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Abstract: Aerosol properties over the Arctic snow-covered regions are sparsely provided by temporal
and spatially limited in situ measurements or active Lidar observations. This introduces large
uncertainties for the understanding of aerosol effects on Arctic climate change. In this paper, aerosol
optical depth (AOD) is derived using the advanced along-track scanning radiometer (AATSR)
instrument. The basic idea is to utilize the dual-viewing observation capability of AATSR to reduce
the impacts of AOD uncertainties introduced by the absolute wavelength-dependent error on surface
reflectance estimation. AOD is derived assuming that the satellite observed surface reflectance ratio
can be well characterized by a snow bidirectional reflectance distribution function (BRDF) model
with a certain correction direct from satellite top of the atmosphere (TOA) observation. The aerosol
types include an Arctic haze aerosol obtained from campaign measurement and Arctic background
aerosol (maritime aerosol) types. The proper aerosol type is selected during the iteration step based
on the minimization residual. The algorithm has been used over Spitsbergen for the spring period
(April–May) and the AOD spatial distribution indicates that the retrieval AOD can capture the Arctic
haze event. The comparison with AERONET observations shows promising results, with a correlation
coefficient R = 0.70. The time series analysis shows no systematical biases between AATSR retrieved
AOD and AERONET observed ones.
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1. Introduction

Aerosols exert a variety of effects on both the climate and the environment, directly through
scattering (e.g., cooling of the atmosphere–surface system and absorption of incoming solar radiation
that cools the surface but warms the atmosphere), and indirectly through their effects on cloud
formation and the microphysical properties of clouds, which in turn influences cloud albedo and
precipitation [1,2]. The Arctic environment is a significant indicator of global climate change. Satellite
observations and Lidar measurements have revealed the occurrence of substantial amounts of smoke
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and other particulate matter in the tropopause region and lower stratosphere at high latitudes in the
Arctic region [3] due to transport of anthropogenic [4] or natural aerosol particles produced by sources
such as wildfires [5] and volcanic eruptions [6]. Aerosol optical depth (AOD) retrieval over the Arctic
region from satellite is an important but challenging task.

Existing aerosol retrieval algorithms for passive remote sensing focus mainly on those snow/ice
and cloud free regions. An overview of aerosol remote sensing in Polar regions can be found in
Tomasi et al. [7]. Some instruments, especially a multi-angle imaging spectro-radiometer (MIRS), show
potential capabilities for aerosol retrieval over snow and ice and has been investigated [8]. Some
more recent investigations can be found in Istomina et al. [9] and Mei et al. [10,11]. Istomina et al.
tried to use a dual-view method with visible wavelengths [9] and infrared [12] spectral regions to
retrieve AOD over the Arctic regions using advanced along-track scanning radiometer (AATSR) data.
Mei et al. have used a similar idea to retrieve AOD over the Arctic regions using both AATSR [10]
and MODIS [11]. However, the above algorithms utilize a simple pure snow model [13] and one
“Arctic haze” aerosol type, which may introduce retrieval biases due to the snow cover and aerosol
types. This paper is a further development based on the work of Mei et al. [14]. In this paper, the pure
snow bidirectional reflectance distribution function (BRDF) model has been corrected by the snow
fraction estimation from the normalized-difference snow index (NDSI). A dynamic aerosol type of
Arctic haze or background aerosol type is iteratively selected during the retrieval.

This paper aims to provide an attempt to derive AOD over the Arctic regions. The paper is
organized in the following structure. The satellite and ground-based dataset are introduced in Section 2,
the aerosol retrieval algorithms are described in Section 3, and the validation results and analysis are
included in Section 4.

2. Materials

2.1. AATSR Instrument

AATSR on board the European Space Agency (ESA) ENVISAT satellite, with a lifetime of May
2002–April 2012, is the successor of ATSR-1 and ATSR-2 on board ERS-1 (launched in 1991) and ERS-2
(launched in 1995). AATSR data provide observations with a resolution of 1 km at nadir and a swath
of 512 km. AATSR has the dual-viewing observation capability (with a forward view angle of 55◦)
for several wavelengths from visible to thermal infrared channels (0.55, 0.66, 0.87, 1.6, 3.7, 11 and
12 µm). AATSR series are initially designed to provide the sea surface temperature (SST) product
with an accuracy of 0.3K required for climate research. However, it now also plays important roles in
many application areas such as vegetation, aerosol, and cloud. The successor of AATSR is the Sea and
Land Surface Temperature Radiometer (SLSTR) onboard Sentinel-3A and Sentinel-3B, which were
launched on February 2016 and April 2018, respectively. Sentinel-3A is part of the European Global
Monitoring for Environment and Security (GMES) program. ATSR-1/ATSR-2/AATSR/SLSTR will create
a long-term data record for climate change research.

2.2. AERONET

The Aerosol Robotic Network (AERONET) is a globally distributed network of over 800 stations
which provides high quality aerosol optical properties that are widely used for various aerosol-related
studies, such as the validation of satellite retrieved AOD products [15,16]. AERONET uses the CIMEL
sun/sky radiometers to obtain direct sun and diffuse sky radiances within the 340–1020 nm and
440–1020 nm spectral ranges, respectively. AOD measurements are recorded every 15 min from direct
solar radiation, with an accuracy of 0.01–0.02 at visible wavelengths [15]. AERONET data can be
downloaded from the official website (http://aeronet.gsfc.nasa.gov/). The AOD values at 550 nm are not
directly provided by AERONET, and are interpolated from AERONET AODs at 440 nm and 870 nm
using the Ångström equation, the accuracy of which is proven to be sufficient [17].

http://aeronet.gsfc.nasa.gov/
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3. Methods

The main idea of this retrieval algorithm is to use the dual-viewing observation capability of the
AATSR instrument. The algorithm has been described in Mei et al. [14]. Here, we give a summary of
the algorithm. The algorithm assumes that the surface reflectance can be approximated by two parts:
One describes the variation with the wavelength and the other is to describe the variation with the
geometry [18]. The surface reflectance ratio is mainly affected by the surface BRDF shape and can
reduce the impact from the absolute value of surface directional reflectance [19]. This idea can be used
to mitigate the requirement of a precise pre-calculation of wavelength-dependent surface reflectance,
which is helpful for very bright surface such as snow/ice covered regions [9,12]. This can be illustrated
as the following equation:

ρ
f
s f c(λ,µ0,µ,φ)

ρn
s f c(λ,µ0,µ,φ)

=
ρ

f
TOA(λ,µ0,µ,φ) − ρ f

atm(λ,µ0,µ,φ)

ρn
TOA(λ,µ0,µ,φ) − ρn

atm(λ,µ0,µ,φ)
×

Tn(λ,µ)

T f (λ,µ)
(1)

where ρs f c(λ,µ0,µ,φ) is the surface reflectance, ρTOA(λ,µ0,µ,φ) is the satellite observed TOA
reflectance, ρatm(λ,µ0,µ,φ) is the atmospheric reflectance, T(λ,µ) is the total (upward and downward
directions) atmospheric transmittance, and f and n indicate AATSR forward and nadir observation
angles, respectively.

We can re-write Equation (1) as

ρ
f
s f c(λ,µ0,µ,φ)

ρn
s f c(λ,µ0,µ,φ)

=
∆ρ f (λ,µ0,µ,φ)
∆ρn(λ,µ0,µ,φ)

×
∆ρn(λ,µ0,µ,φ) × s + Tn(λ,µ)

∆ρ f (λ,µ0,µ,φ) × s + T f (λ,µ)
(2)

∆ρ(λ,µ0,µ,φ) = ρTOA(λ,µ0,µ,φ) − ρatm(λ,µ0,µ,φ) (3)

where s is the hemispheric atmospheric reflectance, which depends on the aerosol loading and type.
The key issue for Equation (2) is to decouple the contribution of aerosol from surface signal.

Therefore, a proper snow BRDF model, depending on the viewing and illumination angle, wavelength,
and snow properties such as size and shape of grains [20–22], which can characterize both AATSR
observation directions, is needed. A snow BRDF model was selected as following [21]:

R(µ,µ0,φ) = R0(µ,µ0,φ)A f (µ,µ0,φ) (4)

where

A = exp{
−4s
√

3
}, s =

√
1−$

1− g$
,
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u(µ)u(µ0)

R0(µ,µ0,φ)
, u(µ) =

3
7
(1 + 2µ)

R0(µ,µ0,φ) =
a + b(µ+ µ0) + cµµ0 + p(φ)

4(µ+ µ0)

where R0(µ,µ0,φ) is the reflection function for non-absorbing snow layer, g is the asymmetry factor
of snow particle, $ is the single scattering albedo, a = 1.247, b = 1.186, c = 5.157, φ is the scattering
angle, p(θ) = 11.1 exp(−0.087θ) + 1.1 exp(−0.014θ), µ0 = cosθ0, θ0 and θ are solar zenith angle and
satellite zenith angle, respectively.
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Only pure snow-covered area is used for the retrieval and in the real AATSR measurements some
corrections are needed in order to take the snow structure into account. Istomina (2009) used the
following equation [9]:

ρ
f
s f c(λ,µ0,µ,φ)

ρn
s f c(λ,µ0,µ,φ)

=
ρ

f
s f c,sim(λ,µ0,µ,φ)

ρn
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f
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ρ
f
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ρn
TOA(λ,µ0,µ,φ)

(5)

Equation (5) tries to mitigate the atmospheric effect of ρTOA(λ,µ0,µ,φ) by modelled
ρs f c,sim(λ,µ0,µ,φ) and ρTOA,sim(λ,µ0,µ,φ) ratio.

Mei et al. [14] proposed another way to take this effect into account. The main idea is that the
“real snow” BRDF can be better estimated from the original BRDF model [21] with a correction term
by the snow cover fraction (SCF). The SCF can be calculated by an empiric relationship from NDSI.
The NDSI is defined as following:

NDSI =
ρ0.55 − ρ1.6

ρ0.55 + ρ1.6
(6)

The SCF was then estimated using the following empirical equation [23]:

SCF = 1.21×NDSI + 0.06 (7)

Then, the snow BRDF ratio can be rewritten as following:

ρ
f
s f c(λ,µ0,µ,φ)

ρn
s f c(λ,µ0,µ,φ)

=
ρ

f
s f c,sim(λ,µ0,µ,φ) × SCF f

ρn
s f c,sim(λ,µ0,µ,φ) × SCFn (8)

One important aerosol property is the aerosol phase function. In this paper two aerosol types
were used: One is a background aerosol type and the other is an Arctic haze type. The phase functions
for those two types are presented in Figure 1. The Arctic haze aerosol is measured during the Arctic
haze event on 23 March 2003 at Spitsbergen (78.923N, 11.923E). Following this, the look-up-table was
calculated using 6S radiative transfer package [19].
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4. Results and Discussions

Aerosol retrieval over the snow/ice covered Arctic regions is new and difficult. The retrieved
results must be evaluated by comparing them with in situ measurements, such as those from AERONET
and other satellite products. However, there are limited in situ observations. Thus, we used a two-step
validation strategy to overcome this problem. The first step was to check if the retrieved results can
qualitatively characterize the famous Arctic haze event by checking a series of retrieval days and to
investigate the AOD before, during and after the Arctic haze event. It is reported that a serious Arctic
haze event happened in April and May 2006, due to a large number of agriculture biomass burning
(fires burned in the forests of the nature preserve at Kuronian Spit, Lithuania) that occurred in the
Baltic countries, western Russia, Belarus, and the Ukraine, which were monitored by Stohl et al. [24].
The air mass brought pollutants from mid-latitudes to Arctic regions such as Spitsbergen during this
period. The most severe air pollution episodes happened on 27 April and during early May 2006, when
the concentrations of most measured air pollutants (aerosols, O3, etc.) exceeded previously recorded
long-term maxima [24].

Figure 2 shows the AOD time series over Spitsbergen for the above-mentioned Arctic haze event.
Due to high cloud coverage, Spitsbergen is mostly covered by cloud; thus, Figure 2 picks up those days
in the haze event with relatively lower cloud cover. According to Figure 2, the retrievals show smooth
patterns that do not match the surface structures according to visual checking using the RGB images,
indicating the decoupling of surface and aerosol in the retrieval algorithm. Figure 2 shows the before,
during, and after Arctic haze period. The dates 29 March and 1 April were before the haze period and
we can see that the AOD at 550 nm values are extremely low with values of less than 0.1 or even lower
than 0.05, indicating the clean air condition of Arctic due to a lack of local emissions. The main aerosol
source in the Arctic without transport from middle–low latitudes is mainly sea spray aerosol from the
surrounding ocean [25], and the properties of the so-called Arctic aerosol type can be found in optical
properties of aerosols and clouds (OPAC) [26], with an aerosol loading of less than 0.05. As presented
in [24], the severe haze event started in early May. We show the period of 2–4 May 2006. We can
see some high AODs (AOD > 0.5) with a certain cloud pattern, which was probably due to cloud
contamination. The cloud screening algorithm developed by Istomina et al. [27] has been proving to
have remaining clouds. Due to the cloud screening over this region, an image processing procedure,
such as post-processing, will be helpful to further improve the retrieval quality [28]. We can see that
the Arctic haze started in early April 2006. High AOD (AOD > 0.15) can be observed at southern
Spitsbergen, indicating aerosol transport from middle latitude. The haze event reaches its peak on
2–4 May, which is in accordance with the smoke transported from Eastern Europe in agricultural fire
events [24]. The AOD values were larger than 0.2 and some reached 0.3. The haze event started to
decrease in mid-May. Beside the problem of potential cloud contamination, another problem is linked
to the surface BRDF properties. We have checked the RGB figures for some corresponding days and
some surface structure may also contribute to the high “hot spots” in the retrieval. The snow/ice BRDF
model used in the retrieval is proposed based on assumptions which may lack parameters to describe
the surface textures [10]; thus, a new surface BRDF model based on campaign measurement is under
development. The above results show that the satellite retrieved AOD can qualitatively describe the
Arctic haze event reasonably well. It is novel to see the Arctic haze event in a time series, rather than
on only one day as presented in Mei et al. [14], from passive remote sensing.

The second step of the evaluation was to quantitatively compare retrieved AOD results with
AERONET observations. The longest observation site over Hornsund (77.001◦N, 15.540◦E) was
used. Figure 3 shows the comparison between satellite retrieval and AERONET for the Arctic
haze period during 2006–2009. Relatively good agreement is found between satellite retrieval
and AERONET observations, with a correlation coefficient of R = 0.70 and regression equation of
y = (0.83 ± 0.12)x + (0.02 ± 0.01). However, a relatively large RMSE of 0.03 (Arctic normal condition)
can be seen in the limited validation. A better slope compared to Mei et al. [10], which has been
clarified due to the BRDF ratio estimation error and the gas effect on long wavelength such as 870 nm,



Remote Sens. 2019, 11, 891 6 of 10

shows that the improvement of the retrieval was due to a better surface parametrization and aerosol
type assumption. In Mei et al. [10,11,14], only an Arctic haze aerosol is used for all cases, while in this
study the aerosol type was selected during the iteration steps by checking the AOD value of each step.

In order to have a clear view of each retrieval point, a time series of satellite retrieved and
AERONET observed AODs are presented in Figure 4. According to Figure 4, satellite retrieval
detected similar patterns to AERONET, indicating the good performance of satellite retrieved AOD for
describing Arctic haze events, as presented before. However, satellite retrieval tends to underestimate
the low-AODs and overestimate high-AODs, indicating that the potential aerosol optical (particle size
distribution and reflective indices) properties may need to be further adjusted. This haze event has also
been described in Mei et al. [11] using a Moderate Resolution Imaging Spectroradiometer (MODIS)
retrieval, and the magnitude of AOD for 29 March 2006 is about 0.07–0.09, while it is about 0.2 for
3 May 2006, which agrees well with this retrieval.
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5. Conclusions

An attempt for the retrieval of AOD over the Arctic regions based on the work in Mei et al. [10,11,14]
has been proposed in this paper using an AATSR instrument. The algorithm uses the ratio
of the dual-viewing observation of AATSR to minimize the requirements from highly-accurate,
wavelength-dependent, absolute surface reflectance. The ratio of two views can be well characterized
by a snow BRDF model with some corrections. Two aerosol types (background aerosol and Arctic haze
aerosol) have been selected during the iterative process. The retrieval is based on the LUT method.

This paper presents the retrieved AOD for April and May between 2006–2009 over Spitsbergen.
A haze event was well-captured by the AATSR derived AOD. The Arctic haze due to the transport
of biomass burning plume from mid-latitudes reached Spitsbergen in early April and the impacts
decreased during the middle of May, which agreed with the AERONET observation. The validation
against AERONET shows promising retrievals, with a correlation coefficient of R = 0.70 and all
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match-up points falling into ±0.05 ± 15%τ. It should be noted that only the pure snow-covered
(with minor surface structures, such as texture and shadow) non-cloud-contaminated scenarios were
manually selected and confirmed in the validation. The retrievals with potential effects from cloud
contamination or surface structures are labeled as low-quality, and were not included in the validation.
However, an RMSE of 0.03 was observed, which is high for the Arctic region. The time series compared
to AERONET shows that AATSR-derived AOD in general tends to overestimate AOD, which may
due to the surface parameterization and uncertainties of aerosol types in the Arctic regions. However,
AATSR-derived AOD catches most of the Arctic haze peaks.

Although some promising results have been achieved, there are still problems which need to be
further addressed in future work. The first problem comes from the cloud screening or pure snow pixel
selection, as the current cloud screening/snow pixel selection may introduce some cloud contamination;
resultantly, there are high AOD biases in the retrieval. A more robust cloud screening utilizing time
series may be introduced in the future [29]. The second problem is the correction term introduced
here ignoring other surface contributions, which may underestimate the surface reflectance ratio, and
thus overestimate AOD. This part may be improved by a full radiative calculation using existing snow
BRDF measurements such as those in Clémence et al. [30]. The overestimation of low-AODs and
underestimation of high-AODs may also be attributed to the aerosol types. The optical properties of
the two selected aerosol types, mainly the particle size distribution and aerosol absorption, may need
some updates based on more observations. A more suitable aerosol type is still needed based on more
campaign measurements.
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