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Abstract: This paper considers spatiotemporal distribution and seasonal variability of aerosol optical
depth (AOD) of the atmosphere at the 0.55 um wavelength in the atmosphere over the Baikal region
of Russia based on long-term data (2005-2019) from satellite observations (MODIS/AQUA). A
comparison of satellite AOD values with the AERONET record at the Geophysical Observatory
of Institute of Solar-Terrestrial Physics of Siberian Brunch of Russian Academy of Science was
performed. The results show that interannual AOD variability is mainly due to forest fires. The
highest atmospheric transparency was in 2010, 2013 and 2016, and the lowest was in 2008, 2012
and 2014. It is noted that AOD decreased with latitude with a gradient AAOD = 0.002 < 0.001 per
degree of latitude. The mean seasonal variations in AOD at the six satellite overpass points were
characterized by spring (April) and summer (July) highs and low AOD values in autumn. From June
to November, the drop in AOD monthly means was more than 60%.

Keywords: aerosol optical depth (AOD); remote sensing; photometry; Baikal; AERONET; MODIS

1. Introduction

Long-standing research into variations in atmospheric radiatively significant compo-
nents is a challenge in the context of the Earth’s climate change. Along with greenhouse
gases and cloudiness, atmospheric aerosols play an essential role in radiation processes.
The main and most studied optical characteristic of aerosols is the aerosol optical depth
(AOD) of the atmosphere. Many authors [1-7] have analyzed the interannual variations and
seasonal variability of different parameters of the atmospheric transparency over Russia.
In [4], the results of long-term studies (1995-2017) of the physical properties and chemical
composition of atmospheric aerosols in the Baikal region in three sites are considered. The
paper concludes that forest fires near Baikal cause an increase in the concentrations of Na+,
K+, NH4+, Cl-, and NO3- ions in Baikal region aerosols. The research was carried out at
three sites: Irkutsk, Listvyanka, and Mondy; only one site (Listvyanka) was located directly
in the territory of Lake Baikal.

Currently, the global Aerosol Robotic Network (AERONET) provides the most com-
plete information on the variability of spectral atmospheric AOD, but there is only one
station operating in the Baikal region. In addition, atmospheric AOD is reconstructed
from solar radiation measurements in the network of actinometric stations, but only at the
wavelength of 0.55 pm [8]. In the Baikal region, these stations are located in Babushkin
town, Ivolginsk village, and Khuzhir settlement.

Recently, to analyze spatial and temporal variations in atmospheric AOD, researchers
have increasingly begun to use satellite measurements, in particular, by Moderate Res-
olution Imaging Spectroradiometer (MODIS) Terra/Aqua satellites. The achieved level
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of AOD reconstruction error is thought to be acceptable for analyzing its spatiotemporal
variability [9]. Researchers often study AOD variations using the MODIS radiometer
data [5,10-13]. In [5], the AOD over the Baikal region was retrieved for 2000-2010 using
the MODIS data with a resolution of 10 km per pixel and the V5.2 retrieval algorithm
developed by NASA. The AOD characteristics of spatial and temporal variation over the
Baikal region were analyzed: the mean AODs in spring and summer were higher, with the
highest value of 0.26 in May; the mean AODs in autumn and winter were lower and steady.
These results were in qualitative agreement with the results of our work [7] studying the
AOD in the Tunka valley.

This paper discusses interannual and seasonal variations in atmospheric AOD over
the Baikal region of Russia based on MODIS data at a resolution of 3 km per pixel and the
V6.1 retrieval algorithm developed by NASA. The analysis was carried out in 2005-2019
for eight months, from April to November. We did not include the winter months in the
analysis due to insufficient data and the significant error in AOD detection above the snow
surface [9]. To evaluate the validity of MODIS data, we compared them with ground-based
AERONET AOD measurements by the CIMEL CE-318 photometer at the Geophysical
Observatory of the Institute of Solar-Terrestrial Physics of Siberian Brunch of Russian
Academy of Science (ISTP SB RAS) near Tory settlement.

2. Research Region and Data
2.1. Study Area

Lake Baikal is the world’s largest freshwater lake by volume, containing 22-23% of the
world’s fresh surface water. The peculiarities of the climatic conditions of the Lake Baikal
basin are determined by its location in the central part of the Asian continent, radiation and
circulation processes, and the originality of the landscapes of this region. The huge water
mass of the lake has a significant impact on the climate. The average January temperature
is up to —18 °C and below, in July and August from +11 °C to +14.1 °C. The average annual
temperature is +1.9 °C. Precipitation is up to 370 mm on the coast and 400-500 mm in the
mountains. At the same time, the climatic conditions of the lake basin in the Baikal region
are extremely heterogeneous.

The analysis was performed over six satellite overpasses points: settl. (settlement)
Tory (51.78° N, 103° E, el. (elevation) 670 m), settl. Bolshiye Koty (51.91° N, 105.06° E, el.
470 m), town Babushkin (51.83° N, 106.06° E, el. 470 m), settl. Uzury (53.31° N, 107.73° E,
el. 465 m), settl. Sarma (53.08° N, 106.83° E, el. 465 m), and village Maximikha (53.25° N,
108.73° E, el. 460 m). Selected points are shown in Figure 1. We selected these points based
on our previous ground based expeditionary actinometer equipment measurements of
aerosol characteristics in 2017-2019. These expeditionary measurements were carried out
at observatories and remote stations of the ISTP SB RAS. The retrieval of satellite data over
these locations used the 0.1 x 0.1 degree spatial window.
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Figure 1. Satellite overpass points for MODIS data.
2.2. Data

The analysis of AOD spatiotemporal variations in the atmosphere over the Baikal
region employed data from MODIS/Aqua, with a 3 km per pixel spatial resolution,
MYDO04_3K product, collection 6.1 (https://ladsweb.modaps.eosdis.nasa.gov/archive/
allData/61/MYD04_3K, accessed date 14 November 2021) for 2005-2019 at 0.55 um—AOD
(550 nm).

Figure 2 presents the spatial distribution of the AOD (550 nm) annual means from
MODIS measurements for 2005-2019. Abnormally high/low AOD values to the northwest
of settl. Tory (101-103° E, 51.5-52.5° N) are most likely related to the orographic features
of the territory (the Eastern Sayan mountain system) with high albedo of the underlying
surface. High snow albedo leads to bias in AOD detection above the snow surface [9]. An
analysis of Figure 2 will be presented in the Discussion section.


https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/61/MYD04_3K
https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/61/MYD04_3K
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Figure 2. Spatial distribution of AOD (550 nm) annual means from MODIS data for 2005-2019.

3. Results
3.1. Validation

We compared MODIS data to the ground-based observations of AOD (550 nm) with
sun photometer CIMEL CE-318 (level 2.0), a part of the global AERONET, at the Geophysi-
cal Observatory of the Institute of Solar-Terrestrial Physics Siberian Branch of the Russian
Academy of Science (settl. Tory). We compared long-term AOD monthly means at 0.55 pm.
Since there are no monthly average AERONET data in some years for the autumn or spring
months, when the photometer is being calibrated, a total of 86 joint measurements were
obtained for a 15-year period. Because CIMEL CE-318 does not have the 0.55 pm spectral
channel, we took the interpolated AOD (550 nm) values to compare them with the MODIS

record. These values were calculated by the formula:

AOD (550 nm) = AOD (500 nm) x (0.55/0.50)  **(440675)



Atmosphere 2021, 12, 1706

50f 10

Figure 3 presents a graph of the comparison of long-term AOD (550 nm) monthly means
from satellite (MODIS) and ground-based measurements (CIMEL CE-318, AERONET) at
the Geophysical Observatory of ISTP SB RAS, 2005-2019. The comparison of the two types
of data showed a good agreement for atmospheric AOD: a correlation coefficient of 0.86
and a standard deviation of 0.05, a p-value is 0.03078, when the result is significant at
p <0.05.

0.3

R=0.86 0 =0.05 °

AOD (550) CIMEL CE-318

0 0.1 0.2 0.3
AOD (550) MODIS

Figure 3. Comparison of AOD (550 nm) monthly means from satellite (MODIS) and ground-based
(CIMEL CE-318) measurements at the Geophysical Observatory of ISTP SB RAS, 2005-2019.

3.2. Interannual Variations in Atmospheric AOD

Currently, major explosive volcanic eruptions are thought to be the main factor influ-
encing long-term AOD variability [14].

The next most crucial factor is massive forest fires [15-18] in the boreal zone (including
the Baikal region), which have become more frequent in recent years because of anthro-
pogenic factors. Figure 4 shows the AOD (550 nm) annual means for six observation points
in 2005-2019. The figure shows the similar patterns of changes in atmospheric transparency
in all regions: AOD highs in 2008, 2012 and 2014 and lows in 2013 and 2016, with the
absolute minimum in 2010.
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Figure 4. AOD (550 nm) interannual variability for six observation points in 2005-2019. Straight line
shows the linear trend; dotted line depicts fire count per year for Baikal region.

Table 1 shows long-term AOD means according to MODIS data, calculated from
monthly means over 2005-2019. The long-term AOD mean for the Baikal region (0.17) is
close in value to the global annual mean of AOD (0.16) from satellite data (MODIS, TOMS,
AVHRR) [19].

Table 1. AOD long-term means for 2005-2019 based on MODIS data.

Data Tory Babushkin  Bolshiye Koty =~ Maximikha Sarma
Maximum 0.181 0.180 0.182 0.182 0.181
Minimum 0.163 0.169 0.165 0.166 0.166

Mean 0.172 0.174 0.173 0.173 0.173

For the 15-year period addressed, there is a gradual decrease in atmospheric tur-
bidity. In Figure 4, the straight line depicts the linear negative trend for AOD (550 nm)
with an overall decreasing trend of 0.034 and a mean of 0.173 (linear trend equation
y = —0.00035x + 0.87428 year_l, R? = 0.129). A similar trend is obtained in [8], which asso-
ciates the atmosphere cleansing from aerosols with the absence of major volcanic eruptions
and lower anthropogenic (industrial) emissions.

We assessed the relationship between the variations in long-term AOD (550 nm) means
at the satellite overpass points.

Table 2 shows that there is a fairly high correlation of atmospheric AOD in the studied
region. This is indicative of the common processes of AOD variability in the Baikal
region. The maximum correlations of 0.905 and 0.9 were observed in Tory vs Bolshiye
Koty, Maximikha vs Sarma, respectively. The correlation decreased with distance between
the points. The satellite overpass points Tory and Bolshiye Koty, Maximikha and Sarma
are located at roughly the same latitudes, respectively. In [20], the authors note that AOD
values decreased with latitude, while these changes were minor in longitude. Table 1
suggests that AOD values decrease from south to north with an approximate average
gradient of AAOD = 0.002 = 0.001 per degree of latitude. This is consistent with the results
in [20], where the latitudinal decrease in AOD (550 nm) varied from 0.002 in January to
0.004 in July.
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Table 2. Cross-correlation coefficients of AOD variations over satellite overpass points.

Observation Point Tory Babushkin  Bolshiye Koty =~ Maximikha Sarma

Tory 1 0.701 0.905 0.738 0.755
Babushkin 1 0.687 0.765 0.874
Bolshiye Koty 1 0.702 0.774
Maximikha 1 0.9
Sarma 1

3.3. Seasonal Variations in AOD Monthly Means
Figure 5 shows the mean long-term annual variations in AOD (550 nm) for 2005-2019.

—&— Tory <— Bolshiye Koty = —— Sarma

Babushkin Maximikha —*— Uzury

0.24+

Month

Figure 5. The mean long-term annual variation in AOD for six satellite overpass points for 2005-2019
according to MODIS record (March-November).

We did not include the winter months in the analysis due to the high albedo of
the underlying surface [9]. The pattern of AOD annual variations from MODIS was
qualitatively consistent with the results of previous ground-based measurements at the
Geophysical Observatory of ISTP SB RAS [7]. The common pattern of intra-annual AOD
variability over satellite overpass points was the first high in April, the local low in May, the
second high in June, and the low in September-November. On average, the relative change
in AOD (550 nm) from June to November was more than 60%, which is consistent with
the results in [8], where the increase in AOD during the spring/summer period reached
60-80%, compared to the lowest values in autumn and winter.

4. Discussion

We compared MODIS data to the ground-based observations of AOD (550 nm) with
the sun photometer CIMEL CE-318 (level 2.0), a part of the global AERONET, at the
Geophysical Observatory of ISTP SB RAS (settl. Tory). The comparison of the two types of
data showed good agreement for atmospheric AOD (see Figure 3): a correlation coefficient
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of 0.86, a standard deviation of 0.05, and p-value is 0.03078, with the result significant at
p < 0.05. Based on the comparison, we concluded that the satellite data were consistent with
the stated level of accuracy [9], a correlation coefficient of 0.64 and a standard deviation of
0.06. We also found that the use of the long-term AOD monthly means was feasible for
the assessment of atmospheric spatiotemporal variations within the Baikal region. The
similar patterns in the changes in atmospheric turbidity in all regions (AOD highs in
2008, 2012 and 2014 and lows in 2013 and 2016, with the absolute minimum in 2010; see
Figure 4) are qualitatively consistent with the earlier paper [7] examining AOD interannual
variations at the 0.5 um wavelength based on data from the CIMEL CE-318 photometer at
the Geophysical Observatory of ISTP SB RAS.

The AOD highs in 2008, 2012 and 2014 are clearly shown in Figure 2. As can be
seen from Figure 2, mesoscale inhomogeneities are observed in the mean annual spatial
distributions of AOD. These inhomogeneities, in the general case, do not have a regular
spatial distribution and, apparently, depend on the transfer of smoke aerosol arising as a
result of forest fires. In [21], the authors analyzed parameters of forest fires in the Baikal
region using VEGA PRO remote sensing data for 2002-2017. One of the results from this
analysis is shown as a dotted line in Figure 4 as the count of forest fires per year. As we
can see from the Figure 4, the peaks in the fires count in 2008, 2012 and 2014 coincide with
the periods of maximum atmospheric AOD, confirming the defining influence of forest
fires (number and intensity) on the formation of interannual AOD variability during the
period studied. In work [4], it is shown that components of soil erosion origin (Al, Fe, Zn,
Cr, Ba) dominate in the elemental composition of the aerosols in the Baikal region. Their
concentration increased during forest fires up to 1.4-6 times on average. This is consistent
with the results presented in Figures 2 and 4.

Therefore, the spring and summer maximums and minimums of AOD variability in
the Baikal region were analyzed (see Figure 5). The April maximum may be due to the
intensification of photochemical processes of secondary (fine) aerosol formation, the release
of aerosol material during snowmelt, higher emission of coarse aerosols from exposed
soil, and smoke aerosols. According to [22], the first fires in the Baikal region occur in
April, which has the lowest relative air humidity, associated with the lowest atmospheric
precipitation and a sharp increase in air temperature. The local AOD minimum in May can
be related to the development of fresh plant cover, and higher precipitation that flushes out
the aerosols, reduces the likelihood of forest fires, and leads to lower atmospheric turbidity.
The combination of high temperature and low relative air humidity in June causes hot dry
winds and droughts contributing to fire hazards and hence, greater AOD in June. During
the other half of summer (July-August), cyclonic activity intensifies dramatically, resulting
in higher relative humidity and rainfall [23]. Thus, the Baikal region belongs to a group of
regions that display seasonal variations in atmospheric transparency, with the minimum in
spring and summer and the maximum in autumn.

5. Conclusions

The comparison of MODIS satellite data to ground-based measurements from the
CIMEL CE-318 sun photometer showed good agreement for atmospheric AOD: 0.86 corre-
lation coefficient and 0.05 standard deviation. We have concluded upon the consistency
of satellite data with the stated error level [9] and the feasibility of using long-term AOD
monthly means to assess spatiotemporal variations in atmospheric AOD.

The analysis of atmospheric spatiotemporal variations in the Baikal region revealed
the following features. The interannual variability of AOD is basically due to the impact of
forest fires. It is the same in all regions: the highest atmospheric AOD was in 2008, 2012
and 2014, and the lowest was in 2010, 2013 and 2016. For the Baikal region, the long-term
mean of AOD (0.17) was close to the global annual mean of AOD (0.16) obtained from
satellite data (MODIS, TOMS, AVHRR) [6]. For the 15-year period under review, there was
a gradual decrease in atmospheric AOD: a linear negative trend for AOD (550 nm) was
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revealed with an overall decreasing trend by 0.034 with a mean of 0.173. It is noted that
AOD decreases with latitude with a gradient AAOD = 0.002 + 0.001 per degree of latitude.
The mean seasonal variations in AOD by MODIS data over six sites were characterized
by spring (April) and summer (July) highs and low AOD values in autumn. From June to
November, the decrease in AOD (550 nm) monthly means was more than 60%.
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