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ARTICLE INFO ABSTRACT

Keywords: Dust particles can be coated with a surface layer of pollutants such as sulfate and nitrate after mixing with local
Dust pollution during long-range transport. Previous studies investigated the effects of surface coating on scattering
Poll}‘\tif)n properties and direct radiative effects (DRE) of dust in the solar shortwave (SW) spectral region. In this research,
?:iltzt::geffea we carried out a theoretical study of the surface coating effects in both solar SW and the terrestrial longwave

(LW) and compared the results with external mixing. Three dust coating schemes were developed to study a
hypothetical sulfate-dust coating case, in which the thickness of the coating sulfate layer is proportional to the
size, surface area, and mass of the dust core, respectively. We found that at the 0.55 um the aerosol optical
thickness (AOD) of the externally mixed dust-sulfate increases more efficiently with the increasing sulfate mass
than the coated dust cases, whereas the opposite is true at the 10 pm. This is because at 0.55 pym the difference in
the total geometrical cross section is the dominant factor for the AOD difference, while at the 10 um the
dominant factor is the difference in extinction cross section. The differences in dust DRE at the top of atmosphere
and surface between the external mixing and coated dust cases can be largely explained by the differences in
AOD. Dust absorption in the SW is found to be significantly enhanced by the surface coating of non-absorptive
sulfate due to the so-called “lensing effect”. When SW and LW DREs are combined, the volume- and area-
proportional coating schemes have a significantly weaker cooling effect than externally mixed dust-sulfate.
This research provides the theoretical understanding of how surface coating affects the SW, LW and total dust
DREs.

Lensing effect

1. Introduction

Mineral dust (referred to as dust for short) is one of the most abun-
dant types of atmospheric aerosols [1,2]. Different from most other
types of aerosols that have significant radiative effects only in the solar
shortwave (SW) region, dust interacts with both SW and thermal
infrared (IR) longwave (LW) radiation and thereby influences the
Earth’s radiative energy budget. The direct radiative effect (DRE) of dust
is generally negative (i.e., cooling) at SW (i.e., DREsy<0) and positive
(warming) at LW (i.e., DRE,w>0). [3-6]. In addition to the DRE, dust
also influences the life cycle and properties of clouds by altering the
thermal structure of the atmosphere through dust-radiation interactions
[7,8] and by acting as cloud condensation nuclei (CCN) and ice nuclei
(IN), which is known as the aerosol-cloud interactions (ACI) [9,10].
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Once aloft, dust particles are often carried by winds for long-range
transport at an intercontinental or even hemispherical scale, such as
the trans-Atlantic transport of African dust, trans-pacific transport of
Asia dust, and transport of dust plumes from the Arabian Peninsula over
the Arabian Sea and the Indian Ocean [11-13]. During the transport, the
dust particles can become mixed with local pollutants such as ammo-
nium sulfate, ammonium nitrate, hydrochloric acid, and biomass
burning particles, not only externally but also internally through het-
erogeneous reactions and coagulation [14-19]. Fig. 1 shows the occur-
rence frequency of pure dust and dust-pollutant mixture (i.e., “polluted
dust”) based on the observations from the space-borne Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) [20]. Note that in this
study “pure dust” refers to those dust particles without being either
internally or externally mixed with other aerosols. As expected, pure
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dust (Fig. 1a) is the dominant type of aerosols in the so-called “dust
belt”, which expands across North Africa, the Middle East and to inland
Asia. The mixtures of dust with local pollutants(Fig. 1b), categorized as
the “polluted dust” in the CALIOP product, is frequently observed over
India, east China, and central Africa, which happen to be the downwind
of dust sources and at the same time highly polluted regions.

Dust particles can interact with pollutants in various ways, leading to
changes of dust composition and hygroscopicity which in turn influence
how dust interacts with water. Laboratory studies have demonstrated
the dust uptake of a variety of trace gasses through gas-solid heteroge-
neous reactions, including NOy, NOy, (e.g., HNO3 and NO3) and SO [14,
21-24]. Dust-pollution-water interactions have profound effects on dust
microphysical properties, including size, morphology. Using the trans-
mission electron microscopy (TEM) technique, Li and Shao [17] found
that approximately 90% of the dust particles collected during the hazy
days of Beijing are covered by visible nitrate coatings. The coating of
hygroscopic material promotes water absorption, often creating a thin
aqueous layer on the surface of dust. The coating layer makes dust
particles larger, smoother, and more spherical, in comparison with un-
coated pure dust. The changes of microphysical properties because of
the dust-pollution-water interactions could have significant impacts on
dust scattering properties and important implications for climate studies
and dust remote sensing. First, the changes of dust size, morphology, and
composition can influence the local and even global radiative energy
balance through dust radiative effects [25]. Second, the mixing state can
also influence dust’s potential as CCN and IN. In particular, the coating
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of dust with hydrophilic aerosols such as ammonium nitrate can make
dust a less effective IN and a better CCN [10,26] . Furthermore, the
differences in the scattering properties, such as the lidar depolarization
ratio (LDR) of different dust mixtures can pose great challenges, but at
the same time provide valuable opportunities for the remote sensing
observations of dust [19,27].

This study concerns the impacts of internal mixing of dust with other
aerosols, namely surface coating of dust by pollutants (e.g., sulfate and
ammonium nitrate), on the scattering properties and DRE of dust. In
particular, we are interested in the effects of surface coating on both SW
and LW dust DREs, and how the DREs of coated dust are compared to
those of externally mixed dust. Most previous studies focused on the
effects of dust surface coating in the SW. For example, Bauer et al. [28]
simulated the scattering properties of coated dust as core-mantle
spherical particles using a Mie-type code. They found that in compari-
son with pure (i.e., uncoated) dust particles with the same size, the
coated dust tends to have larger SW single scattering albedo (SSA) and
smaller asymmetry factor in the SW region from 300 nm to 2000 nm.
After implementing the coated dust in a global climate model, Bauer
et al. [28] showed that the coating of sulfate and nitrate on dust surfaces
leads to a strong reduction of the strength of combined anthropogenic
SW DRE of dust, nitrate, and sulfate, from —0.3 W m~2 when coating is
turned off in the model to —0.1 W m™~2 when it is allowed. More recently,
Tian et al. [24] studied the AERONET (AErosol RObotic NETwork) re-
trievals of dust-pollution mixture in East Asia. They found that
dust-pollution mixtures exhibit significantly enhanced absorbing ability
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Fig. 1. Occurrence frequency of “pure dust” and “polluted dust” based on 5 km resolution CALIOP level-2 aerosol layer product (CAL_LID L2 05kmALay). The
occurrence frequency is defined as the ratio of number of the cloud-free pure dust (or polluted dust) profiles with respect to the total cloud-free aerosol pro-

files number.
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than the corresponding unmixed dust and anthropogenic aerosols. In
contrast to these studies focusing on the SW DRE, no previous studies
have investigated the impacts of mixing state on the LW DRE of dust.
Recently, there are an increasing number of studies suggesting that the
LW DRE of dust is comparable in magnitude to the SW DRE of dust [4,29,
30]. In the light of these studies, an understanding of how the mixing
state affects the LW dust DRE becomes an important and necessary step
in understanding the net DRE and thereby climate effects of dust. In this
paper, we aim to lay out a theoretical foundation in this paper to un-
derstand the contrasting impacts of external and internal mixing of dust
with pollution aerosols on SW, LW and therefore net DRE of dust.

2. Schemes for dust mixing with pollution aerosols
In previous studies of dust DRE, polluted dust is often treated as an

external mixture of dust and pollution aerosols [31,32]. For example,
based on the assumption of external mixing Song et al. ([32]) utilized
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the fact that pure dust aerosols are nonspherical and therefore have a
significantly larger lidar depolarization ratio than pollution aerosols (e.
g., sulfate and nitrate) to separate the dust extinction from the total
extinction profile retrieved from the CALIOP. The resulting dust
extinction profiles were later used in Song et al. [30] to estimate the DRE
of dust aerosols. However, since a significant fraction of the polluted
dust is likely to be an internal mixture, namely dust particles coated with
pollution aerosols. In order to understand the impacts of surface coating
on dust DRE in SW and LW we first develop a simple theoretical model to
simulate the coating of pollution aerosols on the surface of dust and then
use it to guide the computations of dust scattering properties and DRE.

Following previous studies, we use the concentric spherical core-
shell model to simulate the surface coating of pollution on dust cores
[28]. Although this is certainly a simplified and idealized model, we
believe it is sufficient to provide valuable insights into the effects of
surface coating on dust DRE. On the other hand, we note the caveat that
dust shape can have significant impacts on dust DRE and plan to use
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Fig. 2. The PSD of sulfate, dust, and coated dust based on the three different coating schemes as summarized in Table 1. Each row represents one scheme from
scheme 1 to scheme 3. The left column is for the number size distribution (dN/dInD) in the unit of cm > and right column for volume size distribution (dV/dInD) in the
unit of pm3cm 3. The blue dotted line and orange dashed line represent the PSD for sulfate aerosols and dust aerosols in the case of externally mixing, respectively.
The black curves represent the corresponding PSD of coated dust (i.e., core-shell mixture) in each coating scheme.
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more complex dust shape in figure studies. As explained in the next
section, the concentric spherical core-shell model also helps simplify the
computation of the scattering properties of coated dust particles. As
shown in Fig. 2 (yellow curves), the particle size distribution (PSD) of
dust cores is assumed to follow the global mean atmospheric dust PSD as
reported in Kok et al., [4], which is derived from the experimental
constrained globally averaged dust PSD at emission and modeling con-
strained globally averaged size-resolved dust lifetime (see Kok et al., [4]
for more details). The aerosol optical depth (AOD) of pure dust cores is
assumed to be 0.2 at 550 nm. The pollution aerosol is assumed to be
sulfate. For comparison purposes, we first set up an external mixing
experiment in which the sulfate aerosols (with size D;) are assumed to
have a log-normal PSD with an effective size of 0.33 um (blue curves in
Fig. 2).

In case of external mixing, the scattering and radiative properties of
the mixture are computed based on the simple averages of the two
components. For example, the total AOD of the external mixture (t) is
the sum of the dust (t4) and sulfate (t5) AOD, i.e., T = T4 + T5. The single
scattering albedo of the external mixture is given by ® = (0gtg + 0sTs)/7.
In the experiments, a number of progressively increasing masses of
sulfate aerosols are tested to study the corresponding impacts on the
scattering properties of the mixture and the corresponding DREs.

To compare with the external mixing results, we develop three
different internal mixing schemes in which sulfate is coated on a dust
core to form a concentric spherical core-shell particle (referred to as
coated dust hereafter). To make the results comparable to the external
mixing counterpart, we keep the following quantities conserved in the
mixing schemes: First, both total number and volume of dust cores are
conserved; Second, the total volume and therefore mass of sulfate
aerosols are conserved. The three different coating schemes, as sum-
marized in Table 1, represent our attempts to capture the potential
variability of coating as a result of different physical processes. From a
different perspective, because our understanding and measurements of
dust coating are still limited, the three different mixing schemes can be
considered as an estimation of the uncertainty due to our limited
knowledge. In scheme 1, the sulfate shell volume on each dust core is
assumed to be proportional to the size of the dust core (referred to as
“size-proportional coating™), i.e., Vsnell(Dcore) = C1 * Deore; In scheme 2,
the sulfate shell volume on each dust core is proportional to the surface
area of the dust core (referred to as “area-proportional coating™), i.e.,
Vihetl(Deore) = Ca - DZore; In scheme 3, the sulfate shell volume is pro-
portional to the surface volume of dust core (referred to as “volume-
proportional coating”), Vspen(Deore) = C3 - Dg’m. The three constant pa-
rameters, Cq, C3 and C3 (referred to as “coating constant™) are diagnosed
based on the sulfate volume conservation equation

/ Vshell (D core ) ‘ Tl(D core )dln-Dcure = Vsulfate (l )
0

On the left hand side of the above questions, Vipen(Deore) is the vol-
ume of the sulfate shell coated on the dust core with the size of Do, 1
(D¢ore) = dN/dInD . is the size distribution of the dust core. On the right
hand side, Ve = / V(Ds)-n(D;)dInD; is the total volume of sulfate

0
aerosol integrated over its PSD n(Ds), which is assumed to be conserved
for a given sulfate AOD. After the coating constants are diagnosed, the
size of a coated dust (D¢oqteq) With a given dust core D o and therefore
the whole PSD of the coated dust (n(Dcoqateq)) can be specified for each

Table 1
Three different dust coating schemes.

Scheme 1 Coating proportional to dust size Vshetl(Deore) = C1 * Deore
Scheme 2 Coating proportional to dust surface area Vitetl(Deore) = Ca - D2ore
Scheme 3 Coating proportional to dust volume Vishett(Deore) = C3 - Deore
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coating scheme. Different from the external mixing whose scattering
properties are simple averages of dust and sulfate aerosols, the scattering
properties of the coated dust need to be computed using a specialized
Mie-type scattering model that will be introduced in Section 3.

The three coating schemes are further explained using the examples
in Fig. 2. In the examples, the AOD of sulfate aerosol (blue dotted line) is
assumed to be 0.2 at 0.55 um, same as that of dust (orange dashed line).
The PSDs of coated dust based on three different coating schemes are
represented by the black lines. In the size-proportional coating scheme
(first row of Fig. 2), because the volume of the coated sulfate shell is
proportional to the size of the dust core, the relative size growth,
measured by (1 + Ashett/Deore)® With Agpert corresponding to the thickness
of sulfate shell, is inversely proportional to D%, ie,

(1 + Ashent/ Dmre)3 ~ 1/D? ore. In other words, the smaller dust cores grow
much faster than the larger ones. As a result, the PSD of the coated dust is
significantly narrower than that of the dust core and shifts slightly to the
larger sizes. In the volume-proportional coating mixing scheme (third
row of Fig. 2), because the volume of the coated sulfate shell is pro-
portional to the volume of the dust core, the relative size growth Agep/
D¢ ore is a constant. As a result, the PSD of the coated dust is simply shifted
to the larger size. The PSD of the coated dust based on the area-
proportional mixing scheme (second row) is somewhat in between
those based on the size- and volume-proportional schemes, demon-
strating both narrowing and shifting to the larger sizes in comparison
with the dust core PSD.

3. Impacts of mixing state on the scattering properties of dust in
SW and LW

As explained above, the scattering properties of the external mixture
can be readily derived from those of dust and sulfate components. For
the example in Fig. 2, the total AOD of the external mixture is simply 0.4
as the simple summation of dust and sulfate AOD. For references, the
bulk extinction efficiency ((Q.)) of pure dust and sulfate aerosols
following the PSDs in Fig. 2 are given in Table 2 for two wavelengths at
0.55 um and 10 pym which represent the typical visible and thermal
infrared spectral regions, respectively. An important point to note is that
although significantly smaller the (Q,) of sulfate at 0.55 pm is on the
same order of magnitude as that of dust, but at 10 um it is an order of
magnitude smaller.

In contrast to external mixing, the scattering properties of coated
dust need to be computed using advanced scattering models. In this
study, we use an open-source Mie-type code implemented in a Python
package-PyMieScatt [33]-to compute the scattering properties, such as
extinction efficiency ((Q.)), single scattering albedo ({w)) and asym-
metry factor ({g)), of coated dusts that are modeled as concentric
spherical core-shell particles. To this end, we first compute the single
scattering properties, e.g., Q,, ® and g, of individual coated dust particles
with the corresponding sulfate Vg, that is dependent on the mixing
scheme used and the size of the dust core (R.r.) (see the previous section
for detail). Then, the single scattering properties are averaged over the
PSD of coated dusts (e.g., solid black curves in Fig. 2) to obtain the

Table 2
Bulk extinction efficiency of dust and sulfate based on the PSDs in Fig. 2 at 0.55
um and 10 pm.

0.55 um 10.0 ym
Dust < Q. > =245 < Q.>=1.16
(o) = 0.95 (o) = 0.40
1.52-i1.54 x 1073 (DB2019 1.70 - i 0.33 (DB2017 Mean)
Mean)
Sulfate < Q. > =0.87 < Q. > =0.035
(0) = 1.0 (o) = 0.01

1.358 — i 4.044 x 10~° (70%RH)
https://cds-espri.ipsl.upme.fr
/etherTypo/?id=991

1.392 -1 0.1556 (70% RH)
https://cds-espri.ipsl.upme.fr
/etherTypo/?id=991
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corresponding bulk scattering properties < Q. >, (») and (g). The AOD
of the coated dust is therefore Tcogred = <Qe > -Giotal Where Giprqr is the
vertically integrated total cross section of coated dust Gy = /

0
A (D coated) ‘n (D coated) dInDcoqred- A% -

Following these steps, we computed the bulk scattering properties
for the coated dust based on the three coating schemes for a case with a
fixed dust AOD t4 = 0.2 at 0.55 um and progressively increasing sulfate
AOD from 0 to 0.5 at 0.55 pm. The results for the 0.55 ym wavelength
are shown in Fig. 3. As expected, the AOD of the external mixing (thick
black line in Fig. 3a) increases linearly with the sulfate AOD. Evidently.
Its magnitudes and increasing rate are significantly larger than those of
all three coated dust cases. Because AOD is a product of extinction ef-
ficiency (Q.) and vertical integrated total cross section of particles, i.e.,
AOD = (Qe) - Gioral, it is an important to understand which one, (Q,) or
Gtotal, is the dominant factor that causes the large difference between
external mixing and the coated dust cases. This is investigated in Fig. 3b
and c that decompose the AOD into (Q.) or Gyqi, respectively. As ex-
pected, the (Q.) of the external mixture (thick black line) in Figure b
reduces gradually from the value of pure dust as more sulfate is added to
mixture approaching eventually the (Q,) of pure sulfate. Evidently, the
(Qe) of the external mixture is consistently smaller than those of coated
dust. It implies that the larger AOD of the external mixture must be
caused by the difference in cross section Gyyq. This is indeed confirmed
by Fig. 3¢ which shows that the Gy the external mixture is much larger
and increases faster than those of coated dust when more sulfate is
added. Recall that in both external mixture and coated dust cases the
total volume of the sulfate is conserved. The total cross section area of
the added sulfate aerosols is much larger in the case of external mixing in
the form of numerous tiny particles, compared to the coated dust cases
in the form of extra layers coated on fewer and larger dust particles. This
effect has been discussed in several previous studies [28,34]. This effect
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can also help explain the AOD differences between the three coating
schemes. As shown in Fig. 3c the Gy of the coating scheme 1 is the
largest one among the three schemes, followed by scheme 2. The scheme
3 has the smallest Gyoq. This is because given the same amount of sul-
fate, coating on smaller dust particles (i.e., scheme 1) is more efficient in
terms of increasing the surface area than coating on larger dust particles
(i.e., scheme 3). Therefore, we can conclude that the AOD differences at
0.55 pm between the external mixing and coated dust cases, as well as
the differences among the three coated cases, are mainly caused by the
differences in total cross sectional area of the particles. Fig. 3d shows the
(o) comparison. Evidently, the external mixture is less absorptive than
the coated dust cases. Among the three coating schemes, scheme 1 is
more scattering than the other schemes. This is probably because in
scheme 1 coating is proportional to dust size which means smaller dust
particles have proportionally thicker coating making coated particles
behave more like sulfate in terms of (®) . In contrast, in scheme 3 the
coating is proportional to dust volume, meaning that larger dust parti-
cles have more coated sulfate. However, in terms of scattering vs. ab-
sorption, the dust component of the coated particle is still dominant
leading to a (w) very close to that of pure dust.

Turning to the results at 10 um in Fig. 4, an important difference
immediately emerges, that is the AOD of external mixing is systemati-
cally smaller than those of coated dust cases (Fig. 4a), which is the
opposite of the results for 0.55 um in Fig. 3a. Because the geometrical
cross section (Fig. 4c) is independent of the incident wavelength, this
change of the order of AOD must be a result of extinction efficiency (Q,) .
As aforementioned in Table 2, the (Q,) of pure sulfate is an order of
magnitude smaller than that of dust at 10 ym. In comparison, as shown
in Fig. 4b, the (Q,) of coated dust cases are only slightly smaller to that of
pure dust. Thus, the difference in (Q,) is the dominant factor at 10 pm.
Because of the small (Q,) of sulfate, the AOD of the external mixture
increases much slower than that of coated dusts even though its
geometrical cross section increases faster. Focusing on the three coated
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dust schemes, one can see the compromising effect of (Q,) and Gy 0N
AOD. For example, the (Q.) of scheme #3 is larger than scheme #2
(Fig. 4b) while the opposite is true for the Gy (Fig. 4¢). As a result their
AODs as the products of (Q,) and Gy, are almost identical. In Fig. 4d,
the (w) of external mixture decreases as expected with sulfate AOD
because the (0) of sulfate is much smaller than that of dust due at 10 pm
to its small size (Table 2). Interestingly, the (») of the coated dust based
on scheme #3 increases as more sulfate is added, i.e., thicker coating,
although the change is very small.

If the external mixing is used as a reference, the results in Fig. 4 and 5
reveal a contrasting impact of surface coating on the shortwave versus
longwave scattering properties of dust particles. At 0.55 um, surface
coating is much less effective in terms of AOD growth compared to
external mixing mainly due to the effect of Gy In contrast, at 10 pm,
surface coating is a more effective way to increase AOD due to the effect

of (Qe)-
4. Impacts of coating on dust DRE in SW and LW

In the last section, we compared the bulk scattering properties of the
external mixing with those of coated dust cases at two typical SW and
LW wavelengths. In this section, we extend the comparison to the whole
SW and LW spectral region to investigate the impacts of dust-coating on
the SW and LW aerosol DRE effects. The DRE of aerosol at the TOA and
surface is defined as

(2)

- 1)
DREKW =F aer, XW — Fclean, XW)

In this definition, the subscript X indicates where the DRE is
measured, i.e., TOA or surface, subscript W indicates the spectral region
of the DRE, i.e., SW or LW. F,, 5 is the net downward broadband flux
with aerosols and Fl,,,  , is the corresponding net downard broadband
flux if the aerosol is removed from the atmosphere and other things (e.g.,

atmosphere profiles and surface properties) are kept the same. For an
aerosol layer over dark ocean, the DRErpa sw is negative in general
because aerosol reflection decreases the SW downward flux at TOA. In
the LW, the DREro4, 1w is generally positive as the absorption of aerosol
in the LW reduces the outgoing longwave radiation (OLR) contributed
mostly by the warm ocean surface. Note that DREroa sw could switch to
positive if the surface is highly reflective in which case aerosol absorp-
tion of the surface reflection makes F',,, o4 sy largerthanFl . 104 o -
Similarly, in case of a strong temperature inversion where aerosol layer
temperature is warmer than the surface, the DRE7oa sw could become
negative because of stronger thermal emission by the aerosol layer in
comparison to the surface. The DREg,sw is generally negative because
aerosol extinction reduces the downward SW flux at surface in com-
parison with the clean condition if the aerosol is removed, whereas the
DREg,+ 1w is generally positive as a result of the extra LW flux at the
surface emitted from the aerosol layer. On the basis of energy conser-
vation, the DRE within the atmosphere is defined as the difference be-
tween DRE at the TOA and surface, i.e.,

DREpmos,w = DREroaw — DREgys w, 3

As such, a positive DREamos,w indicates that the atmosphere column
absorbs more radiation due to the presence of the aerosol layer, whereas
a negative DREamos,w means that the aerosol layer makes the atmo-
sphere column absorb less radiation in comparison with the clean
condition.

The rapid radiative transfer model (RRTM) [35] is used to compute
both SW and LW radiative fluxes for both aerosol-loaded (F',,, y ) and

aerosol-free (F* w) conditions. The RRTM retains reasonable accu-

clean, X,
racy in comparison with line-by-line results for single column calcula-
tions [35]. It divides the solar spectrum into 14 continuous bands
ranging from 0.2 to 12.2 ym and the thermal infrared (3.08-1000 um)
into 16 bands. Following the same procedures described in Section 3, we
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Fig. 5. SW (left column), LW (middle column), and net DRE (right column) at TOA (top row), surface (middle row) and within the atmosphere (bottom row) for dust
and sulfate mixtures. Solid line is for dust and sulfate external mixture, three dashed lines are for core-shell mixtures with three different schemes as shown

in Table 2.

first computed the bulk scattering properties of coated dust based on
three coating schemes, as well as the external mixing case for reference,
for the 14 SW and 16 LW spectral bands of RRTM.

We took atmospheric profile and surface properties in April 2007
over the region with latitude from 37 N to 39 N and longitude from 130E
to 135E as an example to calculate the diurnally averaged dust DRE using
RRTM following our previous studies [5,30]. The atmospheric profile,
such as water vapor (H20), ozone (03) and temperature vertical profiles
are from 3-hourly MERRA2 assimilated meteorological fields data [36].
Surface albedo in visible spectrum and surface emissivity are from
MERRA2 1-hourly radiation diagnostics data. The 1-hourly data is
averaged for every 3 h to be consistent with the 3-hourly atmospheric
profile data. We did not account for the spectral variation of surface
properties, but considered their diurnal variations. In the dust DRE
calculations, we assume a 5-km geometric thickness of a well-mixed dust
and sulfate mixture layer, ranging from 2 km up to 7 km. The temper-
ature of the dust layer is 269 K at the bottom and 238 K at the top.

The DRE results from the RRTM are shown in Fig. 5. At the TOA (top
row of Fig. 5), the external mixing and three coated dust cases all have a
negative SW DRE (Fig. 5a) and positive LW DRE (Fig. 5c). But the order
of their magnitudes is interesting. In the SW, the magnitude of the
negative DRE of the external mixing increases quickly with the
increasing sulfate AOD. Among the three coated dust schemes, the DRE

of the scheme #1 increases the fastest, almost comparable with the
external mixing. The scheme #3 is the slowest one. This is consistent
with the slopes of 0.55 um AOD growth in Fig. 3a and therefore probably
shares the same underlying physics. In the LW, the three coated dust
cases have a significantly larger DRE (more positive) and also grow
faster than the external mixing case, which is consistent with the 10 pm
AOD results in Fig. 4b. What is most interesting and significant is that
when SW and LW DREs are combined, the magnitude of the total DRE of
the external mixing increases more than a factor of two from —8.9 Wm 2
for pure dust (sulfate AOD =0) to —22.9 Wm™2 for the mixture of dust
AOD=0.2 and sulfate AOD=0.5 at 0.5 ym. In contrast, the magnitude of
the coated dust in scheme #1 increases only about 20% from —8.9 Wm ™2
to —10.8 m~2 . From a different perspective, this implies that the total
DRE at TOA by an externally mixed dust-sulfate layer is stronger (more
negative), by more than a factor of two, than that of a layer where the
same amount of sulfate is coated on the surface of dust particles
(assuming scheme #3). This result also applied to the coated dust in
scheme #2 although to a lesser extent. On the other hand, the coated
dust in scheme #1 has the similar total DRE as the external mixing. The
DRE results at the surface (middle row of Fig. 5) are mostly consistent
with those at the TOA.

The DRE within the atmosphere (bottom row of Fig. 5) is obviously
dominated by the SW component (Fig. 5g) as the LW component is
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orders of magnitude smaller (Fig. S5h). In comparison with the coated
dust cases, the DREamos,sw of the external mixing is mostly independent
of added sulfate. This is expected because sulfate is almost not absorp-
tive in the SW. Thus, the added sulfate in the external mixture does not
increase the overall SW absorption of the layer as the dust and sulfate
particles mostly interact with the radiation separately and indepen-
dently when multiple scattering is weak for small AOD. In contrast, there
is a clear and significant increasing trend of DREaumes,sw with added
sulfate for the coated dust cases (Fig. 5g). In other words, the coated
sulfate layer, although non-absorptive itself in the SW, can increase the
overall absorption of the dust in comparison with the pure dust. For
example, the DREamos sw for an external mixture of dust AOD=0.2 and
sulfate AOD=0.5 (at 0.5 um) is 4.5 Wm™2in comparison with 7.0 Wm™?
if the same amount of sulfate is coated on the surface of dust assuming
scheme #3.

The extra absorption of an absorbing core particle enhanced by the
surface coated non-absorptive material is known as the “lensing effect”.
It was first discovered by Jacobson [37] and studied extensively in the
context of black carbon absorption enhancement due to the internal
mixing with other materials [38-42]. A commonly used parameter to
quantify the lensing effect is the so-called absorption enhancement
factor Epps which is defined as the ratio of the absorption AOD (AAOD) of
the coated particle to the AAOD of the core-particle without the coating.
In the context of this study, the E4ps can be defined as the AAOD ratio
between the coated dust and dust core. The variations of Eaps for the
three coated dust cases as a function of the sulfate AOD at 0.55 pum are
shown in Fig. 6. Given the same amount of sulfate coating material, the
lensing effect enhancement is most significant based on coating scheme
#3, followed by scheme #2 and then #1 This is loosely consistent with
the DREpmoes,sw results in Fig. 5g. In comparison with the lensing effect
on black carbon, the impacts of surface coating on dust absorption is far
less studied. Nevertheless, because the focus of this study is on the
contrasting impacts of surface coating on SW versus LW DRE of dust, a
more in-depth study of the lensing effect on SW dust absorption will be
left for future study.

5. Summary and discussion

The mixing of transported dust and local pollution, e.g., sulfate, can
result in coating of pollutants on the surface of the dust core, which in
turn can modify the microphysical and radiative effects of dust. Many
previous studies investigated the effects of surface coating on the scat-
tering properties of dust particles in the solar SW spectral region and the
consequential impacts on REgy . In comparison, the corresponding im-
pacts on the LW dust scattering properties and DRE} and the under-
lying physics are much less studied. This study fills this important gap in
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Fig. 6. Absorption Enhancement ratio due to coating.
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our understanding. Assuming the concentric spherical core-shell model
for the coated dust, we developed three surface coating schemes to
simulate potentially different coating mechanisms. The impacts of sul-
fate surface coating on the scattering properties of dust, as well as the
DRE, in both SW and LW spectral regions were investigated through
inter-comparisons between the three coating schemes and comparison
with the external mixing scenario. The key findings are:

1. At 0.55 um, the AOD of sulfate-dust external mixing has the highest
AOD increasing efficiency with increasing sulfate. The AOD of
scheme #1 increases faster than the other two schemes. At 10 um, the
order of AOD increasing rates is reversed, with the coated dust cases
increasing faster than the external mixing. A further analysis reveals
that the dominant factor for the AOD growth is different in SW from
that in LW. The increasing rate of Gq (total geometrical cross
section) is the dominant reason that explains why external mixing
has a higher AOD growth rate in comparison with coated dust cases
in the SW. In contrast, the increasing rate of (Q.) (extinction effi-
ciency) is the dominant factor in the LW.

2. The order of DREro4 and DREgyloosely follows the order of AOD, i.
e., the external mixing has the strongest negative cooling DRET0a sw
(DREgyfsw) and the weakest warming DREroa 1w (DREgufiw) in
comparison with the coated dust dust cases.

3. The SW absorption of coated dust cases is significantly enhanced by
the lensing effect of coated sulfate resulting in significantly more
positive DREAmqs,sw in comparison with that of both external mixing
and pure dust core.

To our best knowledge, this study is the first to reveal that the AOD
growth of the pollution-dust mixture is dominated by different factors in
the LW than in the SW. While our study is theoretical in nature, it paved
the way for future investigations of the impacts of surface coating on the
DRE of dust on climate based on, for example, satellite observations (see
Fig. 1) and model simulations. In particular, our study suggests that
simply treating the pollution-dust mixture as external mixing, when a
considerable fraction is internally mixed (i.e., coated dust), can lead to a
significant overestimate of the cooling effect of dust in the SW and un-
derestimation of the warming effect of dust LW. When SW and LW
summed together, the total DRE of external mixing is substantially more
negative than the coated dust. Furthermore, our study also reveals that
the lensing effect of surface coating can significantly enhance the ab-
sorption of dust, which can not be properly simulated by either pure dust
or external mixing of dust and pollution. These interesting and impor-
tant effects of surface coating on dust particles will be further investi-
gated in future observation based studies.
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