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Retrieval of Aerosol Optical Thickness in the Arctic
Snow-Covered Regions Using Passive Remote

Sensing: Impact of Aerosol Typing and
Surface Reflection Model
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Marco Vountas , and John P. Burrows

Abstract— Currently, no aerosol optical thickness (AOT) data
set over the Arctic snow/ice-covered regions derived from space-
borne passive remote sensing is available. The challenge is to
develop an accurate and robust technique to derive AOT above
highly variable and bright snow/ice surfaces. To extend data
coverage of the eXtensible Bremen Aerosol/cloud and surfacE
Retrieval (XBAER) AOT data product in the future, we propose
a new algorithm for the retrieval of AOT and surface properties
over snow/ice simultaneously. The algorithm utilizes the linear
perturbation theory and does not use any simplified atmospheric
correction techniques. Key issues like the selection of a proper
aerosol type and optimal surface parameterization method for
the retrieval of AOT over the Arctic have been investigated.
The aerosol type is investigated using the aerosol climatology
microphysical properties derived from four Aerosol Robotic
Network (AERONET) sites (Barrow, Hornsund, Kangerlussuaq,
and Tiksi). The three-parametric Ross–Li linear kernel model
is used to describe the snow bidirectional reflectance distrib-
ution function (BRDF). The a priori knowledge of wavelength-
dependent features of the coefficients in the Ross–Li linear kernel
model is derived from Polarization and Directionality of the
Earth’s Reflectances (POLDER) measurements over the Arctic
and utilized as constraints in the retrieval. The studies show that
the combination of Ross–Li surface model and weakly absorbing
aerosol parameterization provides an optimal way to derive AOT
over the Arctic snow/ice-covered regions from passive remote
sensing observations. The retrieved AOTs using POLDER show
good agreement with AERONET observations.
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I. INTRODUCTION

CONDITIONS in the Arctic have been changing signifi-
cantly during the period of Arctic amplification (AA) [1].

For example, surface air temperature in the Arctic has risen
approximately twice as that of the rest of the world [2]. The
reasons for AA are thought to be dominated by atmospheric
processes [3]. The conditions in the period of the AA influ-
ence sea ice extent, the aerosol transport, hydrological cycle,
permafrost, and oceanic conditions [4], [5]. As a result of
the increase in human activities in the Arctic, air pollution is
likely to have an increasingly important impact on the Arctic
environment [6], [7]. The Arctic air temperatures have been
observed to be warmer over the past five years (2014–2018)
than any previous five-year period since 1900 [8], and the sea
ice summer/winter extent in 2018 was the sixth/second lowest
during the period 1979–2018 [9]. Consequently, the Arctic
ecosystem is being altered. There are also potential effects at
low–mid-latitudes [10].

Aerosols are short-lived climate forcing agents [11]. They
affect the Arctic climate: 1) through direct radiative effects,
such as backscattering or absorption of incoming solar irra-
diance and 2) indirectly by playing an essential role in cloud
formation and by being deposited on snow and ice, and thereby
darkening the surface, particularly in the visible wavelength
range [12]–[14].

Arctic aerosols originate from both local and remote
sources. Polluted aerosol, entering the Arctic and containing
sulfate, SO2−

4 , and particulate organic matter, ammonium
nitrate, NH4NO3, dust, and black carbon (BC), produce the
Arctic haze [15]. Such events were already observed in the
nineteenth century [16]. Advected aerosol, containing BC,
is considered to be a strong warming short-lived radiative
forcing agent [15], [17]. Other anthropogenic aerosols also
contribute to the Arctic haze events [20]–[22]. Rahn et al. [18]
and Stone et al. [19] also reported the transport of Asian dust
as a source of the Arctic haze.

In addition to advected aerosols, local sources are becom-
ing increasingly important in the warming Arctic [23].
Approximately four million people now live in the Arctic.
Gabric et al. [24] reported that the local marine biogenic
aerosol is one of the key drivers for the seasonal changes
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in sea ice and ocean biology in the Arctic. Park et al. [25]
found varying regional relationships between the atmospheric
dimethyl sulfide, CH3SCh3, and the exposure of the air mass
to the phytoplankton biomass in the remote Arctic ocean
(Svalbard: 78.5◦N, 11.8◦E). Local Arctic air pollution (e.g.,
shipping, oil extraction, flaring, or metal smelting) has previ-
ously been reported to be negligible but it is now considered
to be a serious and growing problem in these fragile environ-
ments [7], [26]. The impacts of shipping and other emission
sources on the Arctic atmospheric environment have also been
investigated [27[–[30].

Local measurements and campaign-oriented process and/or
model studies have provided most of our current under-
standing. Studies, within the collaborative research center
AC3 (Arctic Amplification: Climate Relevant Atmospheric and
SurfaCe Processes, and Feedback Mechanisms [31]), such as
the “Arctic CLoud Observations Using airborne measurements
during polar Day/”Physical feedbacks of Arctic boundary
layer, Sea ice, Cloud, and AerosoL (ACLOUD/PASCAL)
campaigns delivered a wealth of valuable contributions to
several aerosol-related questions to understand the impacts of
Arctic clouds and aerosol on the Arctic climate system [3].
Currently, the Multidisciplinary drifting Observatory for the
Study of Arctic Climate (MOSAiC) is taking place. It has been
designed to investigate the processes in the atmosphere–ice–
ocean system and its impact on the sea-ice mass and energy
budgets (https://www.mosaic-expedition.org/).

Details of other relevant major Arctic campaigns can be
found in [3, Table 2] and other efforts have been made to
use individual in situ measurements [32]. The global aerosol-
climate module ECHAM-HAM [33], [34] has been used to
investigate aerosol effects in the Arctic [14], [35].

However, only a few studies have investigated Arctic aerosol
properties (e.g., aerosol optical thickness, AOT, for instance)
using satellite observations, particularly passive satellites. One
reason is that no such AOT data sets using satellite-borne pas-
sive remote sensing over the Arctic snow/ice-covered regions
are available [23]. Istomina et al. [36] and Mei et al. [37], [38]
prepared the necessary algorithms, which can be used to create
such a data set. However, up to now, the algorithms remained
only as prototypes and have not been applied operationally
to produce publicly available data products. This is attributed
to issues associated with cloud screening, aerosol typing, and
surface parameterization.

This article introduces a new method to retrieve AOT
accurately over the Arctic cryosphere and should enable us
to create a climatological aerosol long-term series. Although
there is no doubt that active sensors aboard satellite plat-
forms deliver a wealth of important aerosol and cloud
properties, their coverage is sparse. This article focuses on
a new and independent methodology based on satellite-
sensor’s multispectrum multiviewing capabilities. The latter
(multispectrum multiviewing) are important instrumental fea-
tures that allow sophisticated retrievals to separate the con-
tribution of aerosols and snow/ice-covered surfaces from the
top-of-atmosphere (TOA) reflectance. This study describes the
algorithm which has been developed for use with the mea-
surements of the instrument POLarization and Directionality

of the Earth’s Reflectances (POLDER) aboard the PARASOL
satellite and its prerequisites. It is part of the eXtensible
Bremen Aerosol/cloud and surfacE Retrieval (XBAER) algo-
rithm [39] family, to the Arctic snow/ice-covered regions.
The XBAER algorithm has been applied to produce AOT
data set over both dark and moderately bright surfaces under
cloud/snow-free conditions [39], [40] using the measurements
of different instruments [39], [41]. It is also able to retrieve
both cloud properties [42] and cloud/aerosol properties when
cloud and aerosol are present [43].

This article describes: 1) the assumptions and theoretical
concepts of this novel retrieval algorithm and 2) the method
used for aerosol typing and surface parameterization. The
sensitivity of the retrieval is investigated using synthetic data.
A first comparison with ground-based measurement data from
the Aerosol Robotic Network (AERONET) measurement net-
work to validate in a preliminary manner data set is presented.
It should be noted that a full validation of the presented
algorithm would go beyond the scope of this article and it
will be presented in a subsequent article.

The aerosol properties exploited in this study are described
in Section II. The aerosol characterization over the Arctic
region is presented in Section III. Section IV describes the
newly developed retrieval algorithm, and investigation of
impacts of using different Arctic aerosol types and surface
models on satellite aerosol retrieval is presented in Section V.
The results of POLDER-derived AOT and the comparison
with AERONET observations are given in Section VI. Finally,
the conclusions are given in Section VII.

II. AEROSOL PROPERTIES

In the following, we briefly introduce quantities that will
be used in Section III to characterize Arctic aerosol in a
representative fashion. We use quantities that are readily
provided by the AERONET, which is a network of ground-
based Sun-sky scanning radiometers for aerosol monitoring
[44]. Including sites all over the world, with several ones
operated in the Arctic over a sufficiently long period.

A. Aerosol Optical Thickness

AOT is widely used in global climate modeling [45], [46]
and environment-related studies [47]. The AOT (τλ) is defined
as follows:

τλ =
∫ H

0
kλ(z)dz (1)

where kλ(z) is the aerosol extinction coefficient at wavelength
λ and height z, which includes both scattering and absorption.
H is the height of TOA. AOT is used to represent aerosol
(e.g., urban haze, smoke particles, desert dust, and sea salt)
burden along the total column of the atmosphere [44].

Wavelength-dependent AOT can be used to derive another
parameter, which is closely linked to the particle size distrib-
ution (PSD) function [49], e.g., Ångström exponent, α, [48]

α = − ln(τ (λ2)/τ (λ1)/ ln(λ2/λ1) (2)

where λ1 and λ2 are two wavelengths. If the Ångström
exponent value is small, α indicates large aerosol particles,
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whereas large values show small particles. This behavior
is used to distinguish different aerosol sources [50]. AOT
measurements are routinely performed at AERONET stations.
The uncertainties of AERONET AOT is less than 0.01 for
λ > 440 nm and less than 0.02 for shorter wavelengths [44]
under cloud-free conditions.

B. Fine Mode Fraction

The fine-mode fraction (FMF) is a parameter used to
describe the proportion of small particles to the total-column
aerosol [51], [52]. The smaller particles are referred to as the
fine-mode or accumulation-mode parts in the aerosol PSD. The
definition of FMF is different in different scientific communi-
ties. For the community focusing on satellite instrumentation,
the FMF ( f ) is defined as follows:

f = τ f (λ)

τ (λ)
(3)

where τ f (λ) and τ (λ) are fine-mode AOT and total-column
AOT at wavelength λ, respectively. Fine-mode AOT refers to
AOT for aerosol particles with particle size smaller than a
given particle effective radius.

The spectral deconvolution algorithm (SDA) is used to
produce the AERONET FMF product [48]

f = α − αc

α f − αc
(4)

where α f and αc are Ångström exponents for fine and
coarse mode, respectively. The AERONET version 3 [53]
FMF product is used as a reference to validate other satellite
products, although limitations of AERONET SDA product in
the presence of cirrus clouds have been reported recently [54].
The uncertainty of AERONET FMF is about 0.1 [48].

C. Particle Size Distribution

The PSD of aerosol particles is important because: 1) it
links to the aerosol physical and/or chemical properties, which
further reflects the radiation transfer in the aerosol system;
2) the aerosol chemical composition is found to be size-
dependent; and 3) small particles, which may have a strong
impact on human health need to be characterized by the
PSD [55]. The most well-used aerosol PSDs include normal
distribution [56], lognormal distribution [56], modified gamma
distribution [57], and the power-law function (e.g., Junge dis-
tribution) [58]. A bimodal lognormal distribution is generally
considered adequate to model the PSD by the satellite research
community [59], [60]. The bimodal lognormal distribution
uses a combination of fine and coarse modes to describe
the PSD. In AERONET observation, the volume-based PSD
is retrieved for 22 logarithmically equidistant discrete points
in the range of size −0.05 to 15 μm. The uncertainty of
AERONET PSD is 35%–100% for each bin of the PSD [61].

D. Refractive Indices

The retrieval of AOT uses our understanding of the interac-
tion of electromagnetic radiation with the aerosol particles.

Fig. 1. AERONET site distribution. Locations are labeled with red squares.

For a certain PSD, knowledge of aerosol scattering and
absorption is needed. The wavelength-dependent refractive
index (RI) is described by m = n + ki , where the real
part (n) describes the scattering, and the imaginary part (k)
describes the absorption. The ranges of the real and imaginary
parts of the RI in AERONET observations are [1.33–1.6] and
[0.0005–0.5], respectively. Accurate RI, in conjunction with
PSD, is required to determine the amount of aerosol scattering
and absorption properties, which is important to understand the
impact of aerosol particles on direct radiative forcing [62]. The
uncertainties of RI are 0.04 for the real part and about 50%
for the imagery part [61].

III. AEROSOL CHARACTERIZATION OVER

THE ARCTIC REGIONS

Measurements from four AERONET sites located inside
the Arctic circle (latitude larger than 60◦N) are used to
investigate the aerosol properties in the Arctic regions. Those
four sites are Barrow (71.3◦N, 156.7◦W) in Alaska, Kanger-
lussuaq (67.01◦N, −50.7◦W) in western Greenland, Hornsund
(77.0◦N, 15.6◦E) in southern Svalbard, and Tiksi (71.6◦N,
128.9◦E) at the shore of the Laptev Sea in Russia. The
geographical distribution of the four sites is shown in Fig. 1.
These four sites are chosen using the following criteria:
1) the objective of having a balanced geographical distribution
of the sites within the Arctic circle; 2) the representativeness of
the aerosol conditions (aerosol types and loading); 3) knowl-
edge gained from previous publications (sites frequently used
in the literature) [23], [65]; and 4) the AERONET stations
having sufficiently long multiyear observation records. The
selected sites represent different cases of natural conditions
and anthropogenic influence ranging from clean remote sites
(Kangerlussuaq) to rather polluted sites (Barrow, Hornsund,
and Tiksi). The site in Kangerlussuaq is used to investigate
the Arctic background condition under clean days. Barrow
is reported to be affected by biomass burning [63] and dust
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Fig. 2. Monthly mean AOT over selected sites. The values of AOT in the
top left corner of each panel are the average of all monthly mean values.

transport [19] while Tiksi is affected by the Russian agricul-
tural combustion [64] and ship emissions [65]. In the following
sections, Arctic aerosol properties such as AOT at 550 nm,
FMF, PSD, and RI for four wavelengths (440, 675, 870, and
1020 nm), will be presented and discussed.

A. AOT and FMF

Fig. 2 shows the monthly mean AOT at 550 nm (we refer
the AOT hereafter to a wavelength of 550 nm) calculated
using the AERONET version 3 level 2.0 observations over
the selected sites. There are at least two reasons to use a
wavelength of 550 nm as the reference wavelength. First,
AOT at 550 nm is a common parameter almost for all aerosol
satellite products. Second, according to the MODIS aerosol
type parameterization, adopted in our retrieval algorithm,
the aerosol microphysical properties such as RI and size
distribution are functions of AOT at 550 nm. The values of
AOT in the top left corner of each panel are the averaged
AOT ±σ (one standard deviation). The AOT values are in
general smaller over Hornsund and Kangerlussuaq located
far from human activities or not exposed to the transport of
anthropogenic aerosol compared to sites like Barrow and Tiksi.
The average AOT values are 0.05 and 0.08 for Kangerlussuaq
and Hornsund while they are 0.08 and 0.11 for Barrow and
Tiksi. The AOT variabilities are also larger over Tiksi and
Barrow (0.12 and 0.05) compared to those over Hornsund
and Kangerlussuaq (0.04 and 0.02) due to larger impacts of
advection effects. Large variability over Barrow is impacted
by aerosols of accumulated background sources in the central
Arctic along with long-range transport of biomass burning
from North America/Europe and dust from Asia [63]. Over
southern Moscow and the Ural Mountains, shipping emissions
and gas flaring from possible offshore mining activities con-
tribute to large variabilities over Tiksi [65]. Seasonal AOT
patterns for the selected sites are higher in spring and lower
in summer/autumn, which is consistent with the Arctic haze
temporal features that are expected to be more pronounced in
spring and early summer. The AOTs over Barrow and Tiksi
during the summer and autumn months become smaller due

Fig. 3. Same as Fig. 2 but for FMF.

to enhanced precipitation, thus increased wet deposition of
aerosol particles in the Arctic Basin [32]. AOTs during the
spring period over Kangerlussuaq are around 0.07–0.1 and
decrease to less than 0.05 during summertime, which can be
used as the background cases in the Arctic regions.

Fig. 3 shows the corresponding patterns of FMF for those
four sites. Please note, due to a stricter selection criterion
of FMF retrieval compared to AOT retrieval in AERONET
products [44], much less observations of FMF are available
compared to AOT. All four sites show that the fine-mode
aerosol dominate (FMFs larger than 0.9). Barrow and Tiksi
provide larger FMFs compared to Horsund and Kangerlussuaq,
further indicating larger anthropogenic contributions. No con-
sistent annual trend of FMF over Barrow is observed. How-
ever, relatively smaller FMF (coarse-mode particles) appears
more frequently during summer due to the increase of the
evaporation and wind-driven sea salt aerosols, which is most
likely linked to the sea ice retreat during each summer and
the change of wind properties [63]. Extremely small FMFs
(<0.85) are observed during the summer period over Barrow.
FMF over Tiksi is larger in spring and becomes smaller in
the summer period because anthropogenic pollution is an
important source in spring, and the contribution of biogenic
emissions is significant in summer [66]. FMFs over Kanger-
lussuaq are in general smaller (around 0.9 or less), especially
during summer and larger during spring (above 0.95).

According to the above analysis, the Kangerlussuaq Green-
land site can be used as a representative site for Arctic
aerosol. At the same time, Greenland is the largest snow/ice-
covered area over the Arctic regions. In Section IV, we will
thus use all the observations over Kangerlussuaq to further
investigate the Arctic aerosol properties and their effects on
satellite remote sensing of AOT over the Arctic snow/ice-
covered regions. Fig. 4 shows the monthly AOT climatology
over Kangerlussuaq. Relatively larger AOTs during spring and
smaller AOTs during summer are seen. The month with the
largest AOT (April) is chosen as the representative month
for Arctic haze while the two months with the smallest AOT
(August and September) are chosen to investigate the Arctic
background cases.
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Fig. 4. Monthly AOT climatology over Kangerlussuaq.

Fig. 5. Monthly PSD climatology over Kangerlussuaq for (Top) April and
(Bottom) September. The black dots are the AEROENT bins, and the gray
shaded area indicates the variability.

B. PSD and RI

PSD and RI over the Kangerlussuaq site are selected to
characterize the Arctic aerosol types (background and Arctic
haze). Fig. 5 shows the PSD climatology over Kangerlussuaq
for April (haze month) and September (clean month). The
monthly mean volume PSD climatology has been calculated
using the monthly mean volume PSD provided by AERONET.
The black points are PSDs for 22 logarithmically equidistant
discrete points. The gray areas are the ±σ , indicating the
variability. According to Fig. 5, both months exhibit a bimodal
distribution. As expected, the haze month shows a more
distinct fine mode compared to the clear month. The particle
size peaks of both fine mode (rfine = 0.148 μm) and coarse
mode (rcoarse = 1.302 μm) for April are smaller compared
to September (rfine = 0.194 μm and rcoarse = 3.857 μm),

Fig. 6. Same as Fig. 5 but for RI. (Top) Real part of the RI. (Bottom)
Imaginary part of the RI for both selected months: for (Left) April and (Right)
September.

indicating a larger contribution of fine particles, which agrees
with the previous analysis. Fig. 6 shows the RI of the corre-
sponding months. The real part of RI for both haze and clear
months are between 1.51 and 1.53, and both show similar
wavelength-dependent features. The imaginary part of RI for
April is much smaller compared to September. The ranges of
imaginary parts for different wavelengths are [0.03, 0.04] and
[0.06, 0.08] for April and September, respectively, indicating
larger aerosol absorption during the haze month compared to
the clean month.

The PSD and RI features for haze and clean cases,
the monthly PSD climatology over Kangerlussuaq for
August (representing a clear month), and a strong event (AOT
is around 0.3) during August 25, 2017, are also analyzed. Both
PSD and RI show similar patterns of fine-mode aerosol dom-
ination compared to those of April and September. However,
the contribution of coarse mode differs depending on time and
location. In the following section, PSDs and RIs for all four
stations will be used in the forward simulations to understand
the impact of satellite remote sensing of aerosol properties
over the Arctic regions.

IV. RETRIEVAL ALGORITHM

A. Theoretical Background of Retrieval Algorithm

The TOA reflection function depends on several
atmospheric and surface parameters [42]. For cloud-free
conditions and in the absence of strong gaseous absorption,
there are aerosol loading and surface reflection [45].
We assume that aerosol loading can be described by the
aerosol type (PSD and RI) and aerosol particle number
density, i.e., the number of aerosol particles per unit volume
N(z) at the altitude z. The surface reflectance will be
described by a selected bidirectional reflectance distribution
function (BRDF) model.

The snow BRDF selected is the parameterization known as
Ross–Li linear kernel model [67]. In this case, the surface
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reflectance is given in a most general form as follows:

Rs(λ,�) =
3∑

i=1

ki(λ)Ki (�) (5)

where Rs(λ,�) is the bidirectional surface reflection func-
tion, K2(�) and K3(�) represent the volume scattering and
geometric-optic terms (or kernels), respectively. K1 = 1,
k1(λ), k2(λ), and k3(λ) are the input parameters, λ is the wave-
length, � comprises the solar zenith angle, relative azimuth
angle, and observation zenith angle.

The TOA reflection function is given by [75]

R(λ,�) = F[�; k1(λ), k2(λ), k3(λ), N(z)] (6)

where the operator F represents a radiative transfer model that
provides a relationship between optical characteristics of the
atmosphere underlying surface and TOA reflection function.
We note that the operator F can also be referred to as a
forward function [75]. From a mathematical point of view,
the reflection function is, at a selected wavelength, a nonlinear
function of the parameters k1, k2, k3, and a nonlinear functional
of N(z).

Under these assumptions, the variation of the spectral
reflectance R(λ,�) with respect to the variation �ki of the
coefficients ki and the variation δN(z) of the aerosol particle
number density N(z) can be written in the form of the Taylor
series

�R(λ,�) =
∫ H

0
WN (z, λ,�)δN(z)dz

+
3∑

i=1

Wi (λ,�)�ki(λ) (7)

where we neglected nonlinear terms and

Wi (λ,�) = ∂ R(λ,�)

∂ki(λ)
, WN (z, λ,�) = δR(λ,�)

δN(z)
(8)

are the partial derivative and functional derivative of R(λ,�)
with respect to the parameter ki(λ) and function N(z), respec-
tively. We note that Wi and WN are usually called weighting
functions [76].

We assume that the variation of the vertical profile of aerosol
number density can be described by scaling the a priori known
profile N(z), i.e.,N �(z) = CN N(z). In this case

δN(z)

N(z)
= N �(z) − N(z)

N(z)
= CN − 1. (9)

Substituting this expression into (7), we have

�R(λ,�) = xN

∫ H

0
WN (z, λ,�)N(z)dz

+
3∑

i=1

Wi (λ,�)�ki(λ) (10)

where xN = CN − 1.
It is reasonable to introduce the variation of AOT instead

of parameter xN . To do this, we write AOT as follows:

τ =
∫ H

0
N(z)σe(z)dz (11)

where σe(z) is the extinction cross section of aerosol particles
at the reference wavelength. The variation of AOT is then
given by

�τ =
∫ H

0
δN(z)σe(z)dz = xN

∫ H

0
N(z)σe(z)dz = xNτ.

(12)

Introducing the weighting function for the absolute variation
of AOT as follows:

Wτ (λ,�) = 1

τ

∫ H

0
WN (z, λ,�)dz (13)

we have

�R(λ,�) = Wτ (λ,�)�τ +
3∑

i=1

Wi (λ,�)�ki(λ). (14)

Because the TOA reflectance measurements are performed
at a discrete number of both wavelengths and observa-
tion/illumination conditions, we rewrite (14) as follows:

�R(λ j ,�m) = Wτ (λ j ,�m)�τ +
3∑

i=1

Wi (λ j ,�m)�ki(λ j )

(15)

where j = 1, . . . , L, m = 1, . . . , M , and L, M are the number
of wavelengths and observation directions, respectively.

To simplify the presentation of the retrieval algorithm, let
us rewrite (15) in the following equivalent form:

R(λ j ,�m) = R0(λ j ,�m) + Wτ (λ j ,�m)τ

+
3∑

i=1

Wi (λ j ,�m)ki(λ j ) (16)

where

R0(λ j ,�m) = R0(λ j ,�m) − Wτ (λ j ,�m)τ0

−
3∑

i=1

Wi (λ j ,�m)ki,0(λ j ). (17)

R0(λ j ,�m) is TOA reflection function calculated using a pri-
ori values for atmospheric and surface parameters.

The resultant linear relationship is used to formulate the
inverse problem with respect to AOT and coefficients, ki ,
using satellite-measured TOA spectral reflectance. We restrict
ourselves to L = 4 using reflectance measurements at wave-
lengths 490, 565, 670, and 865 nm and M = 14 observation
directions for typical POLDER observation geometries.

For practical applications, it is reasonable to rewrite (16)
in a vector-matrix form. To do this, we introduce the vector
containing coefficients of the BRDF model

K j = ∣∣k1(λ j ), k2(λ j ), k3(λ j )
∣∣T

(18)

with state vector

X j = ∣∣KT
j (λ j ), τ

∣∣T
(19)

and the vector containing reflection functions for all observa-
tion directions at a selected wavelength j

R j = ∣∣R(λ j ,�1), R(λ j ,�2), . . . , R2(λ j ,�m)
∣∣T

(20)
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and the matrix W j,0

W j,0 =

⎡
⎢⎢⎢⎣

W1(λ j ,�1) W2(λ j ,�1) W3(λ j ,�1) Wτ (λ j ,�1)
W1(λ j ,�2) W2(λ j ,�2) W3(λ j ,�2) Wτ (λ j ,�2)

...
...

...
...

W1(λ j ,�M ) W2(λ j ,�M) W3(λ j ,�M) Wτ (λ j ,�M )

⎤
⎥⎥⎥⎦

(21)

where j = 1, 2, 3, 4 and T denotes the transposition. Then,
(16) is written for the wavelength λ j as follows:

R j = R j,0 + W j,0X j . (22)

The components of vectors R j and R j,0 are measured and
simulated reflectance at the wavelengths λ j and all observation
directions �m . The subscript “0” denotes that the simulated
reflectance and weighting functions are calculated using state
vector X j,0.

In the first step, the algorithm solves the inverse prob-
lem with respect to the surface parameters at a wavelength
of 865 nm where the impact of the atmosphere is minimal.
Assuming that AOT is known and is equal to the a priori
value, the estimation of the vector of parameters is obtained
by the minimization of the following cost function:

�1 = ∥∥(R4 − R4,0) − W4,0K4

∥∥2
(23)

with the constraints

K4,0 − �K4 ≤ K4 ≤ K4,0 + �K4. (24)

Here, �K4 is a priori variability of the BRDF model coeffi-
cients at a wavelength of 865 nm. We note that the square root
of �1 is the Euclidean distance between vectors (R4 − R4,0)
and W4,0K4.

The solution of minimization problem given by (23)
and (24) is performed by the GALAHAD package
(http://www.galahad.rl.ac.uk/) which uses a primal–dual
interior-point trust-region method to solve the quadratic pro-
gramming problem and results in the estimation of the coeffi-
cients K̂4,0.

The successful solution of the formulated inverse problem
requires adequate a priori information with respect to the
coefficients of the surface reflection model in different spectral
channels. To obtain such information, we performed statisti-
cal analysis using the POLDER-derived database presented
in [69]. In particular, this database contains time-series of
coefficients of the Ross–Li model over the Arctic regions.
An example of our statistical analysis is shown in Fig. 7.
Fig. 7 shows the 2-D density plot of coefficients k1(λ4) and
k1(λ2) at wavelengths 865 and 565 nm, the color indicates the
number of matchups in a particular area of 2-D square space,
with a size of 0.1×0.1. Fig. 7 demonstrates a high correlation
(R2 = 0.954) between coefficients k1 at these wavelengths.
Please note here that we use R2 in the whole article, which
is the coefficient of determination. For simplification, we still
call it a correlation coefficient in the whole article. The linear
regression equation, that is

k1(λ2) = a1,2k1(λ4) + b1,2 (25)

Fig. 7. Density plot of coefficients k1 at wavelengths 865 and 565 nm.
Regression equation is given within 95% confidence interval. R2 and N are
correlation coefficient and the number of samples, respectively. RMSE is
calculated between prediction of k1 at 565 nm using the regression equation
and the PARASOL-derived k1 at 565 nm. Red solid line and black dashed
line are regression line and 1:1 line, respectively.

with the slope a1,2, and intercept b1,2, and their uncertainties,
�a1,2 and �b1,2, within a 95% confidence interval are shown
in Fig. 7. RMSE is calculated between the prediction of k1

at 565 nm using the regression equation and the PARASOL-
derived k1 at this wavelength. Similar regression equations
have been obtained for k1(λ4), k1(λ1), k1(λ4), and k1(λ3),
as well as for coefficients k2 and k3.

According to this statistical analysis, the linear regression
relationship between Ross–Li coefficients at the wavelengths
λ j and λ4 was obtained as follows:

k̂1,0(λ j ) = a1, j k̂1,0(λ4) + b1, j (26)

k̂2,0(λ j ) = a2, j k̂2,0(λ4) + b2, j (27)

k̂3,0(λ j ) = a3, j k̂3,0(λ4) + b3, j (28)

where k̂1,0(λ4), k̂2,0(λ4), and k̂3,0(λ4) are elements of the vec-
tor, and K̂4,0, and a1, j , a2, j , a3, j and b1, j , b2, j , b3, j are slopes
and intercepts, respectively, at the wavelength λ j , j = 1, 2, 3.
These equations can be rewritten in a more compact vector-
matrix form as follows:

K̂ j,0 = A j K̂4,0 + B j , j = 1, 2, 3. (29)

Here, A j is a diagonal matrix with diagonal elements
of slopes a1, j , a2, j , a3, j and B j is the column-vector with
components of intercepts b1, j , b2, j , and b3, j .

By using the above equation (29), one can assess the
uncertainty in the coefficients as follows:

�K̂ j,0 = �A j K̂4,0 + �B j , j = 1, 2, 3. (30)

Although the linear regression model given by (29) enables
us to estimate coefficients of the surface reflectance K j at all
short wavelengths ( j = 1,2,3), we do not use them as retrieval
results due to the large uncertainties caused by the statistical
variabilities. In addition, a priori information provided by the
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linear regression model is used in the next step of the retrieval
process.

The second step of the retrieval algorithm solves the inverse
problem at all wavelengths with respect to the state vector
X = ∣∣K T

1 , K T
2 , K T

3 , K T
4 , τ

∣∣T
. The estimation of the state

vector is obtained at this step by the minimization of the
following cost function:

�2 = ��(R − R̄0) − W0X
��2

(31)

under the following linear constraints:

K̂ j,0 − �K̂ j,0 ≤ K j ≤ K̂ j,0 + �K̂ j,0, j = 1, 2, 3 (32)

K l
4 ≤ K4 ≤ K u

4 (33)

τ l ≤ τ ≤ τ u (34)

where K̂ j,0 and �K̂ j,0 are given by (29) and (30), respec-
tively, and τ l , τ u , K l

4, K u
4 are bounds for AOT and Ross–Li

coefficients at 865 nm.
The solution of the minimization problem given by (23)

and (31) with respect to the state vector X1 is affected by lin-
earization error ignored during the derivation of (16). In order
to mitigate the impacts of linearization errors, we solve the
minimization problems given by (23) and (31) iteratively.
In particular, vector X1, instead of vector X0, is used in the
next iteration to perform a calculation of simulated reflectance
and weighting functions. The iteration process finishes when
the difference between Xn and Xn−1 is less than the preselected
criteria.

B. Surface Parameterization

The accurate description of the surface reflection is an
important issue in order to retrieve AOT using satellite-
measured TOA reflectance. For the surfaces covered by snow
in the Arctic, parameterization of snow reflection is especially
important because a small variation of snow properties can
lead to the larger variation of TOA reflection, which further
introduces larger uncertainties to decouple aerosol from sur-
face contribution.

Recently, a three-parametric surface BRDF model known
as Ross–Li linear kernel model [67] was extended by an
additional “snow” kernel [68]. In this case, the snow reflection
is given as follows:

Rs(λ,�) =
4∑

i=1

ki(λ)Ki (�) (35)

where the fourth term describes the contribution of the snow
kernel and other terms are the same as in (5).

The parameterization using (35) shows an improvement
of accuracy, in particular, at glint observation geometries,
to retrieve snow reflection measured by the POLDER instru-
ment [68]. However, attempts to use this four-parametric
snow reflection model to retrieve both AOT and surface
parameters simultaneously result in an instability caused by
the correlation between the weighting function of AOT and
weighting functions of surface parameters. This correlation is
significantly weaker using the three-parametric Ross–Li linear
kernel model, i.e., excluding additional “snow” kernel.

Fig. 8. (Top) Symbols depict the aerosol weighting function, Wτ ; red and
green lines represent the approximation, Ŵτ , obtained using four-parametric
and three-parametric BRDF models, respectively; blue lines demonstrate the
approximation at the observation angles outside of glint direction. (Bottom)
Red, green, and blue lines depict the difference Wτ − Ŵτ obtained for four-
parametric, three-parametric, and three-parametric outside the glint direction
BRDF model, respectively; DLD is calculated according to (38).

In order to investigate this relationship quantitatively,
we consider the linear combination of AOT and sur-
face parameters weighting functions Wτ and {W1, . . . , W4},
respectively. Please note that the system of vectors
{Wτ , W1, . . . , W4} is linearly dependent if one of the vectors
can be represented as a linear combination of all other

Wτ (λ j ) =
4∑

i=1

ci Wi (λ j ) (36)

where λ j are discrete wavelengths. The coefficients, ci , which
provide the best approximation of the vector, Wτ , can be
obtained by solving the following minimization problem:

�Wτ −
4∑

i=1

ci Wi�2 → min (37)

where for simplification, the argument, λ j is omitted.
The degree of linear dependence (DLD) can be quantita-

tively described as follows:

Q p =
√√√√ 1

M

M∑
m=1

(wτ,m − ŵτ,m)2 (38)

where wτ,m and ŵτ,m are components of vectors Wτ and Ŵτ ,
respectively, Ŵτ = ∑4

i=1 ĉi Wi , and coefficients ĉi are the
solution of the minimization problem given by (37).

The DLD was calculated for both four- and three-parametric
Ross–Li linear kernel models, which will be referred to as Q4

and Q3, respectively. The weighting functions were calculated
for a typical POLDER instrument observation/illumination
geometry (M = 14) at the wavelengths 490, 565, 670, and
865 nm. The aerosol type was selected to be weakly absorbing
(WA) and the AOT was set to 0.2.
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Fig. 8 (top) represents aerosol weighting function (symbols)
at the four above-mentioned wavelengths and the approxima-
tions obtained using a four-parametric and three-parametric
BRDF model (given by red and green lines, respectively).
Fig. 8 (bottom) shows the difference, Wτ − Ŵτ , and DLD
calculated for four- and three-parametric BRDF models.

Fig. 8 (bottom) shows that the DLD is larger at shorter
wavelengths because the increase of multiple scattering
processes with the decrease of wavelength leads to a larger
impact of atmosphere on the angular structure of surface
reflection. In particular, Q4 at 565 nm is about 50% larger
than Q4 at 490 nm. It can also be seen that the DLD derived
by the three-parametric BRDF model is 2–3 times larger than
that from the four-parametric model. Indeed, according to
Fig. 8 (bottom), DLD for the three-parametric BRDF model
is Q3 = 2.9×10−3 whereas Q4 = 1.2×10−3 at a wavelength
of 670 nm.

Thus, employing a four-parametric BRDF model leads to a
significant increase of the correlation between the weighting
functions involved in the retrieval process. Therefore, in the
retrieval algorithm, we use the three-parametric BRDF model
known as Ross–Li linear kernel model. In order to mitigate
the loss of accuracy caused by employing the three-parametric
model instead of the four-parametric one, we exclude the
observation angles in the glint range in the retrieval process.
Fig. 8 (blue lines) shows the angular-dependent patterns of
DLD by excluding the glint range. One can see that the
decrease of observation directions from 14 angles to 9 does
not lead to increasing of linear dependencies and thus does
not increase the correlation between AOT and parameters of
the surface reflection model.

V. IMPACTS OF ARCTIC AEROSOL TYPING AND SURFACE

MODEL ON THE RETRIEVAL OF AOT AND PARAMETERS OF

SURFACE REFLECTION MODEL—SENSITIVITY STUDY

Besides the surface reflection parameters mentioned above,
the state vector of the formulated inverse problem includes
a single parameter—AOT. However, AOT describes aerosol
loading only without information related to the aerosol micro-
physical properties such as PSD function and real and imag-
inary parts of the RI. Therefore, the PSD function and RI,
which are the main characteristics of a given aerosol type,
should be selected according to a priori information and thus
can affect the retrieval accuracy of AOT and surface reflection
parameters.

In order to estimate the impact of the aerosol type on the
retrieval accuracy of AOT, we have performed studies using
simulated TOA reflectance spectra under different typical
Arctic scenarios.

A. Simulation of TOA Reflectance Spectra

The following scenarios for the surface, atmosphere, and
aerosol system were selected to perform forward simulations.

1) TOA altitude was set to 60 km;
2) Vertical profiles of the temperature, pressure, and

gaseous absorber (O3, NO2) were set according to the

Fig. 9. (From top to bottom) Retrieval results of AOT, Riso, Rvol, and
Rgeo obtained using adequate, WA, MA, and SA aerosol types for haze
condition using predefined AOT values as shown in the x-axis. (Top right)
Correct PSD function. The gray shaded areas represent the range where
retrieved parameters differ from true ones less than 10% for AOT, less than
5% for Riso, and less than 50% for Rvol and Rgeo.

database of the Bremen 2-D chemical transport model
[70].

3) Surface reflection was described by the three-parametric
Ross–Li linear kernel model [67].

4) Four aerosol types typical for the clean and haze
conditions in the Arctic were selected according to
AERONET data measurements over Greenland (see
Section III).

5) Aerosol loading was changed by scaling the vertical
profile of aerosol particles’ number density to provide
an AOT equal to [0.01, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5,
1.0].

The radiative transfer calculations were performed by the
software package SCIATRAN [71], setting the solar zenith
angles and viewing directions corresponding to one of the
selected POLDER observation geometries over Greenland
for four wavelengths 490, 565, 670, and 865. Using the
above-formulated scenarios, we calculated 32 TOA reflectance
spectra (four aerosol types and eight AOTs) which will be
considered below as measured vector R in (31).

B. Solution of Inverse Problem

Employing the algorithm described in Section IV,
the inverse problem with respect to AOT and surface para-
meters was solved separately for each of the 32 TOA
reflectance spectra simulated above. Moreover, for each sce-
nario, the inverse problem was solved four times using
different aerosol types: adequate (the same as in forward
simulation), WA, moderately absorbing (MA), and strongly
absorbing (SA). The WA, MA, and SA aerosol types were
adapted from MODIS collection 6 and utilized in the XBAER
algorithm [39]. This enables the impact of aerosol type on the
retrieved AOT to be investigated.

The retrieval results are shown in Figs. 9–12. The structure
of Figs. 9–12 is similar and consists of four main parts:
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Fig. 10. Same as Fig. 9 but for a haze case on August 25.

Fig. 11. (From top to bottom)Retrieval results of AOT, Riso, Rvol, and Rgeo
obtained using adequate, WA, MA, and SA aerosol type for clean condition
using predefined AOT values as shown in the x-axis. (Top right) Correct PSD
function. The gray shaded areas have the same meaning as in Fig. 9.

top one presents the retrieval results for AOT; second, third,
and fourth ones show retrieval results for parameters k1(λ4),
k2(λ4), and k3(λ4) at the wavelength λ4 = 865 nm. Note
that, for simplicity, we refer to in the rest of this section to
these parameters as Riso, Rvol, and Rgeo. The gray shaded areas
represent the range around true values of the parameter where
retrieved parameters differ from the true ones less than 10%
for AOT, less than 5% for Riso, and less than 50% for Rvol

and Rgeo. The small plot on the right-hand side of the top one
demonstrates the PSD function (dV/dln r) used in the forward
simulations.

C. Results for Haze Conditions

Figs. 9 and 10 depict retrieval results for the haze conditions.
These conditions were selected according to the criteria that
AOT measured by AERONET stations in Greenland is around
0.3. The climatological PSD function for April is given in

Fig. 12. Same as in Fig. 11 but for clean conditions in August. Additionally,
the error bars show ±σi deviation from the sample mean which are given by
red stars.

Fig. 9 (top). It can be seen that averaged PSD demonstrates
bimodal distribution with the position of the maximum of the
fine and coarse modes at about 0.15 and 1.4 μm, respectively.
In order to account for the high variability of the PSD function,
we have also selected a single PSD function measured on
August 25, 2017, by AERONET station over Greenland.
The measured AOT was about 0.3. The PSD function for
August 25, 2017, is given in Fig. 10 (top). It follows that the
contribution of coarse particles is significantly smaller than in
the case of averaged PSD and the maximum concentration of
the fine mode is shifted to about 0.24 μm, which agrees with
results presented by Stock et al. [72].

The retrieval results obtained using the adequate aerosol
type in the retrieval process are shown in Figs. 9 and 10 by
red stars. High retrieval accuracy, in this case, demonstrates
the correct implementation of the retrieval algorithm and
asmall impact of numerical errors. Retrieval results obtained
using inadequate aerosol type are presented by other symbols.
Fig. 9 shows that the AOT retrieval accuracy is better than
about 16% for the AOTs in the range of [0.2–1] using
WA or MA aerosol type in the retrieval process instead
of the correct one. Fig. 10 demonstrates that, although the
PSD for the single haze case in August significantly differs
from averaged PSD, usage of WA aerosol type leads to the
retrieval error of less than 16% for the AOTs in the range
of [0.1–1.0]. However, the usage of MA aerosol type leads
in this case to the maximal retrieval error of about 23% at
AOT = 0.5. The usage of SA aerosol type results for both
cases in significantly larger retrieval errors, which increase
up to 55% at AOT = 1. Although the main parameter in the
considered retrieval algorithm is AOT, the retrieval results for
the surface reflection parameters are also briefly discussed
because it can help us to better understand the uncertainties in
the retrieved AOT. The retrieval algorithm demonstrates a good
performance with respect to the parameter Riso. In particular,
according to Figs. 9 and 10, the retrieval accuracy of Riso is
about 5% for both WA and MA aerosol types. The retrieval
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accuracy decreases with the increase of AOT and can reach
about 18% for Riso at AOT = 1 for the haze case in April (see
the second one in Fig. 10). The decrease of retrieval accuracy
by the increase of AOT is expected because the increase of
aerosol loading leads to the increase of multiple scattering
processes in the atmosphere and decreases the sensitivity of
TOA reflectance with respect to the variation of the surface
reflectance.

The relative retrieval errors of parameters Rvol and Rgeo are
significantly larger as compared to Riso. It is due to the fact
that the true values of Rvol and Rgeo are one order smaller
than parameter Riso.

D. Results for Clean Conditions

Figs. 11 and 12 demonstrate retrieval results for Arctic
clean conditions. For this purpose, we used the climatological
PSD function for September and August as described in
Section III. Fig. 11 (top) shows that the climatological PSD
for September has a bimodal distribution with the peak of
radius for the fine and coarse mode are about 0.2 and 4 μm,
respectively. Fig. 11 indicates that the AOT retrieval accuracy
is better than 5% for AOT in the range of [0.01–0.2] with
both WA and MA aerosol types. The accuracy decreases for
an AOT larger than 0.5.

The retrieval results for AOT are presented in Fig. 12 (top)
for August. PSD for September and August [see Figs. 11 and
12 (top)] are very similar. The contribution from the coarse
mode in September is larger than that in August. Fig. 12 (top)
demonstrates that the retrieval accuracy of AOT is better than
∼7.5% in the range of AOT [0.01–0.2] for both WA and MA
aerosol types. As in the case of haze conditions, using SA
aerosol type leads to a significant loss of retrieval accuracy.

We note that AOT retrieval accuracy is similar for clean
conditions in September and August although the simulated
TOA reflectance for August has been calculated for the case
of brighter surface reflectance (compare surface parameters
in Figs. 10 and 11).

In the case of the clean conditions (AOT in the range [0.01–
0.2]) the retrieval algorithm demonstrates a good performance
with respect to parameters Riso, Rvol, and Rgeo. In particular,
one can see from Figs. 10 and 11 that the retrieval accuracy
of Riso is better than ∼3% and depends only slightly on the
selected aerosol type.

E. Impact of Random Errors

Since the random error always exists in satellite observa-
tions, we consider the impact of random measurement errors
on the precision of retrieval results. In order to estimate the
impact of random errors, the simulated TOA reflectance was
represented as follows:

R̃(λ j ,�m) = R(λ j ,�m) + ε(λ j ,�m) (39)

where R(λ j ,�m) is the error-free TOA reflectance, ε(λ j ,�m)
is the random error. The random error was calculated accord-
ing to the following expression:

ε(λ j ,�m) = R(λ j ,�m)

SNR
ξ j,m (40)

Fig. 13. Comparison between first POLDER-derived AOT (green dots) and
AERONET-observed AOT (black dots).

Fig. 14. Same as Fig. 13, but for the whole year of 2006.

where SNR is the signal-to-noise ratio, which was set to be
200. SNR = 200 is typical for the POLDER instrument and
ξ j,m is a random value obtained using a generator of the
Gaussian noise with zero mean and unit variance.

Solving the inverse problem N times for different realiza-
tions of the random variable, ξ j,m , we obtain the sequence of
state vector estimations. For each component of the state vec-
tor X, we calculated the sample mean and standard deviation
as follows:

x̄i = 1

N

N∑
n=1

xn,i , σi =
√√√√ 1

N − 1

N∑
n=1

(xn,i − x̄i)2 (41)

where N was set to 100, and xn,i is the i th component of
the state vector obtained by solving the inverse problem with
nth realization of random noise. The precision of retrieval
results is shown in Fig. 12 by the error bars which show
±σi deviation from the sample mean which are given by
red stars. As expected, we do not see any systematic devia-
tions. However, the presented results demonstrate the increase
of relative AOT retrieval error with the decrease of AOT
value. In particular, the retrieval errors decrease from 50%,
at AOT = 0.05, to 12% and 7% for AOT equal to 0.2 and 0.5,
respectively.

VI. APPLYING THE ALGORITHM TO POLDER INSTRUMENT

The above analysis shows the considerable potential to
apply the algorithm and its advisability to be used with the
data of the POLDER instrument. In a subsequent publica-
tion, we intend to present an Arctic-wide validation of our
approach. This section shall illustrate the feasibility of the
new algorithm to derive AOT and surface BRDF coefficients
from POLDER measurements by comparing satellite-based
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retrievals with AERONET data. In [19] and [72], an example
of an Arctic haze month in May 2006 has been shown. This
Arctic haze month is reported to be caused by agricultural
biomass burning in Europe and pollution in Russia [19]. The
reoccurring haze events were according to the articles men-
tioned above are clearly observable above Spitsbergen. We,
therefore, have applied the approach to POLDER observations
for the whole of May 2006 collocated with the AERONET
site Hornsund (77.001 N, 15.540 E), which is located in
the southern part of Spitsbergen. The POLDER cloud mask
product was used and cloud-covered collocations have been
excluded. Fig. 13 shows the comparison between the first
POLDER-derived AOT and AERONET observations. There
are several AOT peaks during May 2006. The first peak
occurred on May 2–4, which has been reported in [74].
However, due to residual cloud cover, POLDER does not
catch this peak. The second peak occurred on May 16–17 and
POLDER-retrieved AOTs and AERONET observations show
very promising agreement. There are several other small peaks
and our retrieval shows good performance. Clear overestima-
tions can be seen for several days (May 13) and this may
be due to inaccurate cloud screening, aerosol typing, and
surface parameterization. Fig. 14 shows a similar time series as
Fig. 13 but for the whole year of 2006. According to Fig. 14,
the Arctic haze phenomenon has been well-captured by the
POLDER-derived AOT.

VII. CONCLUSION

Due to large solar zenith angle, bright underlying surface,
and on average low aerosol loading over the Arctic snow/ice-
covered regions, an AOT data coverage gap from passive
remote sensing exists. Large uncertainty to understand the
AA has been introduced due to a lack of AOT data over the
cryosphere. In order to address this issue, a new AOT retrieval
algorithm, in the framework of the XBAER algorithm, taking
heritages of all existing knowledge, is proposed. This article
intends to provide a comprehensive physical understanding of
the key issues, aerosol typing, and surface reflection model,
for the retrieval of AOT over the Arctic snow/ice-covered
regions. Due to the coupling effect between the surface
and aerosol information obtained by passive remote sensing
instrument, e.g., POLDER, issues for both surface and aerosol
parameterization need to be addressed by introducing proper
retrieval constraints or a priori knowledge derived from other
observations.

The aerosol properties over the Arctic regions are then
analyzed using AERONET observations over representative
sites. Optical properties (AOT and FMF) and microphysical
properties (PSD and RI) over four Arctic sites were collected
and analyzed. The AOT climatology at 550 nm for the selected
sites leads to values between 0.05 and 0.11 with variabilities in
the range of [0.02–0.12]. The FMF climatology leads to values
generally larger than 0.9, implying a significant contribution of
fine-mode particles in the Arctic. The characteristics of Arctic
aerosol particle size have been further investigated using the
PSD retrieved from AERONET data. The PSD over the Arctic
regions can be described by a bimodal lognormal distribution

(one fine mode and one coarse mode). The PSD for Arctic
haze conditions shows both smaller particles for both fine and
coarse modes compared to the Arctic background (clean) case.
The absorbing properties for both Arctic haze and clean cases
have been analyzed using the imaginary part of RI, and the
Arctic haze is accompanied by much higher values (about two
times) compared to Arctic background condition.

As the prerequisite to extend the XBAER algorithm to
Arctic regions, this article investigated the most recent devel-
opment of the parameterization method for snow surface
reflectance as described in [68], in which a new snow kernel
(four-parametric method) is proposed based on the Ross–
Li three-parametric model. The new method shows better
performance, especially for the glint region compared to the
Ross–Li method for atmosphere-free conditions. However,
a very strong correlation between the four-parametric model
and aerosol indicates significant problems in disentangling
the contribution of aerosol from the surface. The usage of
the Ross–Li three-parametric model shows to be an optimal
surface parameterization which will be used later on in the
XBAER algorithm [39].

Another key issue addressed in this article was an analysis
to identify an adequate Arctic aerosol typing parameterization
method, which represents, on average, the characteristics of
Arctic aerosol size distribution and absorption suitable for
AOT retrievals over the Arctic snow-covered regions. The
PSD and RI climatology over Greenland has been derived
using AERONET observation and used to represent the Arctic
background and haze conditions in the forward simulations
using SCIATRAN under the different surface and atmospheric
conditions. The current XBAER aerosol typing parameter-
ization as described in [39] is used in the retrieval. The
investigation shows that both Arctic background and haze
conditions can be well-captured by the WA aerosol type with
an uncertainty of less than 15%. The first attempt to use the
algorithm on POLDER observations shows good performance
compared to AERONET observations.

All the above investigations show that the combination of
Ross–Li surface parameterization and WA aerosol typing can
provide an optimal AOT retrieval algorithm over the Arctic
snow/ice-covered regions.
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