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SO, and HCHO over the major
cities of Kazakhstan from 2005
to 2016: influence of political,
economic and industrial changes

Zhuldyz Darynova?!, Mehdi Amouei Torkmahalleh'?*, Talgat Abdrakhmanov?,
Serik Sabyrzhan?, Sultan Sagynov?, Philip K. Hopke3* & Jonilda Kushta®

Satellite observations of the Ozone Monitoring Instrument (OMI) for tropospheric sulfur dioxide

(SO,) and formaldehyde (HCHO) column mass densities (CMD) are analyzed for the period 2005-2016
over the atmosphere of Kazakhstan. Regarding SO, the major hot spots relate to regions with high
population and large industrial facilities. Such an example is the city of Ekibastuz that hosts the
biggest thermal power plants in the country and exhibits the higher SO, CMD at national level.

The annual average CMD in Ekibastuz reaches 2.5 x 10~° kg/m?, whereas for the rest of the country
respective values are 6 times lower. Other hotspots, mostly urban conglomerates such as Almaty and
Nur-Sultan, experience high CMDs of SO, in particular years, such as 2008. One of the main reasons
for this behavior is the financial crisis of 2008, forcing the application of alternate heating sources
based on cheap low-quality coal. Regarding HCHO, an oxygenated Volatile Organic Compound (VOCQ),
the main hot spot is noticed over the city Atyrau, the oil capital of the country where two massive oil
fields are located. The highest HCHO CMD (9 x 10%° molecules/cm?) appears in the summertime due

to secondary production as a result of the photo-oxidation of VOCs emitted by industrial sectors, oil
refinery plants and vehicles. Strongly elevated HCHO amounts are also observed in Nur-Sultan in 2012
that could be due to the residential coal combustion and vehicle exhaust under poor winter dispersion
conditions. Significant reductions in HCHO observed between 2012 and 2015 can be attributed to two
significant measures implemented in the country in 2013 that aimed at the improvement of air quality:
the introduction of the emission trading system (ETS) for greenhouse gases and Euro-4 standards for
new vehicles entering the national vehicle fleet.

Sulfur dioxide (SO,) is emitted to the atmosphere from fossil fuel burning, mainly coal and residual oil as well
as from volcanic eruptions. The atmospheric residence lifetime of sulfur dioxide is 2-7 days, and its main loss
mechanism in the atmosphere is oxidation to form sulfuric acid (H,SO,). Atmospheric formaldehyde (HCHO) is
mainly formed through the oxidation of different volatile organic compounds (VOCs) present in the atmosphere'.
Apart from the photochemical oxidation, which contributes to 70-90% of the vertical column density (CMD)
of atmospheric HCHO in urban areas®> combustion, biogenic activities and biomass burning account for the
majority of primary emissions. The loss of HCHO occurs by photolysis and reaction with hydroxyl radical (OH)".
HCHO levels play a significant role in controlling the ozone concentrations in urban areas since formaldehyde
photolysis is an important source of hydroperoxy radicals'. The hydroperoxy radicals contribute to the ozone
production cycle.

Long term monitoring of the atmospheric formaldehyde and sulfur dioxide by satellites may assist in deter-
mining the major sources of these compounds. Formaldehyde emissions have declined in the last 10 years in
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several cities including the USA (New York, Miami, and Philadelphia), Japan (Tokyo), and in several European
cities (Paris, London)*. These reductions have potentially resulted from the cumulative effect of several emissions
control policies regarding thermal power plants, emissions from vehicles, and the elimination of technically
obsolete enterprises®. SO, emissions also were reduced globally by 31% from 1990 to 2015°. However, individual
regions contributed differently. For instance, during the first decade, large reductions in SO, emissions happened
in Europe and North America, 54% and 21% respectively. While in East Asia, emissions increased by 32% over
this period. In the next decade, the situation remained similar for Europe and North America with emissions
decreasing by 40% and 50%, respectively®. For East Asia, two different trends occurred: in 2000-2005, emission
increased by 70%, and in 2005-2015, there were reductions of 13%”%. In India during the whole 25 years, SO,
emission increased by 3.3 times and for Pakistan SO, column density increased by 70% from 2004 to 2011°°.

Economic indicators and energy data show that the gross domestic product (GDP) of Kazakhstan has mul-
tiplied by roughly a factor of six between 2002 and 2016'°. Consequently, CO, emissions increased by a factor
of 1.5 for the period between 2005 and 2014'". Both the economic growth and the rise of CO, emissions in
Kazakhstan are related to oil and coal production as half of the energy of the country is produced from coal while
the oil sector is the main source of economic income!?. In 2014, Kazakhstan had the world’s highest household
coal consumption per capita (157 kgcap) despite the fact that the country has an abundance of natural gas'.
Simultaneously, the total level of non-methane volatile organic compounds (NMVOC) emissions increased from
41,300 tons/year in 2005 to 100,000 tons/year in 2016 from stationary anthropogenic sources'.

Sulfur dioxide CMDs were also driven mainly by anthropogenic sources such as energy production and
industrial sectors, especially due to the high sulfur content of fossil fuels used in combustion processes and
petroleum industries’. The dependence of the energy sector of Kazakhstan on raw material production high-
lights the importance of continuous monitoring of formaldehyde and sulfur dioxide to investigate their local
and regional climate impacts. Ground monitoring of the SO, and HCHO in Kazakhstan is limited due to small
number of monitoring sites that employ outdated measurement methods'. Therefore, satellite retrievals provide
a continuous approach to investigate the concentrations and trends of formaldehyde and sulfur dioxide levels
in major cities of Kazakhstan.

Previous work regarding air pollution concentrations in Kazakhstan was based on stationary monitoring
stations with limited measurements of pollutants in terms of species, duration, and spatial coverage. Only a few
studies explored these compounds in detail'>™”. Thus, the investigation of formaldehyde and sulfur dioxide using
satellite retrievals in Kazakhstan is an important study.

The satellite monitoring method used in this work provides an independent and objective source of informa-
tion, allowing conclusions to be drawn about changes in atmospheric composition. It gives opportunity to the
decision makers to make policy decisions based on the pollution sources and their contribution to the local air
quality. Such information regarding Kazakhstan and similar regions in the Central Asia is scarce in the literature.

This study investigated the temporal and spatial trends of HCHO and SO, from 2005 to 2016 in the major
cities of Kazakhstan with the highest population density, such as Nur-Sultan, Atyrau, Almaty, and Shymkent.
HCHO concentrations were estimated using data from the ozone monitoring instrument (OMI). SO, values
were estimated using data from the Modern Era-Retrospective Analysis for Research and applications version
2 (MERRA-2) model.

Materials and methods

The formaldehyde CMD values were retrieved from the Tropospheric Emission Monitoring Internet Service
(TEMIS) that computes and distributes concentrations of global tropospheric and stratospheric trace gases and
aerosols. TEMIS is a web-based service and is part of the European Space Agency that uses nadir-viewing satel-
lite instruments such as GOME, OMI, SCIAMACHY, and ATSR'®. The retrieval of sulfur dioxide CMDs was
performed through the Giovanni website of the Physical Oceanography Distributed Active Archive Center (PO.
DAAC) that collects data considering visual exploration and comparative analysis of physical oceanographic and
climate information, including ocean winds, temperature, topography, salinity, and circulation’. In our study,
data from the OMI instrument was used to estimate the formaldehyde and sulfur dioxide annual and seasonal
concentrations in Kazakhstan because of its daily global coverage, small footprint, and its high spatial resolution
that enables the detection of air pollution at urban scales.

The retrieval procedure for formaldehyde consists of three main steps. Initially, by the use of DOAS algo-
rithm, the effective slant columns are obtained through the measured Earth reflectance spectra®. Secondly, the
effective slant columns are converted to vertical columns by radiative transfer calculation of related air mass
factors (including the presence of clouds and aerosols). The radiative transfer calculation of air mass factors to
obtain vertical columns are performed by the method of Palmer et al.>!. The third step includes a normalization
of columns to eliminate remaining unphysical dependencies®. Our study uses a global monthly mean of the
level-3 data for formaldehyde gas CMD retrieval.

The data retrieval for sulfur dioxide is performed in graph-based representation and values of column mass
density (kg/m?) (CMD) were extracted to plot seasonal variations and trends. The SO, retrieval process follows
a similar procedure to formaldehyde gas. The SO, slant columns are retrieved by OMI based on an algorithm
of DOAS, with the wavelength range for sulfur dioxide being in 315-327 nm. The retrieval process consists of
two steps. The first step is the retrieval of total ozone amount by comparing the radiances between calculation
and actual measurement (317 and 331 nm). The second step considers the calculation of the difference between
the determined and computed radiances involving four short UV wavelengths in the SO, band: 310.8, 311.9,
313.2 and 314.4 nm®. In our study, the monthly average SO, concentrations were used. The focus of our study
were several urban conglomerates such as Almaty, Nur-Sultan, Shymkent and the industrial cities of Atyrau and
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Figure 1. (a) Monthly and (b) annual HCHO CMD for four major cities in Kazakhstan (Nur-Sultan (Astana),
Shymbkent, Almaty and Atyrau).

Ekibastuz. More information about the trends in population density in these cities (for the period 2000 to 2018)
and their location can be found in Annex I of the Supplementary Material.

Time series decomposition. Time series data usually contain different types of patterns, and in order to
capture the underlying patterns of our time series data, we first need to decompose it into several components,
each of which represents a different structure in the data. Time series decomposition is a statistical task in which
we deconstruct the data into several parts. Assuming an additive decomposition, we can consider our time series
constructed from three components of trend, seasonal and irregular elements. So, we can describe our time
series at time ¢ (y;) as:

ye =T+ St +It. (1)

where T, is trend component at time ¢ representing the long-term evolution of the concentrations. This element
exists in the data when there is a persistent increase or decrease; S, is the seasonal component at time ¢ describing
the seasonal variations in the time series that happens over a fixed, known period. The time series consists of
yearly seasonality; and I, is the random component at time ¢ reflects local variations in the data and characterizes
the remainder of the time series after removing the trends and seasonal components.

We performed the statistical analyses in R language, and we employed STL function from “seasonal” package
for the decomposition. Seasonal and Trend decomposition using Loess is an adaptable, robust method for the
time series decomposition, developed by Cleveland et al.>.

Results and discussion

The monthly mean monthly averaged for each respective month over the time period 2005-2016 and the annual
variations of the satellite HCHO CMD over four cities (Nur-Sultan, Shymkent, Almaty and Atyrau) are presented
in Fig. 1a,b, respectively. The maximum HCHO CMD for the three cities Nur-Sultan, Shymkent and Atyrau was
observed between June and August (Fig. 1a). High photochemical activity in the summer leads to the higher
production of HCHO as a major end product of atmospheric organic compound oxidation?. Formaldehyde
increased in the summer with increased air temperature and solar intensity, and increased free radical, nitro-
gen oxides, ozone, and biogenic precursor concentrations. This seasonal variation of HCHO was observed for
Nur-Sultan, Ekibastuz, and Atyrau. However, we observed a different trend for Almaty with higher HCHO con-
centrations during the spring and winter (Fig. 1a) and the lowest CMD during early Fall (September). Figure 2
presents the results of the Time Series Decomposition analyses for Almaty. It distinguishes the seasonal effects
and the source effects on the monthly variations of HCHO. The seasonal effect is less influential compared to
the source effect but consistently showed a maximum in winter and a minimum in summer, while the trend plot
(source effect) shows both maxima and minima in summer depending on the year of the study. The observed
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Figure 2. Monthly HCHO time series decomposition graph for Almaty.

increased CMDs in spring and winter in Almaty could be due to metrological effects including the increased
solar radiation (spring) and lower boundary layer height (winter) and to a lesser extent due to sources of reactive
hydrocarbons such as biomass burning (winter). While decreased HCHO in the fall could be due to increased
precipitation that reduces formaldehyde via washout. The average yearly precipitation in Nur-Sultan, Ekibastuz,
Atyrau and Almaty is 308 mm, 269 mm, 161 mm, and 574 mm, respectively?. Thus, the lower HCHO values in
Almaty compared to the other cities can be attributed to the higher rates of precipitation.

Some satellite data were missing during winter for Nur-Sultan due to heavy snow covering the ground. Aver-
age monthly mean HCHO through the 12-year period ranged from 4.70 to 9.06 x 10'® molecules/cm? for Atyrau,
2.82 to 7.07 x 10"® molecules/cm? for Nur-Sultan, 3.90 to 6.72 x 10'* molecules/cm? for Shymkent, and 2.13 to
4.94x 10" molecules/cm? in Almaty.

Figures S9-11 present the decomposition plots for Nur-Sultan, Atyrau, and Shymkent.

Shymkent, Almaty and Atyrau experienced slight increases between 2005 and 2016 (Fig. 1b) whereas in
Nur-Sultan (blue line), the level of HCHO CMD fluctuated during the 12 years, with a peak period in 2012. The
reduction of HCHO CMD in Nur-Sultan after 2012 may have resulted from the implementation of two major
emissions reduction measures in 2013. Euro-4 standards were required for all new cars sold beginning this year.
and an emission trading system (ETS) for greenhouse gases was implemented. Overall, during the study period,
the highest average HCHO CMD was observed in Atyrau (6.66 + 0.6 x 10'* molecules/cm?) while in Nur-Sultan
and Shymbkent, had very similar values (~ 5.55+ 0.6 x 10'* molecules/cm?). The lowest HCHO CMD was estimated
for Almaty (3.40+0.6 x 10'*> molecules/cm?). The high HCHO CMD in Atyrau can be attributed to the presence
of oil and gas processing facilities that emit significant quantities of VOCs including primary HCHO. The emitted
species would also serve as precursors for the formation of secondary HCHO. The relationship between monthly
temperature and HCHO is depicted in Fig. 3. HCHO had very poor correlation with temperature (R*=0.09) in
Almaty. However, for the other cities, Nur-Sultan, Shymkent and Atyrau, the correlation coefficients were high
(0.68, 0.70, and 0.80, respectively). The high correlations between temperature and HCHO CMDs in these cities
suggest that the main source of HCHO is secondary formation promoted by the higher temperatures and solar
radiance. The poor correlation between temperature and HCHO CMD in Almaty may be the lack of precursor
sources so that the concentrations are driven by the primary emission of HCHO by biomass burning and related
combustion sources. In addition, Almaty introduced CNG vehicles in 2013 and such vehicles emit significant
quantities of formaldehyde and acetaldehyde?’.

Ekibastuz was the city that experienced the highest SO, CMD likely due to two power plants, the biggest coal
fired power plants in the Republic of Kazakhstan, located in the vicinity®®. Overall, the sulfur dioxide CMD in
Ekibastuz decreased slightly from 2005 to 2016 (Fig. 4a,b). However, a sharp peak in the SO, CMD was observed
in 2012 that can be attributed to the operation status of coal power plants (maximum capacity) in accordance
with the national plan for the distribution of quotas for greenhouse gas emissions®. The highest energy produc-
tion in the period between 2010 and 2016 was generated in 2012 with the overall generated energy in that year
being more than 41.86 x 107 kJ*°. Figure S12 shows the SO, CMD time series decomposition plots for Ekibastuz.

In Almaty, the main sources of SO, include the burning of coal and emission from on-road vehicles. For
the both cities, the trend graphs (Figures S13 and S14) show major peaks in winter. The peak in winter could
be attributed to coal burning and poorer ventilation conditions (lower boundary layer heights and lower wind
speeds) in Almaty. In Nur-Sultan due to the very low temperature in the wintertime, the SO, CMD increases
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Figure 3. Relationship between HCHO CMD (10'° molecules/cm? in y-axis) and average monthly temperature
(°C in x-axis).

as residential coal burning increases and the dispersion conditions decline. Overall, SO, CMD declined in
Almaty from 2005 to 2016 with the maximum CMD of SO, observed in 2008 (3.52 x 10~® kg/m?) as shown in
Figure S13 (trend plot). This peak happened after a steady increase in the CMD by approximately 10% during
2005 to 2008 followed by a sharp decrease of approximately 17% in 2009. After the financial crisis in Kazakhstan
peaked in 2008, the authorities® took a series of measures related to budget limitations on leading institutions
such as banks, construction companies, agriculture, industrial enterprises, and others to operate at minimum
capacity*’. During the crisis, the population living in Almaty used low-quality coal due to financial restrictions
and that could have resulted in the higher emissions of SO, observed in 2008. Also, the combustion of cheap
coal and fuel oil for heating in the winter by the residential and commercial sectors in Almaty made significant
contributions to the air pollution in this city*.

There were relatively small variations in the SO, concentrations in the other 4 cities over the study period with
some decline in the more recent years. The highest peak of SO, in Atyrau in the period between 2005 and 2016
was observed in 2010 (Figure S15). The observed SO, CMD was 2.21 x 107 kg/m? in that year. In 2010, 11.39
million tons of crude oil was processed in the three biggest oil refineries of the Republic of Kazakhstan, exceeding
the planning numbers by 2% which was 381 thousand tons of crude oil according to the annual report of JSC
“KazMunayGas™**. This over-fulfillment was achieved by assigning the extra load to the Atyrau oil refinery in
2010 (ibid), and is likely the reason for the observed peak in SO, CMD in 2010.

Both formaldehyde and sulfur dioxide peaks in Nur-Sultan in 2012 could be attributed to local residential
coal combustion and vehicle exhaust under poor winter dispersion condition. However, after 2012 the CMDs of
these two pollutants significantly dropped.

Figure 5 shows the average seasonal variations of satellite derived SO, CMD between 2005 and 2016 in the
four cities. High SO, CMD is reported for Ekibastuz, varying between 20 and 25 kg/m?, with peak values in
summer and fall; while in Nur-Sultan these values range between 3.9 and 5.2 kg/m?, in Atyrau 1.6-2.1 kg/m?
and in Almaty between 2.4 and 4.1 kg/m?* Ekibastuz is one of the largest cities near coal deposits with non-
significant seasonal variations in SO, CMD. Atyrau and Nur-Sultan experienced higher SO, CMD in winter
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Figure 4. (a) Monthly and (b) annual SO, CMD for four major cities in Kazakhstan (Nur-Sultan (Astana),
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compared to other seasons of the year that could be attributed to the increased demand for heating energy con-
sumption, emissions from industries and power stations during the winter period when dispersion conditions
are weaker®®. Additionally, lower concentrations of OH and H,0, in the troposphere during the winter result in
maintaining SO, in winter compared to summer when OH radicals can oxidize SO, to H,SO, along with much
stronger dispersion conditions with higher mixed layer heights and wind speeds®®. Almaty shows an opposite
trend with a peak in SO, CMD observed in summer. The weather history shows that the major wind direction
in summer in Almaty and Ekibastuz is from the North and the average wind speed is approximately 2.6 m/s
and 4 m/s, respectively®’. Ekibastuz is located north of Almaty and approximately 1,400 km distant. Transport
of SO, from Ekibastuz to Almaty in summer could be a factor for the increase summer SO, in Almaty (Figs. 5
and S13-seasonal plot). Given the average wind speed and the direction in summer, the time required for SO,
to be transported from Ekibastuz to Alamty is approximately 8 days which is comparable with the atmospheric
residence time of SO, (7 days) in the presence of typical OH concentration®®. This analysis suggests that SO, can
be transported from Ekibastuz to Almaty during summer. In winter, the wind direction in Ekibastuz is from
south/west that is not in favor of SO, transfer to Almaty. The higher SO, concentration in summer can lead to
reductions in atmospheric oxidants such as OH and therefore, secondary production of HCHO would be reduced
leading in part, to the observed reductions in HCHO CMD during summer in Almaty (Fig. 1a).

Conclusions

This study examined main SO, and HCHO hot spots over Kazakhstan during the period of 2005 to 2016. Ekibas-
tuz was found to be a hot spot for SO, compared to other cities, likely due to large thermal power plants that
operate in the area and provide a large portion of the electricity for Kazakhstan. High SO, CMD in particular
years were observed in different cities due to natural, political, and socio-economical changes including the
2007-09 financial crisis that led to the utilization of cheaper fuels such as coal and fuel oil and other factors such
as abnormal number of wildfires, increased oil recycling, and electricity productions. Transferring the capital of
Kazakhstan from Almaty to Nur-Sultan gave rise to the air pollution in the new capital that would be driven by
urbanization and an increased population. High summer HCHO concentrations were observed over all of the
studied cities except Almaty. The increases could be caused by secondary production of HCHO as a result of the
photooxidation of VOCs. In Kazakhstan, the limited spatiotemporal ground monitoring means that the applica-
tion of satellite data to investigate air quality is a useful and necessary method to obtain necessary air quality data.

Received: 15 April 2020; Accepted: 17 June 2020
Published online: 28 July 2020

References
1. Parrish, D. D. et al. Primary and secondary sources of formaldehyde in urban atmospheres: Houston Texas region. Atmos. Chem.
Phys. 12(7), 3273-3288. https://doi.org/10.5194/acp-12-3273-2012 (2012).
2. Li, X., Wang, S., Zhou, R. & Zhou, B. Urban atmospheric formaldehyde CMDs measured by a differential optical absorption
spectroscopy method. Environ. Sci. Process. Impacts 16(2), 291-297. https://doi.org/10.1039/c3em00545c¢ (2014).
3. De Smedt, L., Stavrakou, T., Miiller, J. F, Van Der, A. R. J. & Van Roozendael, M. Trend detection in satellite observations of for-
maldehyde tropospheric columns. Geophys. Res. Lett. https://doi.org/10.1029/2010g1044245 (2010).
4. Duncan, B. N. et al. A space-based, high-resolution view of notable changes in urban NOX pollution around the world (2005-2014).
J. Geophys. Res. Atmos. 121(2), 976-996. https://doi.org/10.1002/2015jd024121 (2016).
5. Hoesly, R. M. et al. Historical (1750-2014) anthropogenic emissions of reactive gases and aerosols from the Community Emissions
Data System (CEDS) Geosci. Model Dev. 11, 369-408. https://doi.org/10.5194/gmd-11-369-2018 (2018).
6. Myhre, G. et al. Multi-model simulations of aerosol and ozone radiative forcing due to anthropogenic emission changes during
the period 1990-2015. Atmos. Chem. Phys. 17, 2709-2720. https://doi.org/10.5194/acp-17-2709-2017 (2017).
7. Klimont, Z., Smith, S. J. & Cofala, J. The last decade of global anthropogenic sulfur dioxide: 2000-2011 emissions. Environ. Res.
Lett. 8(1), 014003. https://doi.org/10.1088/1748-9326/8/1/014003 (2013).
8. Klimont, Z. et al. Global anthropogenic emissions of particulate matter including black carbon. Atmos. Chem. Phys. 17, 8681-8723.
https://doi.org/10.5194/acp-17-8681-2017 (2017).
9. Khattak, P, Khokhar, M. F. & Yasmin, N. Spatio-temporal analyses of atmospheric sulfur dioxide column densities over Pakistan
by using SCTAMACHY data. Aerosol Air Qual. Res. https://doi.org/10.4209/aaqr.2013.12.0357 (2014).
10. Darynova, Z. et al. Evaluation of NO, column variations over the atmosphere of Kazakhstan using satellite data. J. Appl. Remote
Sens. 12(04), 1. https://doi.org/10.1117/1.jrs.12.042610 (2018).
11. The World Bank. 2018. CO, Emissions (Kt)|Data. Data. Worldbank.Org. https://data.worldbank.org/indicator/EN.ATM.CO2E.KT.
12. Kerimray, A., Rojas-Sol6rzano, L., Torkmahalleh, M. A., Hopke, P. K. & Gallachdir, B. P. O. Coal use for residential heating: pat-
terns, health implications and lessons learned. Energy Sustain. Dev. 40, 19-30. https://doi.org/10.1016/j.esd.2017.05.005 (2017).
13. MNERK (Ministry of National Economy of the Republic of Kazakhstan) committee on statistics. 2018. Beit6pocst Hanbornee
Pacnpocrpanennbix Bpennbix Bemects, Otxopamux Ot CraumonapHbix [IpombinieHHBIX VIcTOUHNMKOB 3arpsAsHeHNA
Armocdeproro Bosgyxa. Stat.Gov.Kz. https://stat.gov.kz/faces/homePage?_afrLoop=1521317059852803#%2Foracle%2Fweb
center%2Fportalapp%2Fpages%2FSearchPage.jspx%40%3F_adf.ctrl-state%3D1bmpv25v0t_29
14. JERP, and TWB. 2018. Towards cleaner industry and improved air quality monitoring in Kazakhstan. Documents. Worldbank.
Orghttps://documents.worldbank.org/curated/en/132151468047791898/pdf/839150WP0P133300Box0382116B000UO090.pdf.
15. Godyna N., A. Aletayev. 2017. Analysis of atmospheric air pollution in the territory of the Republic of Kazakhstan. In: Conference
Paper Quality Management: Search and Solution (pp. 327-333)
16. Kulmanova, N. & Jailaubekov, Y. Qualitative and quantitative composition of emissions of pollutants of automobile transport in
Kazakhstan. Kazakh Acad. Transp. Commun. M. Tynyshpaeva 5(66), 92-97 (2010).
17. Hanturina, S., Mashin, R. & Amirkhanova, E Evaluation of air pollution Aiteke-bi village of the aral region of Kazakhstan. Acad.
Natl. Sci. 1, 103-114 (2015).
18. De Smedt, L. et al. Diurnal, seasonal and long-term variations of global formaldehyde columns inferred from combined OMI and
GOME-2 observations. Atmos. Chem. Phys. Discuss. 15(8), 12241-12300. https://doi.org/10.5194/acpd-15-12241-2015 (2015).
19. Earthdata.nasa.gov. 2018. Physical oceanography DAAC (PO.DAAC)|Earthdata. Earthdata.Nasa.Gov. https://earthdata.nasa.gov/
about/daacs/daac-podaac.

SCIENTIFIC REPORTS |

(2020) 10:12635 | https://doi.org/10.1038/s41598-020-69344-w


https://doi.org/10.5194/acp-12-3273-2012
https://doi.org/10.1039/c3em00545c
https://doi.org/10.1029/2010gl044245
https://doi.org/10.1002/2015jd024121
https://doi.org/10.5194/gmd-11-369-2018
https://doi.org/10.5194/acp-17-2709-2017
https://doi.org/10.1088/1748-9326/8/1/014003
https://doi.org/10.5194/acp-17-8681-2017
https://doi.org/10.4209/aaqr.2013.12.0357
https://doi.org/10.1117/1.jrs.12.042610
https://data.worldbank.org/indicator/EN.ATM.CO2E.KT
https://doi.org/10.1016/j.esd.2017.05.005
http://stat.gov.kz/faces/homePage?_afrLoop=1521317059852803#%2Foracle%2Fwebcenter%2Fportalapp%2Fpages%2FSearchPage.jspx%40%3F_adf.ctrl-state%3D1bmpv25v0t_29
http://stat.gov.kz/faces/homePage?_afrLoop=1521317059852803#%2Foracle%2Fwebcenter%2Fportalapp%2Fpages%2FSearchPage.jspx%40%3F_adf.ctrl-state%3D1bmpv25v0t_29
http://documents.worldbank.org/curated/en/132151468047791898/pdf/839150WP0P133300Box0382116B00OUO090.pdf
https://doi.org/10.5194/acpd-15-12241-2015
https://earthdata.nasa.gov/about/daacs/daac-podaac
https://earthdata.nasa.gov/about/daacs/daac-podaac

www.nature.com/scientificreports/

20. Platt, U. & Stutz, J. Differential Optical Absorption Spectroscopy (Springer Verlag, Berlin, 2008).

21. Palmer, P. I. et al. Air mass factor formulation for spectroscopic measurements from satellites: application to formaldehyde retriev-
als from the global ozone monitoring experiment. J. Geophys. Res. Atmos. 106(D13), 14539-14550. https://doi.org/10.1029/2000j
d900772 (2001).

22. Lerot C., de Smedt, L., Stavrakou, T., Muller, J.-F. & Van Roozendael, M. 2009. Combined formaldehyde and glyoxal observations
from GOME-2 backscattered light measurements. In: ESA Atmospheric Science Conference.

23. Lee, C. et al. Retrieval of vertical columns of sulfur dioxide from SCTAMACHY and OMLI: air mass factor algorithm development,
validation, and error analysis. J. Geophys. Res. https://doi.org/10.1029/2009jd012123 (2009).

24. Cleveland, R. B., Cleveland, W. S., McRae, J. E. & Terpenning, I. STL: a seasonal-trend decomposition. J. Off. Stat. 6(1), 3-73 (1990).

25. Cerdn, R. M., Cerdn, J. G. & Muriel, M. Diurnal and seasonal trends in carbonyl levels in a semi-urban coastal site in the gulf of
Campeche. Mexico. Atmos. Environ. 41(1), 63-71. https://doi.org/10.1016/j.atmosenv.2006.08.008 (2007).

26. Climate Data for Cities Worldwide. https://www.climate-data.org.

27. Olofsson, M., Erlandsson, L. & Willner, K. Enhanced emission performance and fuel efficiency for HD methane engines. Report
OMT 1032. AVL MTG; 2014. https://www.ieabioenergy.com/wp-content/uploads/2014/09/Enhanced-emission-performance-and-
fuel-efficiency-of-HD-methaneengines-2014-Final-report.pdf.

28. Tasboulatova, S. 2013. Severe air pollution chokes atyrau. Ak Zhaiyk. https://azh.kz/en/news/view/2897.

29. Samruk Energy. (2015). Samruk Energy Journal, 1, p. 125. Statistics. 2018. Stat.Gov.Kz. https://stat.gov.kz/getImg?id=ESTAT10138
6

30. CATEK. (2016). Akyuorneproe obusecmso «Llenmpanvro-Asuamckas monnueHo-sHepzemuueckas komnarusi» AO «[JATOK», p.31.

31. Voxpopuli.kz. (2011). 2008 200. [online] Available at: https://www.voxpopuli.kz/history/534-2008-god.html. Accessed 29 Nov.
2018.

32. Razina, A. (2016). 25 nem nesagucumocmu. 2008 200 — punarcosviii kpusuc, env cmonuupl u nepéas nobeda MUnvuna. [online]
Informburo.kz. Available at: https://informburo.kz/stati/25-letnezavisimosti-2008-god-finansovyy-krizis-den-stolicy-i-pervaya-
pobeda-ilina.html. Accessed 28 Nov. 2018.

33. Sulyimenova, N. & Utibaeva, Z. (2011). Mcmounuku 3azpasHeHus 6030yXa u 3K0n02u4eckas 06cmanosKa 6030yuiHoeo bacceiina
Anmamuo. [online] Articlekz.com. Available at: https://articlekz.com/article/12900. Accessed 30 Nov. 2018.

34. KazMunayGas. (2010). JSC KazMunayGas Journal, p. 12.

35. Igarashi, Y. et al. Seasonal variations in SO, plume transport over japan: observations at the summit of Mt Fuji from winter to
summer. Atmos. Environ. 40(36), 7018-7033. https://doi.org/10.1016/j.atmosenv.2006.06.017 (2006).

36. Chen, L.-W.A. et al. Seasonal variations in elemental carbon aerosol, carbon monoxide and sulfur dioxide: implications for sources.
Geophys. Res. Lett. 28(9), 1711-1714. https://doi.org/10.1029/2000gl012354 (2001).

37. Weatherpark.com. Average Weather in Almaty Kazakhstn Year Round. https://weatherspark.com/y/108859/ Average-Weather-in-
Almaty-Kazakhstan-Year-Round

38. Seinfeld, J. H. & Pandis, S. N. Atmospheric Chemistry and Physics, From Air Pollution to Climate Change 2nd edn. (Wiley, Hoboken,
2006).

Acknowledgements
The authors of this study would like to acknowledge Nazarbayev University for providing the Faculty Small Grant
(No: 090118FD5315) to the corresponding of this manuscript (MAT) to conduct this study.

Author contributions

Mehdi Amouei Torkmahalleh supervised the research and edited the draft of the manuscript. Zhuldyz Darynova
prepared the draft of the manuscript. Talgat Abdrakhmanov, Serik Sabyrzhan, and Sultan Sagynov did data
extraction and data analysis. Jonilda Kushta edited and improved the manuscript. Philip K Hopke improved
the English and Science of the manuscript and helped to better interpert the sesonal and monthly variations of
the pollutants.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-69344-w.

Correspondence and requests for materials should be addressed to M.A.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:12635 | https://doi.org/10.1038/s41598-020-69344-w


https://doi.org/10.1029/2000jd900772
https://doi.org/10.1029/2000jd900772
https://doi.org/10.1029/2009jd012123
https://doi.org/10.1016/j.atmosenv.2006.08.008
http://www.climate-data.org
http://www.ieabioenergy.com/wp-content/uploads/2014/09/Enhanced-emission-performance-and-fuel-efficiency-of-HD-methaneengines-2014-Final-report.pdf
http://www.ieabioenergy.com/wp-content/uploads/2014/09/Enhanced-emission-performance-and-fuel-efficiency-of-HD-methaneengines-2014-Final-report.pdf
https://azh.kz/en/news/view/2897
http://stat.gov.kz/getImg?id=ESTAT101386
http://stat.gov.kz/getImg?id=ESTAT101386
http://www.voxpopuli.kz/history/534-2008-god.html
https://informburo.kz/stati/25-letnezavisimosti-2008-god-finansovyy-krizis-den-stolicy-i-pervaya-pobeda-ilina.html
https://informburo.kz/stati/25-letnezavisimosti-2008-god-finansovyy-krizis-den-stolicy-i-pervaya-pobeda-ilina.html
https://articlekz.com/article/12900
https://doi.org/10.1016/j.atmosenv.2006.06.017
https://doi.org/10.1029/2000gl012354
https://weatherspark.com/y/108859/Average-Weather-in-Almaty-Kazakhstan-Year-Round
https://weatherspark.com/y/108859/Average-Weather-in-Almaty-Kazakhstan-Year-Round
https://doi.org/10.1038/s41598-020-69344-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	SO2 and HCHO over the major cities of Kazakhstan from 2005 to 2016: influence of political, economic and industrial changes
	Anchor 2
	Anchor 3
	Materials and methods
	Time series decomposition. 

	Results and discussion
	Conclusions
	References
	Acknowledgements


