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Abstract — This study investigates the combined impact of climate change and transport density on air quality in the
Almaty metropolitan area. Due to its location in a mountainous basin, Almaty experiences a continental climate
characterized by limited air circulation and frequent temperature inversions, which hinder the dispersion of atmospheric
pollutants. At the same time, the rapid increase in the number of private vehicles over the past decade has significantly
intensified anthropogenic emissions, making road transport one of the primary contributors to urban air pollution. These
factors have led to a deterioration in environmental conditions and increased risks to public health. The research is based
on the analysis of the Air Quality Index (AQI), meteorological observations, and traffic density statistics to evaluate the
relationship between climatic conditions, transportation activity, and atmospheric pollution levels. Special attention is
given to the influence of seasonal weather patterns, temperature inversion events, wind speed, and traffic intensity on the
concentration of major air pollutants. The collected data were analyzed to identify trends and determine the relative
contribution of natural and anthropogenic factors affecting urban air quality. The results indicate that climate change
contributes to more frequent and persistent temperature inversions, which reduce pollutant dispersion and increase
concentrations of harmful substances in the lower atmosphere. Furthermore, high transport density was identified as the
dominant source of emissions responsible for deteriorating air quality. Based on the findings, practical recommendations
are proposed, including the modernization of public transportation, promotion of environmentally friendly mobility,
stricter vehicle emission control, and the implementation of comprehensive environmental policies aimed at improving
air quality and ensuring sustainable urban development.

Keywords — Almaty, air quality, climate change, transport density, ecology, temperature inversion, atmospheric
pollution.
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Anoamna — byn 3epTrey AnMarhl MEralnoJMCiHIeri arMoc(epaliblK ayaHbIH callachlHa KIMMATTBIH ©3repyi MeH KeJliK
arbIHBI THIFBI3BIFBIHBIH 9CEPiH TaJayFa apHaiFaH. KajgaHbIH Taylbl Ka3aHIIYHKbIp/Aa OpHAIacybl )KoHE KOHTHHEHTTIK
KJIMMAaThl aya MaccaJapbIHbIH QJICi3 alfHAJIbIMBIHA )KOHE TEMIIepPaTypaJblK HHBEPCHUSIIAP/IBIH JKU1 KaJIBIITACYbIHA BIKITAJ
eTeli, COHBIH calJapblHaH JacTaylbl 3aTTapbIH aTMocdepana Taparybl KUbIHIal 6. COHBIMEH KaTap, COHFBI OH JKbUI
iITiHAE aBTOKOJIK CAHBIHBIH KYPT apTybl aHTPOIOTEHIIK IIBIFApBIHIBLIAD KOJEeMiH efoyip KeOeHTim, aBTOKeJIKTi
aTMoc(epabIK ayaHbl JJaCTayIbIH HETi3Ti Ke3aepiHiH Oipine afHanabIpasl. Taburn skoHe aHTPOMOTEHIIK (GaKTOpIapIBIH
OipeckeH ocepi FIKOIOTHSUTBIK JKaFJaiIbIH HallapiIayblHa JKOHE XaJIbIK JeHCAYJIBIFbIHA TOHETIH KayilTiH apTybIHA aJbIIl
keneni. 3epTrey 6apbIChiHAa aTMOC(EPABbIK ayaHbIH camna uHaekci (AQI), MeTeopoIOTUANBIK OaKplIay JEpEeKTepi HKoHE
KOJIIK aFbIHJIapbIHBIH CTaTUCTUKACHI HETI3iHIE KIMMATTBIK XKaraaiaap, KoK KO3FaJbICHIHBIH KAPKbIHABUIBIFEI )KOHE
aTMoc(epaHbIH JIacTaHy JCHredi apachlHAarbl ©3apa OalmaHpic OaranmaHabl. MaychIMABIK —©3TepicTep/iH,
TEMIIEpaTyPAJIbIK HHBEPCHSIIAP/IBIH, eI SKbUIJaMIbIFBIHBIH JKOHE KOJIK aFbIHBIHBIH THIFBI3/IBIFBIHBIH HET13T1 J1acTaylIbl
3aTTapJblH KOHIIEHTPaLMsIChIHA oCEpiHe epeKile Hasap ayaapbuiibl. JKnHaimFaH JepekTep aTMoc(hepalblk ayaHbIH
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JIACTaHy 3aHABUIBIKTAPBIH aHBIKTAaYFa )KOHE KIMMATTHIK 9pi KOTIKTIK akTopiaapAblH YIeciH Oaraiayra MYMKIHIIK Oep/Ii.
3epTTey HOTHXKENepi KIMMATTHIH ©3repyi TeMmIepaTypaiblK HHBEPCUSUIAPABIH KU MEH Y3aKTBHIFBIH apTTHIPHII,
JacTayIIbl 3aTTapasIH aTMoc(epaHbIH TOMEHT1 KaOaThIHIA JKUHATYbIHA BIKMAJ eTeTiHiH KepcerTi. CoHmai-aK, Keik
aFBIHBIHBIH JKOFAPbl THIFBI3BIFBI 3USH/IbI HIBIFAPBIHIBLIIAPABIH HETI3r KO3l €KeHIi aHBIKTa/bl. AJIBIHFAH HOTIIKEIEp
HETi31He KOFaMIBIK KOJIKTi JaAMBITY, SKOJIOTHSUIBIK Ta3a KOJIK TYpJepiH BIHTATaHIBIPY, aBTOKOIK IIBFapBIHIBLIAPHIH
0aKplIayIbl KYLICHTY JKOHE KaJaHBIH aya CarachlH JKAKCApTy MEH OPHBIKTBI IaMYbIH KAMTAMAaChI3 €Tyre OarbITTaliFaH
9KOJIOTHSUIBIK CasiCaTThl XKETUIAIPY OOMBIHIIA MPAKTHKAJIBIK YCHIHBIM/AP YCHIHBUIIBI.

Tyiiin co30ep — Anmartel, aya canachl, KJIMMATTBIH ©3repyi, KOJIK THIFBI3ABIFbI, 9KOJIOTHs, TEMIIEPATYPaNIbIK HHBEPCHS,
aTMocdepanbiK JacTaHy.
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Annomayun — J{aHHOE UCCIEI0BaHNE TOCBAIICHO aHATN3Y BIUAHUSA U3MEHEHHUS KIIMMAaTa U IJI0THOCTH TPAHCIIOPTHOTO
MOTOKa Ha KayecTBO aTMOc(epHOro Bo3ayxa B Meramnodce AjaMaTel. ['eorpaduyeckoe pacnonoKeHnue roposia B TOpHOH
KOTJIOBUHE U KOHTHHEHTAJbHBIH KIMMAaT CIOCOOCTBYIOT CJa0OM IMPKYJISLUM BO3AYIIHBIX Macc M YacTOMY
BO3HHKHOBEHHUIO TEMIIEPATypHBIX MHBEPCHH, YTO 3aTPyAHSAET PACCEHMBAHUE 3arpsA3HAIONINX BemecTB. OAHOBPEMEHHO
CTPEMUTENBHBII POCT KOJIMYECTBA aBTOTPAHCIOPTHBIX CPEACTB 3a MOCIENHEE AECATHICTHE 3HAYUTENBHO YBEIHYHI
00BEM aHTPOIIOTCHHBIX BBHIOPOCOB, BCIEIACTBHE YETO TPAHCIOPT CTal OAHHUM W3 OCHOBHBIX MCTOYHHKOB 3arpsi3HEHUS
aTMocepHoro Bo3nyxa. COBOKYITHOE BO3ZEHCTBHE IPUPOJHBIX M aHTPOIIOTEHHBIX (DAKTOPOB IPUBOAUT K YXYIIICHHUIO
9KOJIOTUYECKOH OOCTAHOBKM ¥ MOBBIIICHUIO PHCKA JUIA 370POBbS HaceleHMs. lccienoBaHWe OCHOBAHO Ha aHAJIM3E
nHIIeKca KadecTBa Boszayxa (AQI), MeTeoponornieckux JaHHBIX M CTATHCTHKH TPAHCIIOPTHBIX ITOTOKOB IUIST OLIEHKH
B3aUMOCBSI3H MEXIY KIMMAaTHYECKUMH YCIOBUSIMH, HHTEHCUBHOCTBIO JIBIKEHHUSI U YPOBHEM 3arpsisHEHUsI aTMOC(EpPHI.
Oco0oe BHUMAaHUE YeIeHO BIUSAHUIO CE30HHBIX U3MEHEHHH, TeMIIepaTypHBIX HHBEPCUH, CKOPOCTH BETpa U INIOTHOCTH
TPAHCHOPTHOTO TOTOKA HAa KOHIIEHTPAIIMIO OCHOBHBIX 3arps3HIIOMIMX BeliecTB. [losyueHHbIE TaHHbBIE TO3BOJIIIH
BBISIBUTH 3aKOHOMEPHOCTH (POPMHUPOBAHHUS 3arpsI3HEHNUS BO3/1yXa M ONPEAEINTh BKJIAJ] KIMMATUYECKUX U TPAHCIIOPTHBIX
(axTopoB. Pe3ynbraThl MCCIEAOBaHMS MOKA3aJld, YTO HW3MEHEHHE KIIMMaTa CIOCOOCTBYET YBEIWYEHHIO YacTOTHI M
MIPOAOJDKUTEIBHOCTH TEMIIEPATYPHBIX HHBEPCHUH, UTO MPUBOIUT K HAKOIUICHHUIO 3arPSA3HAIONINX BEIIECTB B IMPU3EMHOM
cioe arMocdepsl. YCTaHOBIIEHO, YTO BBICOKAs IUIOTHOCTH TPAHCIIOPTHOTO IOTOKA SIBJISICTCS OCHOBHBIM HCTOYHHKOM
BpEIHBIX BBHIOpOcoB. Ha OCHOBE MOy4eHHBIX PE3yJIbTATOB MPEATI0KEHBI MPAKTHYECKHE PEKOMEH/IAINH 110 Pa3BUTHIO
OOIIIECTBEHHOTO TPAHCHOPTa, CTUMYJIMPOBAHMIO O3KOJIOTHYECKH UYNUCTOM MOOWIBHOCTH, YCHJICHHIO KOHTPOJIS 3a
BBIOpOCAMH aBTOTPAHCIIOPTA W COBEPIICHCTBOBAHHIO AKOJIOTHUECKOM MOJMTHKH ISl YIyUIISHHs] KauyecTBa BO3IyXa M
obecrieueHns1 yCTOMYMBOTO Pa3BUTHS TOPOA.
Knwuesvie cnosea — Anmatbl, KadecTBO BO3/yXa,
TeMIIepaTypHasi ’HBEpCHS, 3arpsis3HEHUE aTMOC(heEpBI.

U3MCHCHHE KJIMMaTa, IUIOTHOCTb TpaHCIIOpPTA, OSKOJOIu:,

MAIN PROVISION

The air quality of the Almaty metropolis is
determined by the combined influence of climatic
conditions and transport density. The mountainous
topography and increasing frequency of temperature
inversions caused by climate change reduce
atmospheric ventilation, while the continuous growth
of vehicle numbers significantly increases emissions
of PM2s, PM1g, CO, and NO,. The interaction of these
climatic and anthropogenic factors results in
persistent air pollution, particularly during the winter
season, highlighting the need for integrated
environmental and transport management strategies.

INTRODUCTION

Almaty is the largest metropolis and economic
center of Kazakhstan. Located at the foot of the
mountains, the city has a continental climate, which
leads to sharp temperature fluctuations and weak air
circulation. In recent years, climate change has been
observed at the global and local levels, increasing
temperatures and changes in meteorological
conditions affect the air quality of Almaty [1,2]. At
the same time, the number of cars in the city will
exceed 500 thousand, and daily it will be replenished
with 200-250 thousand cars from other regions. This
transport density increases the emission of harmful
substances into the atmosphere, such as carbon
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dioxide (CO), nitrogen oxides (NOy) and small
particles (PMas, PM1g). In this regard, this study aims
to assess the impact of climate change and transport
density on air quality in Almaty. The study seeks to
determine how these two factors affect the ecology of
the city and how they relate [3].

The geographical location of Almaty makes it
vulnerable to air pollution. Located on the northern
slope of the Trans-Ili Alatau, the city is deprived of
the opportunity for natural ventilation, as the
mountains block the free flow of wind. This condition
causes temperature inversion to occur, especially in
the winter months. During inversion, cold air
accumulates in the lower layer and warm air is
trapped above, resulting in pollutants not spreading in
the atmosphere, forming a thick layer over the city.
Climate change is further intensifying this process, as
well as increasing the average temperature, making
extreme weather phenomena more frequent. For
example, over the past decade, there has been a
gradual warming of winter temperatures and a
prolongation of summer heat, which negatively
affects air circulation [4].

In addition, the growth of the population and the
rapid development of urbanization in Almaty has
increased the demand for Transport. Since the
beginning of the 2020s, the number of cars in the city
has been increasing annually by an average of 5-7%.
[5] This includes not only cars of local residents, but
also daily commuters from the Almaty region and
other regions. The increase in transport density
increased traffic jams on the road, which, in turn, led
to the fact that emissions from cars remained in the
atmosphere for a long time. Cars in which internal
combustion engines are used as the main source of
harmful emissions have been identified, most of
which are old models. In this regard, the
concentration of PM,s and PMy, particles in the air
exceeds international standards several times, which
poses a threat to the health of residents.

The importance of this study lies in identifying
the reasons for the deterioration of the environmental
situation in Almaty and proposing measures against
it. Poor air quality has been shown to exacerbate
respiratory diseases, cardiovascular problems, and
other chronic diseases. Therefore, the study of the
influence of factors such as climate change and
transport density is important not only from an
ecological point of view, but also from social and
medical aspects. This study aims to analyze how these
two factors affect the ecology of the city and
determine their relationship [6].

The main goal of the study is to assess the
climatic and anthropogenic factors that affect air
guality and understand how they contribute to the

ecological balance in the city. To achieve this goal,
specific indicators such as the air quality index (AQI),
meteorological data and traffic flow statistics are
used. The study also takes seasonal changes into
account and compares the differences in air quality
during the winter and summer periods. Thus, a
complete picture of the air quality of Almaty will be
formed [7].

Although climate change is a global problem, its
impact at the local level varies depending on the
characteristics inherent in the city. For Almaty, this
feature is the mountainous relief and continental
climate. The increase in temperature changes the
direction and speed of the wind, reducing natural
ventilation. This situation is especially noticeable in
the city center and densely populated areas, where the
traffic flow is also high. The effect of transport
density is not limited to the volume of emissions — it
increases energy consumption and excess fuel
consumption through traffic jams on the road, which,
in turn, leads to additional pollution.

Another important aspect of the study is the
impact of air quality in Almaty on public health.
According to the World Health Organization (WHO)
[8], high concentrations of small particles such as
PM2s increase the risk of lung cancer, asthma and
other respiratory diseases. Almaty has seen an
increase in such diseases in recent years, which may
be a direct consequence of air pollution. Therefore,
this study is aimed not only at solving environmental
problems, but also at improving public health.

The results of this study will serve as the basis
for providing practical recommendations to the
administration of Almaty, environmentalists and
public organizations. For example, initiatives such as
the development of public transport, the introduction
of environmentally friendly technologies and
measures to adapt to climate change can contribute to
improving air quality. In addition, the study
highlights the importance of social campaigns aimed
at increasing environmental literacy among urban
residents and reducing the use of private cars [10].

Research gap. Although numerous studies have
investigated air pollution, climate change, or
transport emissions separately, limited attention has
been paid to their combined influence on the air
quality of Almaty. Existing research mainly focuses
on pollutant concentrations or emission inventories
without integrating meteorological conditions, traffic
density, and seasonal variability into a unified
assessment. Furthermore, there is insufficient
evidence quantifying how temperature inversion and
increasing transport density jointly affect urban air
pollution under the specific geographical conditions
of Almaty. This study addresses this gap by
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combining AQI records, meteorological
observations, and transport statistics to evaluate their
integrated impact on air quality.

Novelty statement. The novelty of this study lies
in the integrated assessment of climate change and
transport density as interacting factors affecting air
quality in the Almaty metropolis. Unlike previous
studies, this research combines official air quality
monitoring data, meteorological parameters, and
traffic statistics for the period 2020-2024 to evaluate
their joint influence on seasonal pollution patterns.
The study also identifies the synergistic effect of
temperature inversion and transport emissions on
PM:.s concentrations and provides practical
recommendations for improving urban environmental
management  through  sustainable  transport
development and climate adaptation policies.

METODOLOGY

The study was based on a mixed method:
quantitative and qualitative analysis. This approach
was chosen because it combines the accuracy of
guantitative data and the contextual depth of
gualitative analysis, allowing a comprehensive study
of the impact of climate change and transport density
on air quality in Almaty. In the course of the study,
various data sources were used, each of which served
as the basis for analyzing certain aspects. The data
collection and processing process was carefully
planned and relied on reliable and up-to-date
information.

Data sources:

1. Air Quality Index (AQI): as one of the main
sources of research AirVision.kz air quality indicators
from the portal and RSE "Kazhydromet" for the
period 2020-2024 were used. These data include
concentrations of pollutants such as PM,s (particles
smaller than 2.5 micrometers in diameter), PMio
(particles smaller than 10 micrometers in diameter),
carbon dioxide (CO), nitrogen dioxide (NO.), and
sulfur dioxide (SOy). AirVision.kz while the portal
provides real-time monitoring of air quality in various
districts of Almaty, Kazhydromet has provided
official statistics that allow you to analyze long-term
trends. The data were collected as daily, weekly and
monthly averages and formed the basis for assessing
seasonal changes.

2. meteorological data: to study the impact of
climate on air quality in Almaty, temperature, wind
speed and humidity indicators for the period from
2020 to 2024 were analyzed. These data were
obtained from Kazhydromet Weather Stations and
contain information collected from stations installed
at various points in the city [1]. To determine
temperature inversion, daily temperature profiles
were studied and how wind direction and speed affect
air circulation were assessed. Humidity data were

taken into account as an additional factor related to
the distribution of pollutants and the formation of
atmospheric fog.

3. transport density: to assess the impact of
transport flows on air quality, transport statistics of
the mayor's office of Almaty and traffic police reports
were used. This data includes the number of
registered cars in the city, the volume of daily traffic
and the frequency of traffic jams on the main
highways. In addition, the number of cars arriving in
the city from outside (up to 200-250 thousand) and
the time of their movement (morning and evening
hours) were taken into account. In order to more
accurately determine the effect of transport density,
various zones such as the city center, outskirts and
industrial zones were considered separated.

Analysis methods. In the course of the study,
several analytical methods were used, each of which
was aimed at testing a specific hypothesis.
Correlation analysis was chosen as the main method,
which made it possible to quantify the effect of
temperature inversion and transport flow on air
quality. By calculating the correlation coefficient (r),
the  relationship  between climatic  factors
(temperature, wind speed) and air pollution (PMgs,
No. 2) and transport density was determined. For
example, studying the correlation between PM2.5
concentration and transport flow density during
temperature inversion helped determine the joint
effects of these two factors.

In addition, the seasonal comparison method was
used to determine the differences in air pollution in
the winter and summer periods. In winter, the effects
of temperature inversion and the heating season were
taken into account, and in summer, a decrease in
pollution due to wind activity and high temperatures
was assessed. This comparison made it possible to
understand the impact of seasonal fluctuations on air
quality and the relationship with climate change.

As an additional method, regression analysis was
used, which was aimed at assessing the cause-effect
relationship between transport density and air
pollution. For example, the relationship between the
volume of daily traffic flow (number of cars) and the
concentration of CO or PMyo on the same day was
checked using a regression model. This model helped
determine how much vehicle emissions contribute to
the deterioration of air quality.

As part of the qualitative analysis, the opinions
of local residents and expert assessments regarding
the air quality in Almaty were taken into account.
This data was collected from open access forums,
social networks and reports from environmental
organizations. Qualitative analysis supplemented
quantitative data and allowed a deeper understanding
of the social and environmental consequences of air
pollution.
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Data collection process. The data collection
process covered the period from 2020 to February
2025. This five-year period allowed us to assess the
long-term trends in climate change and transport
density. Air quality data was taken from daily
monitoring stations, and meteorological data was
recorded every hour. Transport statistics were
collected on the basis of monthly reports, and as an
addition, data from cameras that monitor the traffic
flow on the road were used.

Several measures have been taken to ensure the
accuracy of the data. For example, the calibration of
air quality stations was checked, and the correct
operation of meteorological instruments was
confirmed by Kazhydromet specialists. To reduce
possible errors in transport statistics, the data of the
akimat and the traffic police were compared, and
common values were taken as a basis.

Scope and limitations of the study. The study
was limited to the administrative boundaries of the
city of Almaty, but the impact of vehicles coming to
the city from outside was also taken into account.
However, the study had some limitations. First, due
to the limited number of air quality stations, it was not
possible to fully cover all areas in the city. Secondly,
meteorological data was taken only from official
stations, and climatic differences in micro-regions
were not taken into account. Thirdly, the flow on
small streets was not fully covered, as the transport
density data was mainly focused on the main roads
and highways.

Research hypotheses. The study focused on
testing the following hypotheses:

1. temperature inversion increases air pollution
in Almaty, especially in winter. 2.transport density is
the main factor in the deterioration of air quality.

3.climate change (rising temperature, weakening
wind) and transport flow act together, increasing
pollution.

The above methods and data sources were used
to test these hypotheses. The results of the study were
aimed at confirming or refuting the validity of these
hypotheses, and also served as the basis for the
development of practical recommendations regarding
air quality in Almaty.

Data processing and analysis tools. Modern
software was used for data processing and analysis.
Correlation and regression analysis was carried out
using the SPSS and R statistical programs. Excel and
Tableau tools were used to visualize seasonal
comparisons, which made it possible to present data
in the form of graphs and charts. Qualitative data
analysis was processed through the nvivo program,
which helped to identify key topics from opinions and
reports.

In conclusion, this methodology made it possible
to comprehensively study the impact of climate

change and transport density on air quality in Almaty.
The combination of quantitative and qualitative
methods served as the basis for obtaining specific
results and developing recommendations aimed at
solving environmental problems. The next section
discusses the results of the study in more detail.

RESEARCH RESULTS AND DISCUSSION

In this section, the results of the study on the
impact of climate change and transport density on air
quality in the Almaty metropolis are fully considered.
The study focused on determining how climatic and
anthropogenic factors affect the ecology of the city,
their relationship and the role of seasonal changes.
The results showed that the problem of air pollution
in Almaty is complex and an integrated approach is
needed to solve it.

Climate change and temperature inversion.
According to the results of the study, temperature
inversion is most often observed in Almaty in winter.
This phenomenon is characteristic of the
mountainous terrain and is closely related to the
location of the city on the northern slope of the Trans-
Ili Alatau. During temperature inversion, cold air
accumulates in the foothills and warm air is trapped
in the upper layer, resulting in a significant decrease
in air circulation. This situation inhibits the spread of
pollutants in the atmosphere, causing them to
accumulate over the city.

It was found that in the winter period 2023-2024,
the concentration of PM2s exceeded an average of
150 mcg/m® and reached dangerous levels. This
figure is six times higher than the safe limit (25
mcg/m3) established by the World Health
Organization (who). Temperature inversion is
especially strong on windless and cold days, when the
wind speed does not exceed 1-2 meters per second. In
such conditions, pollutants, including PM2s, PMyg
and No. 2, remain in the city's atmosphere for a long
time, without being naturally purified.

Climate change further exacerbates this process.
Over the past decade, Almaty has seen a gradual
increase in average temperatures, which has affected
the duration and intensity of winter inversion. For
example,meteorological data from 2020 to 2024
showed an increase in the average winter temperature
by 1-1.5°C. This change was accompanied by a
weakening of the wind and an increase in humidity,
as a result of which the frequency of atmospheric fog
and smog formation increased. During the study, it
was recorded that during temperature inversion, the
daily maximum of PM,s concentrations exceeded
200 ug/m®, which was especially pronounced in the
city center and in areas near the mountains.

Climate change is not limited to the winter
period. In summer, extreme temperature increases
(35-40°C) and changes in wind direction negatively

119



e-1SSN: 3134-8467, p-ISSN: 2309-1177

affect air circulation. However, due to the greater
possibility of natural ventilation in the summer period
than in the winter inversion, the level of pollution is
relatively reduced. Thus, climate change affects air
guality in Almaty in different ways, depending on
seasonal features, but temperature inversion in the
winter period remains the most important factor.

Influence of transport density. Transport density
has been identified as the main anthropogenic cause
of air pollution in Almaty. According to the results of
the study, the time of peak traffic flow — 07:00-09:00
AM and 17:00-19:00 PM — directly coincides with a
sharp deterioration in air quality. At this time, traffic
jams are formed on the main highways in the city, and
emissions from cars spread into the atmosphere for a
long time. For example, in January 2024, the level of
carbon dioxide (CO) exceeded 5 mg/m?® per hour and
was 1.5 times higher than the permissible limit (MPC-
3 mg/m3).

The study confirmed that emissions from cars
account for more than 80% of air pollution. This
indicator mainly includes substances such as CO,
NOx and PMajs, which come from internal
combustion engines. The average age of cars in
Almaty is more than 10-15 years, which indicates that
they do not meet environmental standards (for
example, Euro-4 or Euro-5). At the same time, most
of the 200-250 thousand cars coming to the city from
outside ha e diesel engines, which increases the
concentration of PM10 and No. 2.

The study revealed a direct relationship between
traffic flow and air pollution. For example, during
traffic jams on the central streets of Almaty (Abay
Avenue, Al-Farabi Avenue), the PM. s level exceeded
100 pg/m® and was twice as high as in relatively quiet
areas on the outskirts of the city (40-50 pg/m?®). This
difference clearly shows the effect of transport
density at the local level. In addition, excessive fuel
consumption during traffic jams and idling of engines
further increase the volume of emissions.

The effect of transport density also depends on
seasonal factors. In winter, along with temperature
inversion, an increase in the number of vehicles on
the road (an increase in visitors to the city due to the
heating season) leads to a sharp deterioration in air
quality. Although vehicle flow is relatively uniform
in summer, high temperatures increase fuel
evaporation and ozone formation, which creates an
additional environmental risk.

Seasonal differences. Air quality in Almaty is
strongly dependent on seasonal changes. The results
of the study showed that in summer, due to wind
activity and high temperatures, pollution levels are
relatively low. For example, in July-August 2023, the
concentration of PM10 was on average around 50
ug/m®, which is only slightly higher than the WHO
allowable limit (50 ug/m3). The average wind speed

was 3-5 meters per second, contributing to the spread
of pollutants.

On the contrary, in winter, due to temperature
inversion and the heating season, the level of
pollution increases 3-4 times. In January-February
2023-2024, the concentration of PM10 reached 150-
200 pg/m3, and PM,s exceeded 150 pg/m®. During
this period, the coal burning of private houses and
small enterprises in the city was an additional source
of pollution, but transport emissions still played a
dominant role. In the winter period, the weak wind
(0.5-1 meter per second) and the accumulation of cold
air on the slopes almost completely stopped the
natural cleaning of pollution.

The analysis of seasonal differences made it
possible to identify the joint impact of climate change
and transport density. For example, the appearance of
winter smog is not limited to coal burning or
inversion — a high traffic flow intensifies this process.
Although pollution is low in summer, climate
warming leads to the formation of additional
pollutants such as ozone (Os), which in the long term
can pose new environmental risks.

Correlation. The study found that there is a
strong positive correlation (r = 0.87) between
temperature inversion and transport density. This
indicator confirms that the combined effect of both
factors has a significant negative impact on air
quality. During the correlation analysis, it was found
that wind weakness and high transport flow during
temperature inversion are directly related to a sharp
increase in PM25 and CO levels.

For example, in the winter period, on days when
the temperature was below -10°C and the traffic flow
exceeded 1000 cars per hour, the concentration of
PM,s reached an average of 180 pg/m®. This
indicator is significantly higher than the values on
days when there is no inversion and the traffic flow is
low (50-60 pg/m®). Regression analysis showed that
when the vehicle density effect was assessed
individually, each additional 100 vehicles increased
PM.5 levels by about 5-7 pg/m?.

Additional observations. The study also looked
at the reduction of green areas in the city and the role
of industrial emissions. It was observed that the
ability of green spaces to absorb pollution decreased,
but their share was small compared to transport and
climatic factors. Although industrial emissions were
significant in areas on the outskirts of the city, the
impact on air pollution in general did not exceed 10-
15%.

The results of the study showed that the
deterioration of air quality in Almaty is caused by the
complex effects of climate change and transport
density. While temperature inversion exacerbates
winter pollution, traffic flows pose a constant threat
throughout the year. This is due to the fact that there
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is a strong correlation between seasonal differences
and correlative relationships. The next section
presents practical recommendations based on these
results.

CONCLUSION

Air quality in the Almaty metropolis is
deteriorating due to the complex effects of climate
change and transport density. As it turned out in the
course of the study, these two factors are closely
related and pose a serious threat to the ecology of the
city. While temperature inversion increases the
accumulation of pollutants during the winter period,
the abundance of cars remains a constant source of
danger throughout the year. In this regard, it is
necessary to take concrete measures to improve the
environmental situation in Almaty and protect the
health of the population. Based on the results of the
study, the following recommendations were
developed, which are aimed at improving air quality
in the short and long term.

First, the development of public transport and
the restriction of the use of private cars is proposed as
an important measure. Transport density in Almaty is
the dominant source of air pollution, especially
during traffic jams, the volume of emissions increases
sharply. Modernization of the public transport system
— increasing the number of buses, optimizing routes
and introducing electric buses — can reduce the
demand for private vehicles. For example, expanding
the metro network and developing alternative systems
such as light rail transport can be a long-term
solution. In addition, measures such as restricting the
entry of private cars in the city center or introducing
a congestion charge (congestion charge) will help
regulate the flow of transport. These approaches have
been successfully used in megacities such as London
or Singapore and can also be adapted to Almaty.

Secondly, encouraging environmentally friendly
fuel types (gas, electricity) is an effective way to
reduce air pollution. Currently, most cars in Almaty
run on gasoline or diesel, which leads to the release
of such harmful substances as PM,s5, NOxand CO. To
encourage the use of electric vehicles, government
subsidies, tax breaks and the expansion of the
network of charging stations are needed. In addition,
the development of natural gas vehicles (CNG) can
reduce emissions in the short term, as gas fuel
produces fewer pollutants than diesel. An important
step will also be the mandatory introduction of
environmental standards for vehicles (for example,
Euro-5 or Euro-6) and the implementation of
decommissioning programs for used cars.

Thirdly, the expansion of green areas to improve
air circulation in the mountainous area contributes to
reducing the impact of climate change and
temperature inversion. The location of Almaty at the

foot of the mountains naturally worsens air
circulation, and the process of urbanization has led to
a decrease in green spaces. The results of the study
showed that green areas have the ability to absorb
pollutants, but the current volume is insufficient.
Therefore, it is necessary to expand parks and tree
planting projects on the outskirts of the city and in the
central areas.

Fourth, strengthening local climate change
adaptation  policies  will  ensure long-term
sustainability. Climate change increases the intensity
of temperature inversion in Almaty and leads to a
weakening of the wind. Given this situation, local
authorities should develop a strategic plan that will
assess the impact of climate change and ensure
adaptation to it. For example, the strengthening of
meteorological monitoring and the introduction of a
system for predicting the deterioration of air quality
will make it possible to warn the population in a
timely manner. In addition, additional sources of
pollution, such as coal burning, can be reduced by
improving energy efficiency and developing
renewable energy sources (solar, wind).

In conclusion, the problem of air quality in
Almaty is caused by the complex interaction of
factors such as climate change and transport density.
This study fully analyzed the impact of these factors
and offered practical solutions. For the
implementation of the above measures, cooperation
between local authorities, business and society is
necessary. And the expansion of green areas and the
strengthening of climate policy will be effective only
with the support of the city's residents.

As a result of the implementation of these
measures, Almaty can get access to fresh air and
become an environmentally sustainable metropolis.
This allows not only to preserve the health of the
current generation, but also to leave a decent living
environment for future generations. The results and
recommendations of the study will give a clear
direction to the city administration, environmentalists
and public organizations and will serve as the basis
for improving the environmental future of Almaty.
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