and microphysical
properties, the assumptions in the radiative transfer codes or the treatment of surface albedo.
In addition, the vertical structure of aerosol layers, especially with respect to the position
of the clouds, as well as the nature of the suspended particles in conjunction with the cloud
type, are also determinant factors of AREs, which are mainly positive when aerosols reside
above cloud decks [28,29], since smoke (strong absorption) or dust (moderate absorption)
particles, likely found at higher altitudes, are superimposed on highly reflective cloud tops.
On a local/regional scale, the above-cloud AREs can be extremely positive [30-32], but
when globally averaged over long-term periods they “oscillate” close to zero (i.e., neutral
effect) [26]. On the contrary, when aerosols are beneath clouds (e.g., they are confined in the
planetary boundary layer), the attenuation of the incoming SW radiation by dense water or
ice clouds cancels or substantially suppresses the aerosol-induced radiative effects. Even
under clear skies, the estimated AREs can be affected by the vertical aerosol distribution,
with surface DREs being less sensitive than those at TOA and within the atmosphere [33].

The key optical (or radiative) properties in aerosol-radiation studies are the aerosol
optical depth (AOD), the single scattering albedo (w) and the asymmetry parameter
(g), which are all wavelength dependent. Based on these three optical properties, it is
feasible to describe comprehensively the aerosol load, nature and size, which regulate the
aerosol impacts on the entire radiation spectrum. The spectral profiles of the radiative
properties vary among aerosol species, further strengthening the complexity and difficulty
in accurately estimating AREs at the global scale. The AREs of different aerosol species
are also variable in space and time. Indeed, significant differences in terms of magnitude
exist among the TOA, atmosphere and surface DREs of various aerosol species (dust, sea
salt, carbonaceous and sulfate particles), and even in sign for DREs in the atmosphere and
at TOA [34-47], inducing uncertainties in the calculation of AREs [48]. This indicates the
necessity of accurately estimating the AREs of different aerosol types within the entire
Earth—atmosphere system, namely at the surface, within the atmosphere, and at the TOA,
as well as their detailed vertical and spectral distribution.

The overarching goal of the current study is to estimate, at the highest possible accu-
racy, the direct AREs (DREs) of the main aerosol types on a global scale and climatological
basis, namely for the 40-year period 1980-2019, via the synergy of the Modern-Era Ret-
rospective Analysis for Research and Applications version 2 (MERRA-2) [49-51] and the
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FORTH (Foundation for Research and Technology-Hellas) deterministic spectral Radia-
tion Transfer Model (RTM) [52,53]. Emphasis is given to the exploitation of the vertically
resolved optical properties of the five aerosol species, namely desert dust, sea salt, black
carbon, organic carbon and sulfates, available in the MERRA-2 reanalysis dataset, which
are used as input to the FORTH RTM. As a first step, the DRE computations are made
under clear-sky conditions. This is performed to investigate the aerosol radiative effects
at their largest magnitude and free of uncertainties with respect to the all-sky DREs [54].
Additionally, the separate computation of clear- and all-sky DREs allows the quantification
of the important role of clouds [55] in determining the aerosol DREs. For consistency,
other relevant radiative parameters such as atmospheric gases and surface albedo, both
obtained by MERRA-2, are also utilized in the RTM. The DREs are calculated on a monthly
basis, emphasizing the regional and decadal variability of total (all aerosol types) and
each aerosol type DRE. In the following, we present the RTM and MERRA-2 input data
(Section 2). Next, we provide an overview of the global spatiotemporal patterns of the
MERRA-2 aerosol optical properties, focusing on AOD (Section 3.1). We then discuss the
clear-sky DREs at the TOA, within the atmosphere and at the surface in detail in Section 3.2,
focusing on their: (i) annual and seasonal global patterns (Section 3.2.1), (ii) interannual
variability throughout the MERRA-2 coverage period (Section 3.2.2), also dealing with
climatological values for the whole globe, the hemispheres and specific regions of interest
(Section 3.2.2.1). Finally, we summarize the main findings and draw our conclusions in
Section 4.

2. Data, Methods and Models
2.1. MERRA-2 Data

All data used in this study were provided by MERRA-2, a reanalysis assimilating
data for all important quantities for the clear-sky radiation modeling. One of the reasons
MERRA-2 was selected for this work, is that for the first time, radiatively coupled aerosol
and meteorological observations are jointly assimilated on a multidecadal temporal horizon.
The aerosol treatment of MERRA-2 produces 3-hourly analyses, assimilating these AOD-
related observations:

e  Ocean-only reflectances from the Advanced Very High-Resolution Radiometer (AVHRR)
instruments (1979-2002)

e Reflectances from the Moderate Resolution Imaging Spectroradiometer (MODIS)
instruments on Terra (2000-present) and Aqua (2002-present)

e  AOD from the Multi-angle Imaging SpectroRadiometer (MISR) over the bright desert
regions (2000-2014)

e  AOD observations from the AErosol RObotic NETwork (AERONET) surface station
network (1999-2014).

AOD from MODIS and AVHRR comes from cloud-free reflectances. The relevant
observations are assimilated into the output of the coupled Goddard Earth Observing
System (GEOS-5) and Goddard Chemistry Aerosol Radiation and Transport (GOCART)
models [56,57]. The five aerosol types represented in GOCART and inherited by MERRA-2
are dust, sea salt, black carbon, organic carbon and sulfate.

MERRA-2 uses only total AOD observations (integrated over species and vertically),
but the classification in aerosol types is performed by GOCART based on their optical
properties, as described in the Optical Properties of Aerosols and Clouds (OPAC, [58])
dataset and their simulated life cycles. The emission of dust and sea salt is determined by
wind speed in GEOS, separately for each size bin, following the parameterizations in [59,60].
Sulfates, black carbon, and organic carbon are produced from fossil fuel combustion.
Additionally, organic carbon is emitted from biogenic sources. Sulfate sources also include
DMS (dimethylsulfide), anthropogenic SO;, and eruptive and degassing volcanoes from the
AeroCom Phase II project [61]. Some emissions do not extend to the end of the examined
period, namely volcanic SO; ends in 2010, anthropogenic OC/BC and SO, in 2006 and 2008,
respectively. Repeating cycles are used to extend the emissions until the end of the period.
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Only AOD is directly constrained in MERRA-2, while less easily observed aerosol
properties are more weakly constrained from observations and depend on the model
physics and error covariance assumptions [50]. The latter properties contain the vertical
distribution, speciation, absorption AOD, etc. [49,51] performed evaluations for both
constrained and unconstrained MERRA-2 aerosol properties and found that the reanalysis
demonstrates considerable skill.

Quality-controlled AOD at 550 nm is assimilated every 3 h in the GEOS-5/GOCART
model results. The internal representation of aerosol extensive properties is the mass mixing
ratio for each species. The extinction coefficient per species is derived from Mie theory
when the particles are considered spherical or from T-matrix theory for non-spherical dust
relying on the updated OPAC dataset [62,63].

Refs. [49,51] have shown that in general AOD correlates well, with low bias, when
compared to non-assimilated sun photometer and aircraft observations. Their evaluation
shows improvement over the control run M2REPLAY, having no AOD assimilation, and
the previous assimilation product MERRA-Aero, where an offline AOD assimilation is
implemented. Some known problems are that AAOD (absorption AOD) is underestimated
compared to observations, especially over southern Africa. Indeed, over this region, OMI
(Ozone Monitoring Instrument) aerosol index is not in good agreement with the correspond-
ing MERRA-2 based data [49]. These discrepancies are related to the non-consideration in
GOCART, and therefore in MERRA-2, of the relatively absorbing brown carbon particles
emitted during biomass burning processes [49]. Additionally, there are problems with the
assumed common size distribution of volcanic and other sulfate particles, leading to an
overestimation of post-Pinatubo sulfate AOD and consequently AOD underestimation of
non-sulfate types.

2.2. MERRA-2 Data Processing

For the calculation of the aerosol DRE, the FORTH RTM requires both vertically and
spectrally resolved optical properties (i.e., AOD, SSA, and g), which are not provided
directly by MERRA-2. However, MERRA-2 provides vertically resolved (in 72 layers)
3-hourly instantaneous aerosol mixing ratios. Therefore, based on these data along with
spatio-temporally collocated MERRA-2 relative humidity and look-up tables that provide
the scattering and absorption efficiencies and asymmetry parameter per aerosol type,
aerosol size bin, relative humidity, at 25 wavelengths (from 0.25 to 8.5 um), we computed the
3-hourly vertically and spectrally resolved scattering and extinction AOD and asymmetry
factor. The calculations were performed for the lower 50 layers, because the aerosol load in
higher altitudes (greater than, approximately, 30-34 km), is negligible. The 3-hourly optical
properties were then averaged to calculate the monthly AOD, SSA and g. In the averaging,
we considered only the daytime data because the aerosol DREs are zero during the night. It
should be noted that the monthly asymmetry parameter is the weighted mean of daytime
3-hourly g, using the 3-hourly scattering optical depth as weights.

2.3. The FORTH RTM

The aerosol optical depth, single scattering albedo, and asymmetry parameter, cal-
culated from MERRA-2 as described above, are then used as input to the spectral radia-
tive transfer model FORTH, to derive the aerosol DRE on a global monthly basis and at
0.5° x 0.625° resolution. Output from the model includes upwelling and downwelling
solar fluxes at TOA, at the surface, and at 50 levels in the atmosphere. The model is run
once without any aerosol load and once with all aerosols in place. The total aerosol direct
radiative effect AF is defined as the difference between the radiation flux F,eps01 With
aerosols present and the flux Fy o aeros0] With aerosols missing.

AF = Faerosol - Fno—aerosol (1)

Since a global speciation of aerosols is available, we also perform the same analysis
per aerosol type by simply replacing the term F,_aeros01 in Equation (1) with the simulated
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fluxes (F) computed neglecting the specific aerosol type for which the DRE is calculated.
Note that, as shown in the results section, non-linearities cause the individual type DREs
to not add up to the total aerosol DRE. However, as also shown, this non-linear effect is
small (<10% on a global level and generally <25% locally). Since in this work we present
DRE on the net radiation fluxes (downwelling minus upwelling), positive aerosol DRE at
TOA, surface or in the atmosphere, corresponds to a warming effect on the corresponding
subsystem, while negative values to a cooling effect.

The 1-D spectral FORTH radiative transfer model [52] has evolved from a radiative-
convective model developed by [53] and already applied to calculate radiation fluxes and
DREs globally [33,52], regionally [64—67], and locally [68]. The outputs of RTM have been
extensively evaluated against surface-based and satellite radiation fluxes (e.g., [69-72])
as well as against other SW RTMs [73]. The model works in the 0.2 to 10.0 pm spectral
interval, which naturally defines the spectral range of the radiative effects presented in
this work. We use the solar spectrum of [74] weighing it so that the solar constant is equal
to 1367 Wm ™2 [75]. The spectral region of interest is resolved into 118 wavelengths in the
spectral subregion 0.2-1.0 um and into 10 bands in the subregion 1.0-10.0 um. The model
solves the monochromatic equation of radiation transfer for a multiple scattering /absorbing
atmosphere for each individual wavelength and band, following the delta-Eddington
method [76]. We account for Rayleigh scattering, O3 absorption in the ultraviolet and
visible, and H,O, CHy4, CO, absorptions in the near-infrared.

3. Results

In this section, we first briefly describe the global spatiotemporal patterns of the MERRA-
2 aerosol optical depth, and in the following, we discuss in detail the modeled DREs.

3.1. Global Distribution of MERRA-2 AOD

Here, we discuss the geographical variation of MERRA-2 AOD, which is a major DRE
driving factor [52]. Figure 1 shows the 40-year (1980-2019) mean annual spatial distribution
of MERRA-2 AOD at 550 nm, per aerosol type (sulfate, dust, sea salt, organic carbon and
black carbon), as well as for the total aerosol load. MERRA-2 successfully reproduces the
well-known patterns of the global AOD distribution revealing a considerable diversity
of the prevailing aerosol type from a region to another. More specifically, according to
Figure 1, very high aerosol load, mainly consisting of desert dust, is observed across
the dust belt, namely the arid and semi-arid regions of North Africa (AOD values up to
0.70 in Bodélé Depression; the highest value globally), the Arabian Peninsula and the
central-south Asian deserts, in agreement with the literature [34,77,78]. Almost equally
high AOD values (up to 0.65) are observed above east China, where according to MERRA-2
the aerosol load is dominated primarily by anthropogenic sulfate particles (Figure 1ii)
and secondarily by carbonaceous (organic and black carbon) particles (Figure 1v,vi) and
desert dust (Figure 1iii). Over the Indian subcontinent, the aerosol load (AOD up to 0.4)
consists of both natural (desert dust) particles originating mainly from the Thar Desert and
anthropogenic (carbonaceous and sulfate particles), especially over the highly polluted
Indo-Gangetic Plain. The extensive biomass burning within the tropics results in high
loads of carbonaceous particles over these regions, especially over the African and South
American tropics [79], where organic carbon is the predominant aerosol type having
maximum AODs (up to 0.28) over central Africa. MERRA-2 successfully reproduces the
advection of carbonaceous aerosols originating from wildfires in the central and southern
African source areas westward, to the subtropical South Atlantic Ocean and the Gulf of
Guinea, reaching up the Ascension Island, as documented in literature based on satellite
observations [79]. Yet, the most characteristic case of aerosol long-range transport, also
reproduced by MERRA-2, is the Saharan dust outflow to the tropical and subtropical
North Atlantic Ocean and the Gulf of Guinea, reaching as far as South America and the
Caribbean, in agreement with previous studies [80,81]. High aerosol loads are also evident
over the northern Indian Ocean (Arabian Sea and Bay of Bengal), due to both desert
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dust and carbonaceous particles transported from the adjacent regions of the Arabian
Peninsula, the Indian sub-continent and South-East Asia, as well as over the western
Pacific associated with outflow of dust particles originating from Asian deserts [77,78].
On the other hand, over remote oceanic regions, the AOD is low and consists mainly of
sea salt particles (Figure 1liv). However, the presence of sea salt over all ocean regions
of the planet makes it one of the most abundant aerosol types [82]. Indeed, according to
MERRA-2, the mean annual, surface area-weighted, globally averaged sea salt AOD is
0.04, the highest among natural aerosols and second only to sulfate, which has a global
mean AOD of 0.05. The corresponding value of desert dust AOD is lower, equal to 0.03,
followed by organic and black carbon particles (0.02 and 0.005, respectively). A high
relative contribution of sulfate particles to the total aerosol burden, and a larger sea salt
than dust AOD, are also found by most models participating in the AEROCOM phase III
control experiment [83]. Moreover, the MERRA-2 global dust AOD is close to that reported
in previous studies [38,84] indicating a good representation of dust sources. Overall, the
40-year global mean annual MERRA-2 total AOD is found to be 0.14.

60°S

S B e
NN b oy

120°W60°W 0° 60°E 120°E 120°W60°W 0° 60°E 120°E
0.0 0.1 0.2 03 0.4 05 06 0.7 0.0 0.1 0.2 03 0.4 05 0.6 0.7
min=0.03 max=0.70 mean=0.14 min=0.02 max=0.46 mean=0.05

@ (i)
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(v) (vi)
Figure 1. Mean annual (1980-2019) global distribution of MERRA-2 Optical Depth at the wavelength
of 550 nm for: (i) total aerosol load, (ii) sulfate, (iii) dust, (iv) sea salt, (v) organic carbon and (vi) black
carbon particles.

For brevity reasons, and because the present paper deals with DREs, emphasis is not
given to the significant seasonal variation of MERRA-2 AODs, illustrated in the Supplement
(Figure S1) both for total and the speciated AOD. In brief, MERRA-2 reproduces features
such as the boreal winter to summer northward shift and intensification of subtropical areas
with high AOD dominated by dust, as well as the spring and summer maximum AOD
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values over the Asian deserts (Figure S1i,iii), which have been reported in the literature
based on observational studies [38,77,84]. Moreover, the seasonality of the biomass burning
aerosols [78,79,85-87] is well-captured by MERRA-2 as indicated by the high organic and
black carbon AOD over central and southern Africa during boreal winter and summer—
autumn, respectively, as well as over South America and maritime Southeast Asia during
boreal autumn (Figure S1v,vi, supplement).

3.2. Aerosol Direct Radiative Effects
3.2.1. Global Distribution of Aerosol DRE

The mean annual geographical distribution of the clear-sky aerosol effects on the
net shortwave flux at the Earth’s surface (hereafter DREgfet), Within the atmosphere
(DREatm), and at TOA (DREtpa), averaged over the 40-year period 1980-2019 is presented
in Figure 2. The results are provided for the total aerosol load and each aerosol type
separately. Bluish-violet colors indicate a cooling effect, while reddish-yellowish colors
indicate a warming effect. The long-term 40-year mean annual and seasonal total aerosol
DREs and AOD, spatially averaged over the globe, the North and South Hemispheres,
global land and global ocean areas are presented in Table 1. The same results are also given
in Table 1 for five selected world regions (Sahara and Arabian Deserts, southern Africa,
India, East Asia and the Mediterranean), shown in Figure 3, characterized by heavy aerosol
loads of dominant aerosol types. Our results show that generally aerosols cool the surface
and the whole planet and warm the atmosphere. However, the sign and magnitude of
DREs depend strongly on AOD, the aerosol type and the underlying surface properties,
exhibiting, therefore, a significant geographic and seasonal variation. Thus, in the following
we discuss the computed DREs emphasizing the contribution of different aerosol types
in relation to different radiative processes and effects, above different world area types
hosting natural/anthropogenic aerosol sources and downwind regions as well.

Anthropogenic Polluted Areas

A very strong surface radiative cooling due to aerosols is observed over East and
South Asia, especially in China, where DREg et reaches —39 Wm 2 (the highest cooling
effect globally) and the Indo-Gangetic Plain. This decrease in surface solar radiation,
induced by aerosol scattering and absorption in the atmosphere, has a different cause for
different aerosol species. Thus, BC and dust DREg et are associated with atmospheric
absorption, with values of DRE,m, reaching up to 20 Wm 2 over the North China Plain
(Figure 2biii—vi). In contrast, sulfate DRE,im, practically has zero values over both East
and South Asia (Figure 2bii). Indeed, a strong TOA cooling effect is evident over East and
South Asia, especially over China, attributed to the strong scattering by the predominant
sulfate particles (Figure S1ii). This results in a large negative DRETpoa (up to —16 Wm2)
associated with a much stronger surface cooling than atmospheric warming. All aerosol
DREs (at the surface, within the atmosphere and at TOA) over South and East Asia are
generally stronger during spring and summer than autumn and winter (regionally average
values provided in Table 1), influenced by the seasonal variation of the aerosol load, and
especially dust, since the locally predominant sulfate AOD does not exhibit a seasonal
variation. This is more evident over China, where the spring maximum of the DREs is in
line with the East-Asian dust season [77,88].

In other regions heavily affected by anthropogenic pollution, the aerosol load (AOD)
and therefore the DREs are much smaller than in East and South Asia, although they are far
from being negligible. Thus, over Europe and North America (especially the eastern United
States), we observe an atmospheric warming due to aerosols DRE;im up to 4 Wm 2 locally,
attributed mostly to strongly absorbing black carbon particles. On the other hand, over
these regions the TOA reflected solar radiation back to space is increased by —(3-9) Wm 2,
mostly due to sulfate and secondarily to dust and OC aerosols, causing an anthropogenic
planetary cooling. As a result, at the surface of Europe and North America, sulfate particles
and to a smaller extent dust, organic and black carbon, cause a cooling effect. The total
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aerosol DREg et reaches values as large in magnitude as —14 Wm 2 locally in South-
Eastern Europe, with the surface solar radiation decreasing mostly due to strong scattering
in the atmosphere above.
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Figure 2. Mean annual (1980-2019) global distribution of aerosol Direct Radiative Effects: (a) at the Earth’s surface,
(b) within the Atmosphere and (c) at the Top of the Atmosphere. (i) total aerosol load, (ii) sulfate, (iii) dust, (iv) sea salt,
(v) organic carbon and (vi) black carbon particles.
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Table 1. Long-term (1980-2019) annually and seasonally averaged total aerosol AOD and DREs (in Wm™2) over: the globe,

the North and South Hemispheres, global land and global ocean areas and five selected world regions (Sahara and Arabian

Deserts, Southern Africa, India, East Asia and the Mediterranean) shown in Figure 3. Seasons refer to the North Hemisphere

(boreal). Different background colors correspond to different parameters (AOD and DREs) displayed on the Table.

Annual Winter Spring Summer Autumn
DRE surface —7.563 —6.430 —7.698 —8.769 —7.360
DRE
Global T 2.353 1.630 2.539 2.934 2.307
DRE TOA —5.210 —4.800 —5.159 —5.835 —5.053
AOD 0.140 0.128 0.141 0.153 0.138
DRE surface —9.900 —7.587 —11.853 —12.341 —7.530
DRE
Northern Hemisphere atmosphere 3.516 2561 4675 4.387 2313
DRE TOA —6.384 —5.025 —7.177 —7.954 —5.216
AOD 0.178 0.163 0.199 0.195 0.154
DRE surface —5.242 —5.397 —3.453 —4.826 —7.197
DRE
Southern Hemisphere atmosphere 1199 0.798 0357 1329 2.302
DRE TOA —4.043 —4.599 —3.096 —3.497 —4.895
AOD 0.102 0.095 0.084 0.109 0.121
DRE surface —10.083 —7.380 —10.733 —13.174 —9.053
DRE
Global Land T 4.804 3.337 5.282 6.285 4.308
DRE TOA —5.279 —4.044 —5.451 —6.889 —4.745
AOD 0.177 0.152 0.186 0.204 0.167
DRE surface —6.430 —6.014 —6.329 —6.802 —6.580
DRE
Global Ocean s 1.252 0.881 1.302 1.437 1.385
DRE TOA —5.178 —5.132 —5.027 —5.365 —5.195
AOD 0.123 0.117 0.121 0.130 0.124
DRE surface —18.295 —10.939 —21.197 —25.834 —15.208
. DRE 13.376 6.923 16.404 19.746 10.430
Sahara—Arabian Deserts atmosphere
DRE TOA —4.919 —4.015 —4.793 —6.088 —4.778
AOD 0.335 0.218 0.367 0.456 0.297
DRE surface —11.476 —9.113 =523 —16.677 —14.878
. DRE 6.247 3.711 1.708 10.719 8.851
Southern Africa atmosphere
DRE TOA —5.228 —5.402 —3.525 —5.958 —6.027
AOD 0.164 0.144 0.099 0.220 0.194
DRE surface —17.743 —14.735 —22.323 —19.789 —14.123
. DRE 8.430 7.705 11.347 8.208 6.461
India atmosphere
DRE TOA —9.313 —7.031 —10.976 —11.582 —7.662
AOD 0.277 0.228 0.311 0.331 0.238
DRE surface —19.811 —15.662 —26.990 —20.725 —15.868
. DRE 8.729 6.946 12.739 8.628 6.604
East Asia atmosphere
DRE TOA —11.082 —8.716 —14.251 —12.098 —9.264
AOD 0.336 0.312 0.405 0.333 0.293
DRE surface —11.881 —6.034 —15.804 —16.281 —9.406
. DRE 4.503 1.606 6.457 6.799 3.148
Mediterranean atmosphere
DRE TOA —7.379 —4.428 —9.347 —9.482 —6.258
AOD 0.203 0.147 0.240 0.241 0.182
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Natural Desert and Biomass Burning Areas

Over the Sahara and Arabian deserts, dust aerosol particles contribute overwhelmingly
to a strong surface cooling and an almost equal atmospheric warming. These effects
are particularly large over the southern and south-western parts of the Sahara, where
DREgrfnet and DRE,im, reach values as high as —32 Wm~2 and 33.9 Wm™2, respectively
(the highest atmospheric warming globally). As shown in Table 1 and in Figure S2, these
effects are more pronounced during spring and summer, when the dust activity peaks
over these regions [34,38,77,89]. The near-cancellation between the DREg;fnet and DRE,im
results in a small planetary cooling and even a planetary warming effect (up to 6.9 Wm~2)
over some parts of the southern Sahara Desert. This can be explained by the effect of
multiple scattering between the relatively absorbing dust particles and the underlying
highly reflective surface (characterized by an albedo larger than 0.25 according to MERRA-
2, results not shown here). The important role of the surface albedo on the aerosol effects
is discussed with more details later. Strong DREs (all components) are evident over
sub-Sahel, and especially over Nigeria, with dust and carbonaceous particles being their
main contributors. In the broader sub-Sahel, during the dry season (winter), high loads
of Saharan dust particles transported by the Harmattan winds, along with overlying
organic and black carbon particles originating from extensive local biomass burning are
present [86,90]. The winter aerosol DREs in the sub-Sahel are among the highest globally
(Figure S2a, supplement). Generally, in regions affected by seasonal biomass burning,
especially the tropical forests and grasslands of central and southern Africa and South
America, the organic and black carbon particles contribute almost equally to a strong
surface cooling, while within the atmosphere the main driver of the heating effect is black
carbon (underlining the lower absorptive capacity of OC relative to BC). Overall, organic
carbon particles result in a substantial TOA cooling effect above their source regions (annual
total DREgnet Values up to —33 Wm ™2 in central-southern Africa).

120°W60°W 0° 60°E 120°E

Figure 3. Geographical boundaries of five selected world regions (Sahara and Arabian Deserts,
Southern Africa, India, East Asia and the Mediterranean) characterized by heavy aerosol loads of
different nature, over which the AOD and DREs are averaged (Tables 1 and S1).

Aerosol particles of continental origin, both natural and anthropogenic, cause a very
strong surface cooling when transported over the oceans under the influence of the prevail-
ing winds. This cooling effect can be comparable and, in some cases even larger than the
DREgy;net Observed above the aerosols’ source regions, despite their lower AOD, indicating
thus a strong forcing efficiency. More specifically, over the tropical North Atlantic Ocean
and the Gulf of Guinea the advected aerosols (mainly dust and secondarily carbonaceous
particles) cause surface cooling, locally exceeding 30 Wm 2 and higher than in many parts
of North Africa. Aerosols of continental origin drive a cooling effect of similar magnitude
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over the Red Sea and the Persian Gulf (mainly desert dust), over the tropical south Atlantic
Ocean (carbonaceous particles) and the northern Indian Ocean, especially the Arabian Sea
(primarily dust and carbonaceous, and secondarily sulfate aerosols). On the other hand,
the atmospheric heating effect of continental particles over the oceans, despite being quite
strong (e.g., up to 15 Wm~2 due to dust over the tropical North Atlantic), is much smaller
than above their source regions and approximately half of the DREg et (in terms of abso-
lute values). Therefore, a strong TOA cooling effect (large negative DRETp, ) is observed
over these oceanic regions, exceeding 15 Wm~2, which is in contrast with either a weak
cooling or a warming planetary effect over the adjacent continents (deserts), highlighting
the role of surface albedo for the sign of DREtpa. Over regions characterized by high
surface albedo the available radiative energy is lower on the Earth’s surface and higher
within the atmosphere than over dark surfaces (e.g., oceans). The result is a lower net
surface cooling and a higher atmospheric warming potential there [33]. The increased
multiple scattering between the Earth’s surface and the overlying aerosol layer further
amplifies the atmospheric warming and reduces the surface cooling above surfaces with
high albedo such as snow- and ice-covered areas of the globe [33,91].

Areas with Mixed Natural and Anthropogenic Aerosols

The Mediterranean basin is a region of particular interest, because it is a crossroad
of particles of different origins, both natural and anthropogenic, and also because of its
climatic sensitivity [92,93]. As with other marine regions with high aerosol load (Mediter-
ranean AOD equal to 0.2, Table 1), the combination of the aerosol effects on the surface
(cooling up to 19 Wm~2) and within the atmosphere (warming up to 8 Wm~2) results in a
relatively strong TOA cooling (up to —13 Wm ™2 near the north African shores). Accord-
ing to our results, the surface cooling effect over the Mediterranean is attributed to the
advected Saharan and Arabian dust particles, followed by anthropogenic sulfate particles
transported from Europe. The atmospheric warming effect is driven mainly by dust and,
to a quite smaller extent, by black carbon particles originating from both summer wildfires
in the Mediterranean Basin (Figure S7c-ii) and anthropogenic pollution (mainly from Eu-
rope) and natural sea salt particles. This atmospheric heating effect of the almost purely
scattering sea salt is discussed with more details later. Mineral particles contribute more
to the total aerosol effect in the southern parts, while the role of sulfate and black carbon
particles is much more pronounced over the northern parts of the Mediterranean. Though
these results are barely visible in the displayed global maps they are clearly shown on a
Mediterranean scale map (not shown here). In general, the aerosol DREs over the broader
Mediterranean basin are found to be stronger during spring and summer compared to the
autumn and winter (Table 1).

Remote Clean Areas

Over “clean” remote oceanic regions, where strongly scattering sea salt particles
dominate the total aerosol burden (Figure 1), a radiative cooling effect is caused at both
TOA and surface, of about similar magnitude due to the almost negligible DREs4. These
cooling effects are weak, ranging mostly between —1 and —5 Wm 2. The aerosol DREs
are also relatively low over the high latitudes, although being of great interest due to the
climatic sensitivity of these regions [94].

Extensive biomass burning occurs over Siberia and Canada, mainly during summer
and less in spring, emitting carbonaceous (mainly OC, Figure S1v) particles, which eventu-
ally contribute to a local atmospheric heating and surface/ TOA cooling effect (the latter
two effects being however dominated by sulfate aerosols). These particles, along with
primarily sulfate and secondarily black carbon particles originating from urban/industrial
sources of the Northern Hemisphere, are also transported northward, significantly enhanc-
ing the aerosol load over the Arctic (Arctic haze) [95]. Sulfate particles are found to be the
major contributor to a surface cooling effect (up to —8.5 Wm~?2) observed over the Arctic,
followed by dust and organic carbon. The observed atmospheric warming is driven mainly
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by black carbon particles despite their weak loading there, showing their strong absorbing
ability. Dust particles also contribute to the arctic atmospheric warming, while it is inter-
esting that sulfate particles exert an atmospheric cooling effect by up to —0.3 Wm ™2 (the
strongest atmospheric cooling due to sulfate globally), partly counterbalancing the heating
effect of black carbon and dust particles. At TOA, a planetary cooling effect is evident
over the Arctic, except for Greenland where we observe a small warming effect (less than
0.5 Wm~2 mean annually). This warming is attributed mainly to the multiple scattering
between the absorbing black carbon particles and the highly reflective underlying snow-
and ice-covered surface, occurring during spring and summer (Figure S2c-iii, supplement).
During spring, a planetary heating effect is also observed in parts of the Arctic ocean and
Hudson Bay.

Discussion of the Climatic Role of Aerosol Speciated DREs

The aerosol DREs have significant impacts on climate at both local and global scales.
The aerosol-induced surface cooling can reduce the evaporation rates, leading eventually
to a slowdown of the water cycle [52,96]. The enhancement of the atmospheric absorption
caused by aerosols, in combination with the surface cooling effect, induces changes in
the atmospheric lapse rates, eventually resulting in the stabilization of the troposphere
and therefore in the suppression of cloud formation [15,20,97], enhancing desertification
processes in climatic sensitive regions, such as the Sahel and the Mediterranean basin [91].
It is also known that aerosol types can inhibit or invigorate convection [98].

The long-term (1980-2019) globally averaged AODs and DREs (all components) per
particle type are presented in Table 2, aiming to provide an overall picture of their contri-
bution to the total aerosol effects. In the same table, we also provide the respective aerosol
radiative forcing efficiencies (ARFE, i.e., the aerosol effects per unit optical depth, in Wm~2)
which quantify the warming/cooling potential of each aerosol type. According to Table 2,
the light-absorbing particles (i.e., black carbon and dust) are characterized by stronger forc-
ing efficiencies compared to the scattering ones (sea salt and sulfate), either on the surface
or in the atmosphere of the Earth. The strongest ARFEs are observed for black carbon
particles, followed by desert dust and the lowest for sulfate and sea salt. The dependence
of the ARFEs” magnitude on the particle absorptivity is much more pronounced within the
atmosphere compared to the surface. Characteristically, on the Earth’s surface, the ARFE
of black carbon particles (the most light-absorbing type) is approximately three to four
times larger than of sea salt and sulfate, while within the atmosphere they differ by two to
three orders of magnitude. Since the atmospheric heating is directly proportional to the
particle absorptivity, the effects of almost purely scattering particles are very small. On the
other hand, scattering particles are largely forward-scattering, which reduces their surface
cooling potential and results in a smaller ARFE compared to absorbing particles. These
results depict very well the importance of the accurate determination of the aerosol absorp-
tivity (i.e., the Single Scattering Albedo or SSA), especially for high AODs [97]. However,
this parameter is one of the most difficult to retrieve using satellite remote sensing [99],
inducing therefore significant uncertainties on the determination of the aerosol effects.

The relatively large dust AOD, combined with the strong surface and atmospheric AR-
FEs of these particles, result in very pronounced global mean dust DREg, et and DRE,¢m
(—1.98 and 1.15 Wm ™2, respectively) exerting the largest surface cooling and atmospheric
warming effect among all particle types. Despite their quite weaker (about half) surface
ARFE, the strongly scattering sulfate and sea salt particles cause a comparable strong
cooling on a mean global and annual basis, due to their high (higher than dust) loads. A
smaller, but still substantial, surface cooling is caused by organic and black carbon particles.
Within the atmosphere, the second most important driver of the observed atmospheric
warming is black carbon. The DRE;y, of the remaining aerosol types is much smaller in
magnitude. The obtained results highlight the strong diversity of the effects exerted by
different types of aerosols on the surface and atmospheric solar radiation budgets.
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Table 2. Long-term (1980-2019) annually-averaged AOD, DREs (in Wm~?2) and ARFEs (also in Wm™?2) per particle type.
The results are spatially averaged over the globe. Different background colors correspond to results for different aerosol

types displayed on the Table

Aerosol Radiative

AOD Direct Radiative Effects (DRE) Forcing Efficiency
(ARFE)

Aerosol Type Surface  Atmosphere TOA Surface Atmosphere TOA
Sulfate 0.049 —1.86 —0.02 —1.88 —38.00 —0.40 —38.39
Dust 0.027 —1.98 1.15 —0.83 —72.93 42.21 —30.72
Sea Salt 0.039 —1.74 0.12 —1.62 —44.11 2.94 —41.17
Organic Carbon 0.019 —091 0.18 —0.73 —47.11 9.17 —37.94

Black Carbon 0.005 —0.72 0.92 0.19 —143.05 181.24 38.19
Total 0.140 —7.56 2.35 —5.21 —54.04 16.82 —37.22

It is important to note that the almost purely scattering particles (sea salt and sulfate,
atmospheric ARFEs equal 2.9 and —0.4, respectively) have non-negligible contrasting
effects on the atmospheric absorption. The sign of these effects (i.e., atmospheric warming
or cooling) is mainly determined by the altitude of the scattering aerosol layer and is
heavily influenced by the presence of other aerosol types within the atmospheric column.
More specifically, due to backscattering of the incoming solar radiation, strongly scattering
particles increase the available energy above them. This results in an increase in absorption
of solar radiation by the overlying atmospheric gases and aerosol particles and a subsequent
heating of these layers (e.g., sea-salt induced atmospheric warming over oceans). This
heating effect is significantly enhanced when strongly absorbing particles are located above
strongly scattering particles. On the other hand, scattering particles decrease the available
solar energy below them. Therefore, when the scattering aerosol layer is located higher,
the heating effect in the atmospheric layers above them is compensated by a cooling effect
below them, especially when a near-surface absorbing aerosol layer is present. In this case,
the DRE,m may take negative values (i.e., cooling of the atmospheric column such as in
the case of elevated sulfate aerosols). These results highlight the importance of the use of
height-resolved aerosol optical properties data in radiative transfer modeling studies. In
this context, since scattering sea salt particles are located in low altitudes, mainly within
the planetary boundary layer, they cause a small heating of the atmospheric column almost
everywhere (DREam equals 0.12 Wm 2 on a mean annual global level). On the other hand,
because sulfate particles may occupy either low altitudes (especially near source-regions,
such as eastern China) or higher ones (in the case of long-range transport, such as over the
high latitudes of the N. Hemisphere), their DRE,t, ranges between a small warming to a
small cooling effect (Figure 2b-ii), yielding a near-zero global annual mean DRE,¢m.

At the TOA, sulfate, dust, sea salt and carbonaceous particles are characterized by
similar relatively high ARFEs, ranging between —30.7 Wm~2 (dust) and —41.2 Wm 2 (sea
salt). However, as shown in the previous discussion of the geographic variation of the
aerosol DREs, surface albedo plays a crucial role in the determination of the magnitude
and the sign of DRE7pa thus inducing large differences between the radiative effects of the
same aerosol type from region to region (Figure 2c). Moreover, because of the significantly
different loads of the five aerosol types, the associated DREtoa values vary between them,
ranging from —1.9 to 0.2 Wm 2. Generally, due to their small atmospheric warming and
their pronounced surface cooling effects, sulfate particles followed by sea salt cause stronger
planetary (TOA) cooling on a global annual scale (—1.88 and —1.62 Wm ™2, respectively).
Dust and organic carbon particles are also found to cause a substantial TOA cooling effect
(—0.83 and —0.73 Wm 2, respectively). On the other hand, strongly absorbing black carbon
is the only particle type causing a planetary warming effect, equal to 0.19 Wm~2, which in
association with the relatively high (and close to those of the remaining aerosol types) TOA
ARFE highlights the important climatic role of this particle type.
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3.2.2. Inter-Annual Variability of Aerosol DRE

The study of the inter-annual variation of AOD and the obtained DREs per aerosol
type enables the identification of changes in both the natural and anthropogenic aerosol
load and DREs, with significant climatic consequences. Multi-year databases, such as
MERRA-2 spanning the period 1980-2019, provide the unique opportunity to perform
such a study. We will initially discuss the interannual variability of aerosol loads and DREs
during the whole period. However, the AOD and DRE trends can be spuriously affected by
changes in the observing system, data availability and coverage, and changes in emissions
inventories [51]. Therefore, we will investigate separately the inter-annual variation during
the 2001-2019 period, the 19 complete years for which the NASA Earth Observing System
(EOS) satellite data (MODIS-Terra and Aqua, MISR) were implemented in the MERRA-2
Observing System, resulting in more homogeneous time-series.

3.2.2.1. Inter-Annual Variability of Aerosol AOD and DREs

The time series (1980-2019) of monthly globally averaged MERRA-2 AOD and DREs
at the Earth’s surface, within the atmosphere and at TOA, for sulfate, dust, sea salt, organic
and black carbon particles, as well as for the total aerosol load, are presented in Figure 4
(note the different y-axis scales used in the different plots). The dashed vertical lines
denote the transition dates between the four separate MERRA-2 production streams [50].
The results reveal that there are no discontinuities in AOD and DREs time-series across
consecutive streams. Moreover, in Table S1 (Supplement) we provide the decadal annual
mean aerosol DREs and AOD, spatially averaged over the globe, the North and South
Hemispheres, global land and global ocean areas, as well as over the five selected world
regions shown in Figure 3, which are representative of the various aerosol types and
regimes, in order to provide some insight about their temporal variability.
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Figure 4. Timeseries of globally averaged AOD (1st row) and Direct Radiative Effects: at the Earth’s surface 2nd row),
within the Atmosphere (3rd row) and at the Top of the Atmosphere (4th row). The results are provided for the total aerosol
load (i) and for sulfate (ii), desert dust (iii), sea salt (iv), organic carbon (v) and black carbon (vi) particles.

The most characteristic feature of the interannual variation of the MERRA-2 total
AOD and DRE:s is the distinct and relatively long-lasting impact of large-scale volcanic
eruptions on the global aerosol load, namely the eruptions of El Chichén and Pinatubo.
Indeed, until the mid-90s the interannual variation of the total aerosol AOD and DREs



Atmosphere 2021, 12, 1254

16 of 30

is mostly influenced by the changes in volcanic sulfate aerosol load (Figure 4i,ii). More
specifically, the El Chichén eruption in Mexico (1982) resulted in an approximately fourfold
increase in sulfate AOD compared to the beginning of the 1980s, reaching 0.12 during July
1982 (Figure 4ii), which is projected in an equivalent increase in total AOD (from 0.11 to
0.21). According to our model results, sulfate particles associated with the El Chichén
eruption cause a substantial decrease in net surface solar radiation (SSR) in the early 1980s
(globally averaged sulfate DREgyfnet up to —6 Wm 2, Figure 4ii, second row) also reflected
in an overall decrease in net SSR (up to —12 Wm™2, Figure 4i, second row). Due to the
fact that the layer of ejected volcanic sulfate particles is mostly elevated (located in the
upper troposphere and lower stratosphere; [100]), sulfate aerosols decreased the available
radiative energy underneath, radiatively cooling the atmosphere, inducing a DRE;¢m, up
to about —0.3 Wm ™2 in July 1982 (Figure 4ii, third row), partly counterbalancing the
atmospheric heating effects of other particle types (see Figure 4iii—vi, third rows) and
resulting in a total DRE,m equal to 2 Wm™2. The enhanced presence of sulfate aerosols
resulted in a large increase in planetary albedo with total DREppa reaching values as
high as —9.5 Wm ™2 after the El Chichén eruption, of which approximately the 6.5 Wm ™2
are attributed to sulfate particles (Figure 4i,ii, fourth rows). The impact of the Pinatubo
eruption in the Philippines (1991) on the aerosol load and DREs is found to be even stronger.
The sulfate aerosol load increased nearly 10-fold compared to the previous years, reaching
0.22 at the end of 1991, inducing thus a strong surface cooling as large as —10 Wm ™2,
decreasing the atmospheric absorption by 0.7 Wm~2 and overall increasing the planetary
albedo by 10.5 Wm™2. The globally averaged total aerosol clear-sky effects after the
Pinatubo eruption are strongly dominated by the effects of sulfate aerosols, having values
up to —13 Wm~2 at TOA and —14.5 Wm~2 at the Earth’s surface, resulting in significant
climatic consequences [101], such as a remarkable slowing of the hydrological cycle [102].
As shown by our results, the large reduction in sulfur emissions mainly in Europe and
North America due to the implementation of air pollution mitigation strategies [103-105]
is largely counterbalanced by an increase in sulfate loading over the Indian Sub-continent
and East Asia [106,107]. Therefore, changes in the anthropogenic sulfate aerosol load and
the sulfate DREs between 1980 and 2019 are not evident in Figure 4.

The Pinatubo eruption has a spurious decreasing effect on the MERRA-2 dust and
sea salt AODs and DREs (Figure 4iii,iv). This artifact is induced by the large negative
AOD increments applied in MERRA-2, which affect all aerosol species [51]. The reason
was identified as the overestimation of sulfate AOD directly after the Pinatubo eruption,
caused by MERRA-2 parameterization errors, such as the overestimation of Pinatubo
injection altitude [108]. Apart from this abrupt decrease in the sea salt and dust load
after the Pinatubo eruption, it is evident that the respective AODs are more pronounced
during the second half of our study period compared to the first half. These changes are
however much smaller than those of sulfate AOD. More specifically, the dust AOD ranged
generally between 0.01-0.04 before 2000 while afterwards it increased to 0.015-0.050, also
exhibiting a larger month-to-month variability. The sea salt AOD generally ranged between
0.030-0.044 and 0.037-0.048 during the same time periods. The changes in the dust load
resulted in an increase in both dust surface cooling and atmospheric warming after 2000,
with DREg;fnet and DREg¢y, reaching in some cases values as high as —4.0 and 2.4 Wm~2,
respectively. At TOA, desert dust induced a planetary cooling of 0.25-1.50 Wm 2 before
2000 and 0.50-1.75 Wm~2 afterwards. On the other hand, sea salt particles induced a
similar surface and TOA cooling, which was slightly larger during the 2000s and 2010s
(up to 2.0-2.3 Wm™2) compared to the 1980s and 1990s (surface and TOA cooling less
than 2.0 Wm—2). The sea salt effect within the atmosphere also exhibited a small increase
over these years; however, due to the non-absorbing nature of these particles, the induced
atmospheric warming is small (Section 3.1). It should be noted that these results must
be treated with caution because, besides the spurious post-Pinatubo dust and sea salt
decrease, there are some other suspicious AOD “jumps”, e.g., between the late 90s and
early 2000s, which can be possibly attributed to MERRA-2 observing system changes. As
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already discussed, MERRA-2 aerosol data are more reliable and consistent after 2000, when
EOS data are assimilated.

On the other hand, during the same period, a relatively pronounced global increase in
carbonaceous (organic and black carbon) aerosols load is evident (Figure 4v,vi). More specif-
ically, the globally averaged organic carbon AOD ranged between 0.01 and 0.035 during the
80s, while after approximately 2000 they exhibit an increasing trend, resulting eventually
in an AOD of 0.015-0.045 during the 2010s. A similar increasing trend is also evident for
black carbon AOD (from 0.0030-0.0080 during the 1980s to 0.0045-0.0085 in the 2010s). This
global increase in carbonaceous aerosol load and consequently DREs is probably driven by
an increase in wildfire occurrences, affected by climate change [109,110]. More specifically,
the organic carbon DREg et increased from approximately—0.25-1.75) Wm~?2 during the
1980s up to —(0.75-2.5) Wm~2 during the 2010s (Figure 4v, second row). An increase in
the surface cooling of similar magnitude is induced by the increase in black carbon AOD,
with DREgfnet reaching as high as —1.7 Wm~2 in the late 2010s (Figure 4vi, second row).
Within the atmosphere, the warming effect due to the carbonaceous aerosols and especially
the strongly light-absorbing black carbon increased, with BC DRE;,ym being larger than
0.7 Wm ™2, year-round, after approximately the mid-2010s (Figure 4vi, third row). At TOA
the enhanced presence of organic carbon resulted in an increase in planetary cooling, from
~(0.3-1.4) Wm~2 during the 1980s, to —(0.5-2.0) Wm~?2 during the 2010s (Figure 4v, fourth
row). On the other hand, black carbon, as already discussed in Section 3.1, is the only
aerosol type causing a TOA warming effect, which increases during the 2000s and 2010s
compared to the 1980s (0.10-0.50 Wm ™2 versus 0.06-0.44 Wm?; Figure 4vi, fourth row).

The change in aerosol load composition during the MERRA-2 period, namely the
decrease in the strongly scattering volcanic sulfate aerosol loads, tends to increase the
atmospheric absorption after the mid-1990s (Figure 4i, third row), when according to
MERRA-2 the effect of Pinatubo vanishes. The globally averaged DRE,m increased by
40% from approximately 2 Wm~2 during the 1980s and 1990s to ~2.7 Wm~2 during the
2000s and 2010s, despite the relatively small changes in total AOD (it has the same value
during the 1980s, 2000s and 2010s, and approximately 10% higher during the 1990s due to
Pinatubo effect).

As shown in Table S1, the decadal mean AODs and DREs are more pronounced over
the Northern Hemisphere compared to the Southern and over global land compared to the
ocean. However, at the TOA, the land-ocean differences are small due to the strong radiative
cooling of the continental aerosols advected over the ocean, which counterbalances the
lower aerosol load compared to over land. Furthermore, during the 1990s the DRE104 is
even slightly larger above the global ocean compared to land. Concerning the inter-decadal
changes, the increase in AOD (strongly affected by the Pinatubo eruption), and DREs from
the 1980s to 1990s is more pronounced over the Southern Hemisphere compared to the
Northern and above ocean compared to land, except for DREaym.

On a regional basis, as documented by the results of Table S1 (for the five selected
world areas of Figure 3) and Figure 510, the decadal and interannual changes of aerosol
AOD and DREs are much more pronounced. For example, over India, the AOD in-
creased substantially (by up to about 70%) during our study period, mostly due to an-
thropogenic activities, attributed primarily to sulfate and secondarily to organic carbon
aerosols (Figure S10) as well as natural desert dust. This increasing AOD led to a doubling
of DRE,tm, from 5.3 Wm2 during the 1980s to 11.7 Wm—2 during the 2010s. As shown in
Figure S11, this increase in DRE,r, is attributed to black carbon particles, despite their load
increasing less than the sulfate and organic carbon loads. This shows the strong sensitivity
of atmospheric absorption of solar radiation to black carbon particles, which are the primer
absorbers. At the surface of India, carbonaceous and sulfate particles contributed to a
magnification of DREgfnet, from —13.0 Wm ™2 the (1980s) to —22.8 Wm~2 (2010s). The
increase in the aerosol-induced surface radiatively cooling is larger than the increase in
the atmospheric warming due to the enhanced absorption, resulting in a strengthening
of planetary cooling over India, with stronger DRE1pa during the 2010s compared to the
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1980s (—11.1 Wm~2 versus —7.7 Wm ™2, respectively). Similar results are found over East
Asia, however, in this region, there is a slight decrease in DREg et and DRE,, during
the 2010s due to the implementation of air pollution mitigation policies [111].

3.2.2.2. Interannual Variability and Changes during the Post 2000 Period

For the Earth Observing System period (2001-2019, during which MERRA-2 time-
series are more consistent), we computed the deseasonalized AOD and DREs anomalies
per aerosol type, by subtracting from each monthly AOD and DRE value the corresponding
long-term (19 years) monthly mean. We then applied linear regression to the time series of
calculated anomalies and computed the slopes presented in Figure 5 (AOD) and Figure 6
(DREs). The increasing (decreasing) aerosol DRE trends indicate a warming (cooling)
tendency. For example, positive DREg et trends are equivalent to a decreasing tendency of
the aerosol-induced surface cooling, while positive DRE,m is equivalent to an enhancement
of the atmospheric warming. At the TOA, positive DRE trends are also indicative of
warming, being associated with either a decrease in the planetary cooling or an increase
in planetary warming due to aerosols (including a switching from planetary cooling to
warming). According to Figure 5, both the magnitude and the sign of AOD trends vary
between the different aerosol types and from one region to another, subsequently resulting
in a similarly large variability of the corresponding DRE tendencies of the five aerosol types
(Figure 6). Thus, we will address the four different global areas that are representative
of different aerosol regimes. The statistical significance of the trends is assessed using
the Mann—Kendall test [112,113]. The respective results, (i.e., the spatial distribution of
statistically significant AOD and DRE trends at the confidence level of 95%) are provided
in the supplement.

3.2.2.3. Anthropogenic Polluted Areas

The strongest increasing AOD trends over the globe (up to 0.08 decade 1) are observed
above the heavily polluted Indian sub-continent and the adjacent northern Indian ocean.
They are attributed primarily to a strong increase in the anthropogenic sulfate load and
to a smaller extent to an increase in carbonaceous (mainly organic carbon) AOD. These
changes result in a very strong increase in both surface cooling (negative DREg et slope,
up to —4.2 Wm2decade!) and atmospheric warming (positive DRE,m slope, up to
2.0 Wm~2decade~! locally) due to aerosols, as shown in Figure 6a-i,b-i, respectively.
Although the changes (increases) of the organic carbon AOD are relatively large, they
have a much smaller effect on the DREg et trends compared to the effect of black carbon
particles, due to their much lower forcing efficiency (attributed to their weaker absorbing
ability; [44]). The light-absorbing black carbon particles are also the major contributor to
the enhancement of the atmospheric warming effect over the Indian Sub-continent. The
increase in the aerosol surface cooling is found to be larger (in terms of absolute values)
than the increase in the atmospheric warming, especially over sea regions, where aerosols
originating from the Indian subcontinent are advected. This results in an increase in the
aerosol-induced planetary cooling, as indicated by a pronounced negative DREtpy trend,
up to —2.2 Wm 2 locally in the Bay of Bengal and the eastern Arabian Sea (Figure 6¢-i).

The reversal of the increasing anthropogenic aerosol load trend over the last decade of
our study period (Section 3.2.2.1) results in relatively small and not statistically significant
AOD tendencies above the heavily affected by urban/industrial pollution in East Asia
and especially East China. However, according to MERRA-2, despite this reversal, the
sulfate AOD slope during 2001-2019 remains positive. On the other hand, during the same
period, the carbonaceous and dust AOD decreased slightly above Eastern Asia (negative
slope, light bluish colors). The decrease in the black carbon AOD (Figure 5vi) is found to
be the primary contributor of a strong and statistically significant reduction in the aerosol
radiative surface cooling (DREg et up to 3.1 Wm2decade !, locally) and atmospheric
warming (strong negative total DRE,ym slope up to —3.8 Wm™2decade!), followed by
the decrease in dust and organic carbon loading, while on the Earth’s surface it is partly
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counterbalanced by the slight increase in the sulfate AOD. At the TOA, via the combination
of the surface and atmospheric DREs variations, small and not statistically significant
trends are recorded.

Over Europe and the eastern USA, the total aerosol load experienced a mostly sta-
tistically significant decrease from 2001 to 2019, up to —0.04 decade™?!, driven mainly
by the reduction in the anthropogenic sulfate particles associated with environmental
regulations undertaken within the frameworks of the Clean Air Act and Convention on
Long-range Transboundary Air Pollution [114]. The decrease in sulfate AOD is larger
above the eastern USA compared to Europe (slopes up to —0.045 and —0.035 decade ™!,
respectively, Figure 5ii). However, above the eastern USA, the reduction in sulfate AOD is
partly counterbalanced by an increase in carbonaceous particles (Figure 5v,vi) originating
from a sharp increase in wildfires occurrences and burned areas over high boreal latitudes
affected by climate change [115,116]. On the other hand, over Europe, there is a small
decrease in dust load, especially in the southern parts of the continent, in line with the
reported decrease in the Saharan dust in the Mediterranean Basin [117]. These changes of
the aerosol load over Europe and East USA result in a statistically significant decrease in
both the surface and the TOA aerosol cooling (reddish colors in Figure 6a-i,c-i, respectively),
with slopes reaching values up to 2.0 and 1.5 Wm~2?decade !, respectively. Within the
atmosphere, the aerosol-induced heating effect mostly increased over the western USA,
while it decreased over Europe. These DRE,y, trends are statistically significant, even
though their absolute slopes are smaller than 1 Wm~2decade .
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Figure 5. Slopes of deseasonalized MERRA-2 Optical Depth anomalies at the wavelength of 550 nm,
over the period 20012019, for: (i) total aerosol load, (ii) sulfate, (iii) dust, (iv) sea salt, (v) organic
carbon and (vi) black carbon particles. Units are decade1.
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Figure 6. Slopes of deseasonalized Direct Radiative Effects” anomalies over the period 2001-2019: (a) at the Earth’s surface,
(b) within the Atmosphere and (c) at the Top of the Atmosphere. (i) total aerosol load, (ii) sulfate, (iii) dust, (iv) sea salt,
(v) organic carbon and (vi) black carbon particles. Units are Wm2decade 1.

3.2.2.4. Natural Desert and Biomass Burning Areas

As shown in Figure 5v,vi, during 2001-2019, above most parts of the globe, biomass
burning aerosols (organic and black carbon) experience increasing trends. These trends
are particularly pronounced in central Africa, resulting in a total AOD slope as high as
0.036 decade !, locally. Increasing, albeit weaker, carbonaceous aerosol trends are also
observed in other tropical and sub-tropical regions characterized by extensive biomass
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burning, such as southern Africa and mainland Southeast Asia, as well as over ocean
regions, where these particles are advected, such as the tropical South Atlantic. On the
other hand, the carbonaceous aerosol load strongly decreased over parts of maritime
Southeast Asia and especially Indonesia (—0.15 decade '), while increasing and decreasing
trends are evident over both South America and East Asia. Similar results, revealing an
increasing frequency of occurrence of carbonaceous aerosol particles in many parts of the
globe characterized by extensive biomass burning, such as southern Africa, south Atlantic
and mainland Southeast Asia, are also reported by [79] for a slightly different time period
(2005-2019). Carbonaceous aerosols also experience strong increasing trends in boreal
regions of North America (Canada) and Asia, resulting in an increase in the total AOD up
to 0.055 decade !, locally. Most AOD trends associated with biomass burning are found to
be statistically significant (except for parts of south-eastern Asia).

Over central-southern Africa, the aerosol-induced surface cooling and atmospheric
warming increased by up to —4.2 and 4.5 Wm~2decade !, respectively. Since the trends of
DREatm and DREg; et largely negate each other, changes in DREtpa over central-southern
Africa are relatively small, with slopes ranging between —0.7 and 0.5 Wm~2decade .
On the other hand, over boreal Asia and Canada, where the black carbon load is lower,
the increasing aerosol surface cooling exceeds the corresponding increasing atmospheric
warming, resulting in an overall increase in the planetary (TOA) cooling effect of aerosols,
by up to 2.1 Wm2decade .

According to MERRA-2, during 2001-2019 dust AOD demonstrates both increasing
and decreasing trends (Figure 5iii). More specifically, strong and most statistically sig-
nificant increasing trends, up to 0.040 decade ™!, are evident above parts of the Arabian
Peninsula, the Red Sea and the Persian Gulf, in agreement with previous studies suggesting
an increase in dust activity in the Arabian Desert in recent years (e.g., [77,117-119]). Dust
trends dominate the increasing AOD trends over these areas except for the eastern Arabian
Sea, where they come after the sulfate trends from particles advected from the Indian
Subcontinent. Dust AOD also increased over the Taklamakan Desert (up to 0.050 decade™?,
Figure 5iii), in agreement with satellite-based studies [77], where it drives the observed
very strong AOD trends (up to 0.055 decade™!). On the other hand, dust AOD decreased
above most of the Sahara Desert (up to —0.045 decade ™! in the north-west), with increasing
trends found only in a few cells in the central Sahara and near the Red Sea. These results
agree with other recent studies using different datasets [117,120] in terms of the decreasing
AOD trends over the north-eastern parts of the Sahara Desert (Libyan Desert), although
these studies report more prominent increasing trends above North Africa, especially over
the western Sahara. The encountered differences in AOD trends with these studies should
be attributed to the use of different aerosol databases. For example, according to [120]
the trends based on MERRA-2 data are closer to those derived from MODIS-Terra than
MODIS-Aqua data. Given that satellite (MODIS, MISR) data are assimilated in MERRA
for the period after 2000, it is possible that they can affect the MERRA based AOD trends
presented in this study. It is important to mention that MERRA-2 assimilated MISR data
until June 2014 above regions characterized by high surface albedo [51]. However, MISR
data are overestimated compared to both MODIS-Terra and Aqua in North Africa [121,122],
which may produce discontinuity and affect the AOD there. To examine this, we compared
the total AOD derived from MODIS-Terra, MODIS-Aqua and MISR and we found that after
the cessation of the MISR assimilation, MERRA-2 AOD approached that of MODIS-Terra
and Aqua (results not shown here). Based on these findings, concerns arise regarding a
possible introduction of an erroneous negative AOD trend in MERRA-2 AOD time-series
above North Africa, but a more detailed investigation is needed, which is beyond the scope
of this study.

According to our model results, the increasing AOD over the Arabian Peninsula
results in an increase in both aerosol radiative surface cooling and atmospheric warming
by up to 2 Wm~2decade ™!, locally. Larger trends are evident over the Taklamakan desert,
where DREget and DRE,m slopes reach values as high as —2.9 and 2.1 Wm~2decade !,
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respectively. Over the western parts of Sahara and the Atlas Mountains, the surface cooling
and atmospheric warming decreased, locally, by up to 3.0 Wm~2decade ! (positive slope)
and 2.2 Wm~2decade™! (negative slope), respectively. On the other hand, DRE; et and
DRE;im exhibit slight increasing trends in some parts of the central and eastern Saharan
Desert. Above most dust-dominated land regions of the planet, the DREtp4 trends are
relatively small (generally less than 0.5 Wm~2decade!). Larger trends are only observed
over the Atlas Mountains, where the TOA cooling decreased by 1.2 Wm~2decade ! (posi-
tive slope in Figure 5i) and over the Taklamakan Desert, where the TOA cooling increased
by up to 1.0 Wm~2decade ! (negative slope in Figure 5i). On the other hand, changes in
the aerosol load have a more pronounced impact on both DRE1oa and DREg;¢et above
the sea compared to their source regions. Characteristically, over the Persian Gulf and
the Red Sea, the aerosol-induced surface and TOA cooling increased by up to 4.0 and
1.5 Wm2decade !, respectively. Over the same regions, the DREuy, slopes are lower than
those of DREg;fnet, and not exceeding 2 Wm2decade!. These results can be explained
by the fact that, as discussed in Section 3.1, the aerosol surface cooling potential is much
larger above low-albedo dark oceans than over high-albedo deserts, contrary to a lower
atmospheric warming potential, resulting eventually in a particularly large planetary cool-
ing potential. Therefore, above low albedo ocean regions, a similar change in the aerosol
load results in a larger change of DREg et and DRE7p4, and a smaller change on DRE; i,
compared to what happens above bright surfaces, as documented by our results.

3.2.2.5. Areas with Combined Natural and Anthropogenic Aerosols

Over the Mediterranean basin, the dust load decreased during 2001-2019, especially in
its southern and western parts, in agreement with the results presented in previous studies
(e.g., [93,117]). The sulfate load also experienced decreasing trends (albeit of lower magni-
tude than desert dust), affected by the reduction in anthropogenic emissions in Europe [104].
The decreasing tendencies of dust and sulfate AOD are partly counterbalanced by a small
increase in sea salt and a larger increase in carbonaceous AOD, associated possibly with
both locally produced and long-range transported biomass burning aerosols [123]. Overall,
the total aerosol load over the Mediterranean decreased by up to 0.25 decade™!, with
the stronger trends observed in its western and southern parts. According to our model
results, in the broader Mediterranean Basin, the aerosol-induced surface radiative cooling
(DREgyrfnet) decreased by up to 2.0 Wm~2decade ! offshore northwestern Africa, mostly
driven by the decrease in dust and secondarily sulfate AOD, and slightly counterbalanced
by the increase in the load of the carbonaceous particles. Similarly, in accordance with
the changes of the load of these specific aerosol types, the aerosol atmospheric absorption
DRE,im decreased by up to 0.7 Wm—2decade~!. However, the changes of DRE,y are much
lower than those of DREg;fet, and therefore the aerosol-induced planetary cooling over
the Mediterranean decreased relatively strongly, with slopes reaching values as high as
1.3 Wm~2decade™!. The AOD and DRE trends over most of the Mediterranean Basin are
found to be statistically significant.

3.2.2.6. Remote Clean Areas

Above remote clean areas, the AOD and DRE trends after 2000 are generally small.
However, relatively larger and statistically significant increasing trends are observed over
mid- to high-latitude ocean regions of the Southern Hemisphere, namely the Southern
Ocean (slope values up to 0.014 decade™!). These trends are driven by an increase in the
wind-blown sea salt particles AOD, possibly associated with an increased wind speed [124].
The enhanced presence of almost-purely scattering sea salt particles over this region, results
in an increase in the magnitude of the surface and TOA aerosol cooling effects, by up to
0.65 and 0.60 Wm2decade !, respectively.

Although the trends over the Arctic are not statistically significant, they deserve to
be briefly addressed, due to the strong climatic sensitivity of this word region. According
to MERRA-2, the AOD trends are characterized by mostly increasing tendencies, albeit
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small (slope less than 0.01 decade 1) due to an increase in carbonaceous load, which is
however partly counterbalanced by a decrease in the other particle types, in particular
sulfate and dust. These AOD changes result in an increase in both the aerosol-induced
radiative surface cooling (by up to 1.3 Wm~2decade ') and atmospheric warming (up
to 0.3 Wm™?2) above most parts of the Arctic, yielding overall a TOA cooling tendency
over the Arctic, with DRE1o4 slopes reaching —1.3 Wm2decade™!. Ref. [95] reported
an arctic TOA warming tendency between 1980 and 2018, driven mainly by a decrease
in sulfate aerosol loads due to the reduction in emissions from Europe, Russia and local
Arctic sources. Based on MERRA-2 data, we found a similar warming for the whole study
period (1980-2019; Figures 510 and S11). The results for the 2001-2019 period are strongly
affected by the extensive biomass burning in boreal regions in recent years [125,126] and
indicate a reversal of the previously decreasing tendencies of AOD and DREs.

4. Summary and Conclusions

In the present study, a detailed estimation of aerosol speciated (sulfate, dust, sea salt,
organic carbon and black carbon aerosols), as well as total aerosol DREs within the Earth-
Atmosphere system, is performed at global scale and on a climatological basis (40 years;
1980-2019), using a detailed spectral radiation transfer model (FORTH) and the MERRA-2
aerosol reanalysis. The detailed spatiotemporal resolution and the long-term coverage
enable the derivation of useful conclusions about the climatic role of aerosols, which are
summarized below.

e  MERRA-2 successfully reproduces well-known spatiotemporal patterns of globally
distributed AOD, for all aerosol types considered in the current study, over source,
nearby and downwind areas.

e  The global 40-year mean AOD is equal to 0.14, with monthly values mainly ranging
from 0.1 to 0.15, rising up to about 0.3 during the great volcanic eruptions of El
Chichon and Pinatubo in the 1980s and 1990s, respectively.

e In general, aerosols cause a radiative cooling at the Earth’s surface and at TOA,
equivalent to —7.6 and —5.2 Wm ™2, respectively, and an atmospheric warming of
2.4 Wm~2. However, the DREs strongly depend on AOD, the aerosol type, and
the underlying surface properties, mainly the albedo, thus exhibiting a significant
geographic and seasonal variation.

e  The worldwide highest surface radiative cooling effect, equal to —39 Wm~2 locally, is
found over East and South Asia, and specifically over China, and is attributed primar-
ily to the anthropogenic sulfate particles and black carbon, followed by desert dust.

e  Strong surface cooling is also produced by dust aerosols over the Sahara and Arabian
deserts, as well as over adjacent ocean regions where dust and carbonaceous aerosols
are transported.

e The largest atmospheric warming effect globally, equal to 33.9 Wm™2, is found
over the southern and south-western parts of the Sahara, induced by dust. In gen-
eral, the aerosol surface cooling effect is larger than the corresponding atmospheric
warming, yielding an overall planetary cooling, as large as —20.7 Wm ™2, but near-
cancellation between the DREg et and DREg¢m, can result in a small planetary cooling
or even a planetary warming (up to 6.9 Wm ™2 locally, over the bright surfaces of the
southern Sahara).

e  The light-absorbing aerosols, primarily black carbon and secondarily dust, have
the strongest radiative forcing efficiency both in the atmosphere and the surface of
the Earth.

e  The quite large dust AOD, combined with its strong ARFE, result in very pronounced
global mean surface and atmospheric radiative effects (DREgfnet and DREaim equal
to —1.98 and 1.15 Wm 2, respectively) which are the largest among all aerosol types.

e  Due to their small atmospheric warming and their pronounced surface cooling effects,
the scattering sulfate and sea salt aerosols cause the strongest planetary cooling
(DREtoa —1.88 and —1.62 Wm ™2, respectively).
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e  The strongly absorbing black carbon is the only aerosol type inducing a planetary
warming effect, equal to 0.19 Wm 2.

e  The almost purely scattering sea salt and sulfate aerosols have non-negligible atmo-
spheric warming and cooling global effects (DRE,m equal to 0.12 and —0.02 Wm ™2,
respectively), the sign of which is determined by the altitude of the scattering aerosol
layer and the presence of other aerosol types.

e  The most remarkable feature of the inter-annual variability of MERRA-2 total AOD
and DREs is the distinct and relatively long-lasting impact of large-scale volcanic
eruptions (El Chichén and Pinatubo in the early 1980s and early 1990s, respectively)
through the emitted sulfate particles.

e  The decrease in the strongly scattering sulfate aerosols (by the El Chichén and Pinatubo
eruptions) after the mid-1990s, led to an increase in the solar atmospheric absorption.
In parallel, our results show increasing absorption from dust, organic and black
carbon aerosols.

e  The volcanic sulfate aerosols associated with the El Chichén and Pinatubo volcanic
eruptions substantially decreased the mean global net surface solar radiation in the
early 1980s (by up to 6 Wm~2) and the early 1990s (by up to 10 Wm~2). During
these eruptions the mean global net SSR decreased due to all aerosols by up to 12 and
14.5 Wm™2, respectively, while the aerosol planetary cooling effect reached values up
to about 9.5 and 13 Wm 2.

e  The large reduction in sulfur emissions mainly in Europe and North America has been
largely counterbalanced by an increase in sulfate aerosol load over India and East Asia,
resulting in unchanging sulfate aerosol DREs over the 40-year period (1980-2019).

e A pronounced increase in carbonaceous aerosols was found during the study pe-
riod, associated with increasing wildfires, which increased the magnitudes of the
associated DREs.

e The decadal and inter-annual changes of aerosol AOD and DREs are much more
pronounced on a regional basis. Thus, over India the AOD increased by up to 70%
from 1980 to 2019, due to enhanced anthropogenic activities (primarily sulfate and
secondarily carbonaceous aerosols), leading to a doubling of DREy¢m (from 5.3 Wm 2
in the 1980s to 11.7 Wm~2 in the 2010s), primarily attributed to black carbon particles.

Our apportionment of the total aerosol DREs to every aerosol type, highlights their
different radiative impacts in terms of not only the magnitude, but also the sign, quantifying
the strong spatial and temporal variability of aerosol speciated DREs. The obtained results
highlight the strong radiative effect and climatic role of the absorbing aerosols, underlining
the need for accurate estimations. Such estimations strongly depend on the aerosol particle
absorptivity (namely the single scattering albedo), which needs to be more accurately
derived from satellite observations, enabling global and multi-year coverage.

Finally, we reveal some probably unexpected radiative effects, like the increased
columnar atmospheric absorption caused by sulfate and sea salt scattering aerosols, which
depends on the elevation of the aerosol layer. This dependence emphasizes the need for
consideration of the vertical distribution of aerosol optical properties and the presence of
clouds (all-sky DREs), even more so for all-sky aerosol DREs, an analysis that is under
preparation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos12101254 /51, Figure S1(i): Mean seasonal (1980-2019) global distribution of MERRA-2
Optical Depth at the wavelength of 550 nm for the total aerosol load. (a) winter, (b) spring, (c) summer,
(d) autumn, Figure S1(ii): Mean seasonal (1980-2019) global distribution of MERRA-2 Optical Depth
at the wavelength of 550 nm for sulfate particles. (a) winter, (b) spring, (c) summer, (d) autumn,
Figure S1(iii): Mean seasonal (1980-2019) global distribution of MERRA-2 Optical Depth at the
wavelength of 550 nm for dust particles. (a) winter, (b) spring, (c) summer, (d) autumn, Figure S1(iv):
Mean seasonal (1980-2019) global distribution of MERRA-2 Optical Depth at the wavelength of
550 nm for sea salt particles. (a) winter, (b) spring, (c) summer, (d) autumn, Figure S1(v): Mean
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seasonal (1980-2019) global distribution of MERRA-2 Optical Depth at the wavelength of 550 nm
for organic carbon particles. (a) winter, (b) spring, (c) summer, (d) autumn, Figure S1(vi): Mean
seasonal (1980-2019) global distribution of MERRA-2 Optical Depth at the wavelength of 550 nm for
black carbon particles. (a) winter, (b) spring, (c) summer, (d) autumn, Figure 52: Mean (1980-2019)
global distribution of total aerosol Direct Radiative Effects (i) at the Earth’s surface, (ii) within the
Atmosphere and (iii) at the Top Of the Atmosphere, during (a) winter, (b) spring, (c) summer and (d)
autumn, Figure S3: Mean (1980-2019) global distribution of sulfate aerosol Direct Radiative Effects (i)
at the Earth’s surface, (ii) within the Atmosphere and (iii) at the Top Of the Atmosphere, during (a)
winter, (b) spring, (c) summer and (d) autumn, Figure S4: Mean (1980-2019) global distribution of
dust aerosol Direct Radiative Effects (i) at the Earth’s surface, (ii) within the Atmosphere and (iii)
at the Top Of the Atmosphere, during (a) winter, (b) spring, (c) summer and (d) autumn, Figure S5:
Mean (1980-2019) global distribution of sea salt aerosol Direct Radiative Effects (i) at the Earth’s
surface, (ii) within the Atmosphere and (iii) at the Top Of the Atmosphere, during (a) winter, (b)
spring, (c) summer and (d) autumn, Figure S6: Mean (1980-2019) global distribution of organic
carbon aerosol Direct Radiative Effects (i) at the Earth’s surface, (ii) within the Atmosphere and (iii)
at the Top Of the Atmosphere, during (a) winter, (b) spring, (c) summer and (d) autumn, Figure S7:
Mean (1980-2019) global distribution of black carbon aerosol Direct Radiative Effects (i) at the Earth’s
surface, (ii) within the Atmosphere and (iii) at the Top Of the Atmosphere, during (a) winter, (b)
spring, (c) summer and (d) autumn, Figure S8: Slopes of deseasonalized MERRA-2 Optical Depth
anomalies at the wavelength of 550 nm, over the period 2001-2019, for: (i) total aerosol load, (ii)
sulfate, (iii) dust, (iv) sea salt, (v) organic carbon and (vi) black carbon particles. Only 0.5° x 0.625°
cells where trends are statistically significant at a 95% confidence level are shown (units are decade™),
Figure S9: Slopes of deseasonalized Direct Radiative Effects anomalies over the period 2001-2019:
(a) at the Earth’s surface, (b) within the Atmosphere and (c) at the Top Of the Atmosphere. (i) total
aerosol load, (ii) sulfate, (iii) dust, (iv) sea salt, (v) organic carbon and (vi) black carbon particles.
Only 0.5° x 0.625° cells where trends are statistically significant at a 95% confidence level are shown
(units are Wm~2decade 1), Figure S10: Slopes of deseasonalized MERRA-2 Optical Depth anomalies
at the wavelength of 550 nm, over the period 1980-2019, for: (i) total aerosol load, (ii) sulfate, (iii)
dust, (iv) sea salt, (v) organic carbon and (vi) black carbon particles (units are decade™1), Figure S11:
Slopes of deseasonalized Direct Radiative Effects anomalies over the period 1980-2019: (a) at the
Earth’s surface, (b) within the Atmosphere and (c) at the Top Of the Atmosphere. (i) total aerosol
load, (ii) sulfate, (iii) dust, (iv) sea salt, (v) organic carbon and (vi) black carbon particles. (units are
Wm 2decade™!). Table S1: Decadal total aerosol AOD and DREs (in Wm~2) over: the globe, the
North and South Hemispheres, global land and global ocean areas and five selected world regions
(Saharan and Arabian Deserts, Southern Africa, India, East Asia and Mediterranean).
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