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Predicting and evaluating
seasonal water turbidity in Lake
Balkhash, Kazakhstan, using
remote sensing and GIS

Kanchan Mishra*, Bharat Choudhary and Kathryn E. Fitzsimmons

Department of Geosciences, University of TUbingen, Tubingen, Germany

Lake Balkhash is Asia’s third-largest lake and an endorheic basin. The lake and its
contributing tributaries provide essential water and ecosystem services to the
surrounding population, particularly in the Kazakh region. With approximately
2.5 million people living in the areas such as Almaty oblast, Zhetisu oblast, several
districts of Karagandy oblast, and Abay province, monitoring and maintaining the
lake's health and water quality is essential for the sustainable management of
water resources. The hydrology of Lake Balkhash has been significantly impacted
in recent decades by a warming climate, landuse landcover changes, and water-
consuming economic activities, the latter of which are driven by population
growth and expansion. Turbidity—the measurement of water clarity—serves as a
major indicator of water health. Here, we analyze spatial and temporal variability
in turbidity across Lake Balkhash by mapping the normalized difference turbidity
index (NDTI) based on Landsat data for 1991-2022. We consider major
exploratory variables such as precipitation, near-surface temperature, wind
speed and direction, water level, and landuse landcover (LULC) within the
catchment. We find an overall decrease in turbidity over interannual and
seasonal timescales. We observe significant negative correlations between
NDTI, near-surface temperature, and water level at both scales but no clear
relationship between turbidity and precipitation or wind variables. Among the
LULC variables, grassland and bareland near Lake Balkhash showed a positive
correlation with NDTI but have spatially decreased over time. Conversely,
shrubland and wetland exhibit a negative correlation with NDTI; however, this
has spatially increased with time. Our results highlight the significant impact of
rising temperatures, anthropogenically influenced water levels, and the LULC
variables on turbidity. The turbidity dynamics, in turn, influence the circulation,
oxidation, and overall health of Lake Balkhash's water. Therefore, the study
emphasizes that the warming climate and alterations in the lake's hydrology
have a considerable impact on water quality. This suggests that monitoring water
health alone may not suffice to mitigate the impacts of climate change and
human activities. However, a more comprehensive approach is needed to
sustainably manage and conserve dryland water resources.

normalized difference turbidity index (NDTI), spatio-temporal analysis, remote sensing-
GIS, arid central Asia, endorheic lake basin, Lake Balkhash, Kazakhstan
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1 Introduction

The world’s drylands are predicted to experience more severe
change than many other regions in a warming world (IPCC, 2019).
In particular, anthropogenic climate change is likely to alter
precipitation patterns, increase evaporation rates, and cause more
frequent and prolonged droughts (Cherednichenko et al., 2019;
Farooq et al, 2023), leading to substantial hydrological shifts.
These changes are further exacerbated by human activities such
as intensification and change in land use and water consumption
associated with accelerating population growth and associated
engineering in the form of dams and hydrologic diversions
(Richey et al., 2015; Wurtsbaugh et al., 2017; Rodell et al., 2018;
Wang et al., 2018). The resulting alteration of dryland hydrological
systems will have profound implications for the socio-ecological
functioning of these regions (de Vente et al., 2006; Gordon et al.,
2008; Hagenlocher et al., 2018), particularly since drylands
overwhelmingly lie within the less affluent and less resilient
2020).
Furthermore, compared to their counterparts in humid regions,

global south  (Lucatello and  Huber-Sannwald,
dryland catchments are also more vulnerable to the impact of
pollutants (Williams, 2000; Karthe, 2018), largely due to the
relative scarcity of water, sensitivity to fluctuations in water level,
and potential for aeolian redistribution of sediment (Sala et al,
2016). Given these challenges, dryland water security is increasingly
of global concern. Larger lakes, reservoirs and aquifers in particular
require careful and comprehensive strategies for the conservation of
water quality, since they represent more sizeable resources with
greater potential environmental and socio-economic impact.
Monitoring the health of water bodies is essential for effective
water resource management and security, and environmental
conservation. Traditionally, the monitoring of water quality
(WQ) has relied on in-situ measurements. These are, however,
time-consuming and associated with high costs, susceptibility to
human errors, instrumental limitations, and often discontinuous
data collection in both spatial and temporal domains (Baban, 1993;
Gholizadeh et al., 2016). In situ monitoring is even more difficult to
accomplish in remote areas and developing countries. By contrast,
satellite remote-sensing techniques provide the potential for cost-
effective synoptic and multi-temporal viewing of surface water
extent and continuous WQ assessment over space and time
(Dekker et al., 2001; Gao, 2008; Wu et al., 2017; Mishra and
2021). wQ
parameters by exploiting spectral ratios and indices from satellite
data (Gitelson et al., 1993; Tyler et al., 2006; Teodoro et al., 2008;
Newcomer et al., 2014; Garg et al., 2017), and have been used to

Kumar, Recently developed models predict

demonstrate the correlation of remotely sensed data with suspended
load in the water column (Ohashi et al., 2016; Fischer et al., 2017;
2022), (e.g.
temperature and discharge) and biological factors (e.g., algal

Molekoa et al., meteorological precipitation,
blooms, zooplanktons and phytoplankton, and presence of
pathogens) (Wass et al., 1997; Hamilton and Luffman, 2009; Gao
and Josefson, 2012; Goransson et al., 2013).

In this study, we use remote sensing techniques to map water
turbidity in one of the largest lake catchments in Arid Central Asia
(ACA): Lake Balkhash in south-eastern Kazakhstan. Water turbidity
is a commonly used, optically sensitive parameter for assessing
overall water health (Kulkarni, 2011). It is essentially a measure
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of water cloudiness due to suspended particles and can be used to
assess short-term sediment influx from tributary inflow, change in
land use and increased erosion, as well as sediment transport
dynamics and sedimentation potential in water bodies. Turbidity
directly impacts lacustrine ecosystems by reducing sunlight
penetration, thereby affecting the aquatic food chain. Elevated
turbidity levels also complicate water treatment processes, raising
concerns about water safety for human consumption. It is therefore
reflects broader environmental changes, and hence monitoring this
parameter offers a lens to gauge the health and anthropogenic
impact on the entire catchment (Kulkarni, 2011; Goransson
et al., 2013). Since it is an optical parameter readily derived from
remote sensing data, the metrics of water turbidity enable us to
continuously monitor water quality and its response to climatic and
anthropogenic changes over space and time for as long as satellite
data have been available. Several recent studies demonstrated the
efficacy of remote sensing-derived assessment of water turbidity in
both temperate and dryland endorheic lakes to identify the impact of
both climatic change and anthropogenic interventions within the
respective catchments (Fischer et al., 2017; Chaudhari et al., 2018;
Elhagetal,, 2019; Gaines et al., 2022). By adopting this approach to a
catchment in the arid global south, we aim to establish a cost-
effective baseline on which future studies can expand, incorporating
additional parameters as needed.

Our geographical focus is Lake Balkhash in ACA. ACA region
hosts some of the world’s largest endorheic catchments, including
the Aral Sea, Tarim Basin and the Ile-Balkhash basin (Karthe, 2018;
Wang et al., 2018). Lake Balkhash is the third largest lake in Asia,
with an area of 17,000 km? and a catchment size of 115,000 km?. It
hosts over 2.5 million people in the Kazaks region, including Almaty
oblast, Zhetisu oblast, several districts of Karagandy oblast, and
Abay province (https://taldau.stat.gov.kz/ru/GeoStatistics) who
largely depend on fishing, agriculture and mining for their
livelihoods (Allouche, 2007; Thevs et al., 2017; Duan et al., 2020),
all of which require water resources. Over the last few decades,
human activities have impacted the hydrology and ecosystem of
Lake Balkhash and its catchment (Mischke et al, 2020). The
construction of the Kapchagay reservoir, on the Ile River
(Kazakhstan) and associated irrigation water diversions in
1970 resulted in a net loss of two-thirds of the total lake inflow
(Nurtazin et al., 2019). This situation is further aggravated by the
constructions two major dams on Kash and Tekes river, and dozens
of smaller reservoirs the upstream tributary if Ile river (Chinese
territory) (Pueppke et al., 2018a; Fitzsimmons et al., 2020). The
subsequent increase in human population in the catchment, which
has accelerated since land use intensification associated with
Chinese Belt and Road initiatives, has significantly increased both
surface and groundwater consumption for industrial and domestic
use (De Boer et al., 2021). Extended periods of droughts (e.g., in the
year 2000, 2008, 2010, 2012, 2014, and 2021) have further reduced
the availability of surface water and inflow to the lake (Dubovyk et al.
, 2019; De Boer et al., 2021; Farooq et al., 2023). At the same time,
there has been an increase in the amount of sediments, salts, and
other solutes entering the system; these remain and become
concentrated due to evaporation, increasing salinity and pollution
(Kaushal et al., 2021; Abdelbaki, 2022) using point source datasets.
Despite these observations, very limited in-situ measurements of
suspended-load sediments (Krupa et al, 2020; Mischke, 2020;
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Map shows the study area of Lake Balkhash, Kazakhstan. The lake is divided into 5 major zones denoted by Roman numerals |-V in white to define

the morphometric partitions based on the Bathymetric level (Reference: 42). Uzunaral strait (red star % mark) divides the Lake Balkhash into two-halves
(IPCC, 2019): Western part comprised of zones | and Il. They are freshwater zones, majorly fed by the Ile River. The Ile River forms a large inland delta
comprising Ramsar wetlands of international importance (Farooq et al,, 2023); Eastern part comprises of zones Ill, IV and V, which are brackish in
nature. Karatal, Aksu and Lepsy river contribute to zone IV and Ayagoz River debouches in zone V, with no surface inflow today. The red diamond mark ()
shows the meteorological stations available for the data of wind speed/directions around Lake Balkhash.

Myrzakhmetov et al, 2022) provide a limited WQ metric for
Lake Balkhash.

The aim of this study is therefore to investigate spatio-temporal
variations in Lake Balkhash WQ for the period 1991-2022 using the
metric of turbidity derived from remote-sensing time-series datasets.
We also interrogate the effects of climate and people on lake water
turbidity and speculate on their respective impacts on lake ecology
and ecosystem services. We aim to demonstrate the potential of
remote sensing-based indices to efficiently and cost effectively
analyse WQ and its causal factors in areas where in situ data
collection is challenging. For the Balkhash region specifically, our
study will help to develop appropriate water resource management
strategies in the context of anthropogenic climate change.

2 Data and methods
2.1 Study area

The study focuses on Lake Balkhash, the terminal lake within the
endorheic Ile-Balkhash basin (Figure 1). The upper parts of the
catchment lie within western China; the lower parts and the lake
itself are situated in south-eastern Kazakhstan. The lake occupies an
average area of —17,000 km?* (Pueppke et al., 2018a), while the entire
catchment spans 115,000 km* (De Boer et al., 2021). Lake Balkhash
has an average width of 30 km, reaching a maximum width
of —74km in the western section (Sala et al, 2016). Lake
Balkhash is divided into distinct western and eastern sub-basins
by the approximately 3.5 km wide Uzynaral strait (Figure 1). The
western part of the lake contains fresh water and is shallow, with
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depths ranging from 3 to 11 m (Mischke, 2020; Myrzakhmetov et al.,
2022). The eastern lake sub-basin is saline and substantially deeper,
reaching depths of 26 m.

Inflow to the lake is dominated by the Ile River (or Ili River) (De
Boer et al.,, 2021), which flows into the western sub-basin through a
large (8,000 km?) delta system. The Ile River originates from the
partially glaciated high altitude Chinese Tien Shan mountains and
flows westward through south-eastern Kazakhstan (Tang et al,
2019). The Ile River delta serves as a natural hydrological
regulator through short-lived wet and dry periods and plays a
critical role in the ecological balance of the lake system (Dostay
etal, 2012; Myrzakhmetov et al., 2022). The eastern lake sub-basin is
fed by smaller rivers such as the Karatal, Aksu and Lepsy, which
derive from the largely glacierised northern Tien Shan (Zhetysu
Alatau) in eastern Kazakhstan (Kaldybayev et al., 2016). A small
amount of freshwater enters the eastern sub-basin from the Ile-
recharged western part. The waters of the eastern part of the lake are
more saline than the western sub-basin due to a net reduction in
water flow (—24.28%) compared to the average between 1936 and
1969 (Mulkhitdinov et al., 2020); in particular, the Ayagoz River,
which used to enter the lake from the north, as well as inflow from
the Alakol lake system to the east, have no surface inflow today
(Myrzakhmetov et al., 2022). The difference in water characteristics
of the western and eastern Balkhash sub-basins has led to the
nickname “One lake with two waters” (Kezer and Matsuyama,
2006; Huang et al., 2022).

Lake Balkhash receives its largest inflow over the warmer
months (May to August). Peak discharge typically occurs in July
and mostly results from glacial and snow melt (Petr, 1992; Sala et al.,
2016; Mischke, 2020). Based on available average runoff data
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(1924-72), the Ile River has largest mean runoff with 17.4 km*/yr,
accounting for —70-80% of total inflow to Lake Balkhash. Inflow
from the Karatal, Aksu, Lepsy and Ayagoz Rivers to the eastern sub-
basin comprises 20%-30% of total inflow (Petr, 1992; Kezer and
Matsuyama, 2006). These eastern tributaries are also the major
source of sediments (Petr, 1992). The variation in inflow and
sediment input from the different tributaries has led to the
division of the modern Balkhash basin into five distinct sub
basins/zones, i.e., 1) West-South, 2) West-North, 3) Middle, 4)
Lepsy Karatal, and 5) Kentubek (Figure 1). The depth of these
basins increases from west to east, with lake bottoms at 334, 333, 327,
326, and 316 m asl, respectively corresponding to current water
depths of c. 10, 11, 15, 16, and >20 m (Myrzakhmetov et al., 2022).

The Ile-Balkhash catchment experiences a continental climate
and diverse geomorphology, spanning highest glaciated mountains
of Khan Tengri peak rising to 6995 m asl, and terminating in the
desert at 340 m asl with lowest point in the Lake Balkhash (Cao et al.,
2022). The extreme climate supports desert and steppe vegetation
near the lake, with deciduous trees and coniferous forests, alpine
meadows and tundra vegetation with increasing altitude (Mischke
et al, 2020). Summers in this region are typically hot, with
temperatures frequently exceeding 40°C, while winters can be
extremely cold, with subzero temperatures (Ahmed et al., 2022).
These extreme temperature oscillations are also reflected in the
mean surface water temperatures, which fluctuate between c. 0°C
and 24°C from December to July, respectively (Barinova et al., 2017).
This marked temperature variation has important implications for
the water cycle, especially in terms of evaporation and ice cover on
the lake. Precipitation is highly inconsistent in the Ile-Balkhash
basin, with a general spring peak in rainfall and annual averages of
100-200 mm (Ahmed et al., 2022). Extended dry spells during the
summer are common, leading to increased evapotranspiration rates
of 8%-15% (Chub, 2000). The continental climate, in particular the
high summer temperatures and irregular precipitation patterns, is a
significant driver of water balance in the lake.

The Ile-Balkhash basin mainly comprised of sedimentary rocks
such as carbonates, silicates, and alluvial deposits (Shen et al., 2021).
Carbonate rocks are found extensively across the basin, especially
near the upper part of the Ile River and the northern shore of Lake
Balkhash. Silicate rocks are primarily located in the central part of
the basin, along the Ile River, Aksu River, Lepsy River, and Karatal
River. Igneous and metamorphic rocks are also present throughout
the basin but are more common to the northern shoreline of the
lake, characterized by a tectonically disturbed terrain as high as with
20-30m asl. The western shoreline of the Lake Balkhash is
dominated by clay deposits whereas, the south of the lake
shoreline is dominated by flat sandy alluvial and wind-blown
sediments deposits, mostly composed of siliceous materials (Sala
etal, 2016; Shen et al., 2021). Thus, the overall configuration of the
lake shoreline suggests that the lake receives substantial sediment
input from the tributary rivers, which drain an actively uplifting
catchment containing significant fine-grained unconsolidated
sediments, as well as from aeolian transport by the dominant
westerly winds which entrain sediment while sweeping across the
loess steppe and dune landscapes (Sala et al., 2016; Fitzsimmons
et al., 2020; Myrzakhmetov et al,, 2022). The high sediment input,
particularly in the south of the lake, impacts the turbidity of the
water. The spatially diverse climate and topography results in
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complex interactions between precipitation, runoff, evaporation,
accumulation of sediments, salts, and pollutants, ultimately
affecting the lake ecosystem as a whole (Klein et al., 2014).

2.2 Datasets

The primary and secondary datasets relevant to this study
include remote sensing datasets, precipitation (P), temperature
(T), the wind variables for direction (Wd) and speed (Ws), water
level (WL) and landuse landcover (LULC).

2.2.1 Remote sensing datasets

Our study makes use of remote sensing-based datasets to
investigate the water quality (WQ) of Lake Balkhash through
time. This approach, however, is limited due to insufficient and
inconsistent satellite data observations, particularly during the
winter which result in frequent data gaps due to snow and cloud
cover (Supplementary Table SI). This causes an imbalance in
effective observation of satellite imagery both spatially and
temporally.

In order to overcome these limitations, we analysed turbidity
from all available datasets to produce a synthesized annual turbidity
based on data from the three available seasons (considering
9 months) available for the years 1991-2022 for Lake Balkhash.
In addition, we investigated variability in turbidity for specific
seasons independently of one another: the spring months
(March-May) are assumed to be the peak season for agricultural
activities (Kogutenko et al, 2019); summer (June-August)
represents the period of maximum hydrological stress; and fall
(September-November) is the season of highest water influx. We
used only cloud-free, Level-2 reflectance images from Landsat-5 (L5,
Thematic mapper), Landsat-7 (Enhanced Thematic Mapper Plus),
and Landsat-8 (L8, Operational Land Imager) (Supplementary
Table S1). We processed the satellite images using Google Earth
Engine (GEE) to derive the turbidity index maps.

2.2.2 Climatic variables

We obtained monthly precipitation (P) and near-surface air
temperature (T; 2 m above the surface) data over Lake Balkhash
from the high-resolution Climatic Research Unit (CRU TS v.4.07;
observed datasets available at http://www.cru.uea.ac.uk/cru/data/
hrg/). These datasets are based on in situ measurements from
multiple weather stations and agree well with other datasets, such
as the Global Precipitation Climatology Centre (GPCC) (Harris et al.
, 2014) and have been shown to be suitable for Central Asia (Deng
and Chen, 2017). We downloaded data for the period from 1991 to
2022 with a spatial resolution of 0.5° by 0.5° to match both the
timeframe and scale of our datasets.

Figure 1 shows six meteorological stations situated around Lake
Balkhash; from the four stations adjacent, the lake we obtained daily
wind speed (Ws) and direction (Wd) data from the Hadley Centre
Integrated Surface Database (HadISD). The HadISD provides an
hourly record that is particularly valuable for assessing short-term
climate extremes and variability at local scales relevant to our study.
We acquired daily wind data for the period from 1991 to 2022 from
the openly accessibly global sub-daily surface meteorological station
v3.3.0.2022f) from National Center for

dataset  (version
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TABLE 1 Year-wise average water level (WL), precipitation (P), temperature (T), wind speed (Ws) and turbidity index (NDTI) variation data sets used for the
time series trend analysis.

P (mm) T (°C) Ws 1* (m/s) Ws 2* (m/s) Ws 3* (m/s) Ws 4* (m/s) WL (m asl) NDTI

1991 95.67 13.66 4.14 1.50 2.67 - - -0.059
1992 127.86 12.11 4.18 1.95 3.38 - - -
1993 210.39 11.48 4.10 223 3.12 - 341.44 —0.066
1994 145.82 13.25 4.09 191 3.07 - 341.65 -0.083
1995 118.74 13.86 4.29 1.87 3.49 - 341.71 -
1996 135.10 12.01 4.05 1.78 3.12 - 341.56 -0.059
1997 91.60 14.45 3.92 1.41 2.12 - 341.49 -0.091
1998 206.51 13.02 371 - 2.40 - 341.47 -0.098
1999 216.13 12.97 391 - - - 341.78 -
2000 147.47 13.16 420 - - - 342.00 -0.094
2001 172.71 14.01 4.25 - - - 342.11 —0.091
2002 216.85 14.01 424 - - 3.83 342.31 -0.103
2003 214.59 1243 4.17 - - 3.92 342.61 -
2004 192.58 13.92 3.64 - - 4.14 342.84 -
2005 128.74 14.56 3.97 - - 4.13 342.86 -
2006 168.90 14.36 3.86 - - 3.84 342.84 -0.119
2007 162.68 1391 3.87 - - 3.64 342.78 -0.116
2008 109.72 15.10 4.05 - - 4.08 342.59 -
2009 179.25 13.12 3.82 - - 423 342.35 —-0.114
2010 204.82 13.71 427 - - 4.30 342.66 -0.090
2011 222.40 13.63 4.11 - - 3.99 342.87 -0.091
2012 157.50 14.12 4.32 - - 4.30 343.01 -
2013 161.38 14.45 4.09 - - 4.24 342.85 -
2014 157.57 13.21 4.03 - - 4.11 342.68 -0.138
2015 189.99 13.85 4.08 - - - 342.53 -0.126
2016 209.47 13.52 4.36 - - - 342.55 -0.126
2017 140.04 13.87 417 - - - 343.00 -0.112
2018 193.28 13.42 3.96 - - - 343.03 -0.138
2019 127.56 14.12 3.84 - - - 342.98 -0.120
2020 110.71 13.97 4.00 - - - 342.81 -0.139
2021 137.31 13.81 4.00 - - - 342.49 -0.136
2022 184.25 14.82 4.14 - - - 342.22 -0.137
Minimum 91.60 11.48 3.64 1.41 2.12 3.64 341.44 -0.139
Mean 163.67 13.62 4.05 1.81 2.92 4.06 342.37 -0.107
Maximum 222.40 15.10 4.36 2.23 3.49 4.30 343.03 -0.058

1* = Balkhash; 2* = Ciganak; 3* = Aul; 4* = Algazy Ostrov.

Environmental Information—NOAA (NCEI) accessible at https://dx.  2.2.3 Anthropogenic variables

doi.org/10.5285/60c28523d8c54c58831b2608164cf35e. However, we We obtained monthly WL datasets from the Laboratoire
note that the available data for these adjacent stations exhibit high ~ d’Etudes en Géophysique et Océanographie Spatiales (LEGOS)
variability (Table 1). Hydroweb altimetry data repository (accessible at http://www.
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Flow chart shows the schematic stepwise methodology adopted for the assessment of the turbidity variation across spatio-temporal scale

legos.obs-mip.fr/soa/hydrologie/HYDROWEB). These datasets are
derived from multi-source altimetric satellite data, including
TOPEX/Poseidon, GFO, ERS-2, Jason-1, Jason-2, and Envisat
(Crétaux et al, 2011; Jean-Francois et al., 2015). The available
data covers the period from September 1992 to 2023. However,
we acquired monthly water level data for each 9-month interval
(spring through to fall) spanning between year 1993-2022 at spatial
and temporal scale (Table 1). One previous study derived water level
data from the same source to assess temporal variability in water
influx to the lake between 1992 and 2010, and established a strong
correlation between satellite altimetry-derived WL and in situ
measured WL (Propastin, 2012). The high degree coefficient of
determination (R* = 0.92) gives us confidence in the reliability of our
satellite altimetry-based approach. In our study, we extend the use of
WL data up to 2022 to analyse water level fluctuations over the last
3 decades (i.e., 1993-2022). In doing so we additionally capture any
potential changes associated with the acceleration of Belt and Road
projects in western China. It’s worth noting that zone wise WL data
in not available for the present study.

We also obtained annual (12-month) landuse landcover (LULC)
datasets spanning from 1992 to 2020, with a spatial resolution of
300 m (Supplementary Figure S1; Supplementary Table S2). These
datasets were sourced from the European Space Agency Climate
Change Initiative Land Cover project (http://maps.elie.ucl.ac.be/
CClI/viewer). The annual LULC subclasses used in our study
were merged accordingly and reclassified as cropland, forestland,
grassland, shrubland, wetland, urban land, bare land, water bodies,
and snow and ice (Supplementary Figure S1). These LULC datasets
currently restrict seasonal and zonal analysis for our study area.

2.3 Methods

The aim of this study is to identify, characterize, and explain
turbidity variations over space and time at Lake Balkhash. To
achieve these objectives, we undertook an iterative approach to
analysing the datasets (Figure 2). To begin with, we examined the
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annual (9M) and seasonal (3M) turbidity data represented by the
Normalized Difference Turbidity Index (NDTI). Season-specific
analysis offers insight into water quantity and quality as it moves
through the hydrological system. We simultaneously interrogate the
annual (9M) and seasonal (3M) variability of meteorological (e.g., P,
T and Ws/Wd) and anthropogenic influenced variables (e.g., WL
and LULC) to match the data consistency to that of satellite
imageries obtained for turbidity analysis. In order to better
understand spatial variability within the large lake basin, we
collected —2000 random point samples from time-series data for
NDTI, precipitation (P) and temperature (T) (Supplementary Figure
S2). Finally, we performed a time-series trend analysis using linear
regression and Pearson correlation analysis on both NDTT and the
climatic and anthropogenically influenced variables to investigate
the socio-climatic effects on water surface dynamics and quality. The
idea of obtaining —2000 random sample points for P, T and NDTI in
this study is to select a representative subset of data points from a
larger dataset. This method ensures equal opportunity for each data
point to be chosen, thus minimizing bias and accurately reflecting
the entire data population.

2.3.1 Normalized difference turbidity index
Turbidity is a measure of the cloudiness of water resulting from
the interference of light by suspended sediment within the water
column. Turbidity increases with an increase in suspended particle
load. Pure water without suspended load has a specific radiometric
response, namely, a weak reflectance in the green part of the
(<10%), a still in the red
wavelengths, and close to no reflectance in the near-infrared

spectrum weaker reflectance
range. In highly turbid water, the radiometric spectra of open
water surfaces emulate bare soil in terms of reflectance (Lacaux
et al, 2007; Gardelle et al., 2010). With increasing turbidity, the
reflectance of the red band is typically higher than that of the green
band (Islam and Sado, 2006).

In this study we estimated water turbidity from the available
remote sensing data using the published NDTI method (Lacaux

etal, 2007), an approach specifically designed for ponds and inland
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catchments. Generally, the NDTT values ranges between —1 and
+1 whereas lower value indicates clear water and higher value
represent higher turbidity (Klein et al, 2014). Larger NDTI
values signify higher turbidity and vice versa. The index
combines the red and green spectra of satellite datasets and is
described by the following equation:

_ pRed — pGreen

NDTI (1)

pRed + pGreen
where pGreen and pRed is the reflectance of the green and red band,
respectively. The NDTI plays a vital role in identifying and
quantifying suspended sediment characteristics in large water
bodies, and can be used to analyse the turbidity variation at
various spatio-temporal scales (Garg et al, 2017; Bid and
Siddique, 2019).

Given the size of Lake Balkhash and its spatially variable
inflows and associated turbidity properties, we calculated the
NDTI for multiple point locations within the five sub-basins
(zones) defined by bathymetry and association with inflowing
rivers (Figure 1) (Myrzakhmetov et al., 2022). We used these
data to generate zonal average values for individual seasons and
for the synthesised annual (9M; spring-summer-fall months)
time periods.

2.3.2 Data treatment and statistical analysis

Satellite data collection can be limited by weather conditions
such as cloud cover and dust storms, leading to data gaps in our
NDTI calculations. To address this issue, we employed the
Multivariate Imputation by Chained Equations (MICE) package,
which is a tool developed within the open-source R software. The
MICE technique is designed to estimate missing values using a
multivariate approach, considering the relationships and patterns
observed in the available data. We applied the MICE approach to fill
in data gaps with statistically anticipated values (van Buuren and
Groothuis-Oudshoorn, 2011) for the selected points collected across
the different zones of Lake Balkhash (Supplementary Figure S3).
This approach mitigates the impact of missing data over
space and time.

We analysed the trend and correlation of different datasets using
statistics in order to identify, describe, and explain turbidity
variations over time and space. We used Pearson correlation
coefficient (r) and significance (p-value) to illustrate the trend of
NDTI, P, T, Wd, Ws, WL, and LULC time-series data. We also
evaluated the r and p-value to decouple the relative influences of the
climatic variables to turbidity patterns over time.

3 Results

3.1 Spatiotemporal analysis of climatic
variables at Lake Balkhash

Here, we first present the trend analysis of precipitation (P),
temperature (T), the wind variables for direction (Wd) and speed
(Ws), over the 1991-2022 period at both annual and seasonal
scales. Overall, we observe a trend of significant correlation for
temperature but the long-term averaged precipitation and wind
data do not appear to yield any correlation through time. The

Frontiers in Environmental Science

10.3389/fenvs.2024.1371759

details of these observations are further elaborated in the
subsequent sub-sections.

3.1.1 Precipitation

The annual and seasonal precipitation (P) trends for the Lake
Balkhash region is illustrated in Figure 3A. We observe an overall
trend in increasing precipitation over the lake over the period
1992-2022, at a rate of 0.48 mm/9M, although this trend is not
statistically significant (r = 0.117, p = 0.320; Table 2). The lowest
annual lake-averaged P occurred in 1997, with 91.60 mm recorded,
while the highest annual average precipitation was observed in
2011 with 222.40 mm (Table 1).

When we consider the data for individual seasons, we observe the
highest average rainfall in the spring months (61.87 mm averaged over
the observation period, with a peak in year 2007 of 95.74 mm); the
summer months average 52.50 mm over the observation period and fall
49.30 mm. Statistical trend analysis performed on seasonal P averages
yields no significant correlations with time, (spring r = 0.192, p = 0.221;
summer r = —0.150, p = 0.278; fall r = 0.250, p = 0.146) as observed for
the annual data (Figure 3A; Table 2). These findings suggest that, at least
over the 1991-2022 period, annual as well as seasonal precipitation
patterns have not changed significantly at Lake Balkhash.

We observe spatial variability in the direct precipitation independent
of annual and seasonal factors over the lake throughout the study period
(Figure 3B; Table 3). Mean annual P increases from zone I at the western
end of the lake (101.8 mm) to zone V in the far east (230.6 mm). This
may be explained by the fact that the western end lies in the lowermost,
most open part of the basin, whereas there are topographic highs in the
east which may trap any remaining moistures (Caves et al, 2015;
Fitzsimmons et al, 2020). Thus, the eastern part of Lake Balkhash
therefore receives more direct precipitation than the western part
irrespective of year and season (Figure 3C; Table 3) (Duan et al,, 2020).

3.1.2 Temperature

Interannual temperatures (T) increase significantly over the
period 1991-2022. Over 3 decades, the overall synthesised annual
near surface temperature increase is —0.04°C/9M (Figure 4A), a
value which is statistically moderate (r = 0.476; p = 0.007; Table 2).
Minimum, maximum and mean T for 9-month data aggregates were
11.48°C, 15.10°C, and 13.62°C, respectively (Table 1).

We also assessed the trends in seasonal T values over the study
period and found that the range of spring average temperatures
(5.56°C-11.63°C) are comparable with the fall equivalents
(5.43°C-9.88°C) (Figure 4A; Table 3). Summer temperatures are
substantially warmer and range from 21.63°C-24.65°C. Average
spring temperatures increases by c. 0.08°C (r = 0.57; p = 0.001)
and by 0.02°C in the summer temperatures (r = 0.44; p = 0.014) over
the 1991-2022 study period. We observe no statistically significant
trends for average fall temperatures (r = —0.03; p = 0.389) (Table 2).
The significant warming trend over Lake Balkhash since 1991
(Figure 4A) is therefore dominated by the rise in spring
temperatures followed by summer (Figure 4A). This rise in
spring near-surface temperatures is likely to have affected water
mixing, causing sediments within the water to settle at a slower rate.
Increased temperatures also impact lake biological activity, for
example, increasing the likelihood of algal blooms. These
combined effects potentially contribute to
water turbidity.

increasing lake
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FIGURE 3

(A) Temporal trend of the precipitation (P) variables at interannual and seasonal scale; (B) and (C) Box plots of the zone-wise distribution of

precipitation at annual and seasonal scales, respectively.

We observe temperature differences across five lake zones
(Figure 4B; Table 3). The westernmost zone (I) records the
highest average temperatures, yielding a MAT (Mean annual
temperature) of 14.40°C and maximum average summer
temperature of 25.01°C (Table 3). The coolest zone is that in the
centre of the lake (Zone III), with an average annual temperature of
13.17°C (Figure 4B; Table 3), as well as the lowest spring and fall
averages (Figure 4C). The spatial distribution of average summer
temperatures yields higher values in the western zones and lower
values in the three eastern zones (Figure 4C; Table 3). Looking at the
seasonal temperature differences across these five lake zones, the
summer temperature is at the higher ordinates to that of spring and
fall season (Figure 4C; Table 3). As a result, turbidity may be higher
in the western part of lake Balkhash, particularly in the spring and
summer months.

3.1.3 Wind variables (wind speed and direction)

The wind speed (Ws) and direction (Wd) statistics as recorded
at the four weather stations of the Lake Balkhash are summarised
in Figure 5.
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The Balkhash weather station lies at 440 m asl on the northern
lake margins of the western lake sub-basin, within zone II (Figure 1).
The Balkhash locality is dominated by north-easterly winds,
although moderate to high intensity winds (4-12 m/s) may derive
from any quadrant (Figure 5A; Table 4); it experiences minimal calm
conditions (3.86%) compared with the other localities. The seasonal
pattern of wind speed shows consistent wind strength across all
three seasons (Supplementary Figure S4; Table 4) and there is no
clear temporal trend in wind speed or direction at both annual and
seasonal scales (Figure 5i; Supplementary Figure S4i; Table 2).

The Ciganak weather station (locally known as Shyghanak) is
located at the southernmost extent of the western sub-basin
(Figure 1), at 349m asl. Wind regimes at this locality are
considerably calmer, mostly in the 0-4 m/s range and with a
northerly to north easterly trajectory (Figure 5B; Table 4); calm
conditions are experienced 38.15% of the time. All three seasons
experience low wind strength in all the three seasons (Figure 5B;
Table 4), and there is no clear temporal trend in wind speed or
direction at both annual and seasonal scales (Figure 5ii,
Supplementary Figure S4ii; Table 2).
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Climatic variables vs. time (t) (9M)

TABLE 2 Pearson correlation coefficient (r) and significance (p-value) of different climatic variables used in the surface water turbidity assessment at interannual and seasonal scales.

22U312S 1eIUSWIUOIIAUT Ul SI213U0i4

Statistical parameters Ws vs. t (1%) Ws vs. t (2%) Ws vs. t (3%) Ws vs. t (4%) WL vs. t NDTI vs. t
N 32 32 31 7 8 13 30 23
Pearson correlation coefficient (r) 0.117 0.476 —-0.050 -0.270 -0.473 0.524 0.749 —0.865
p-value 0.320 0.007 0.381 0.302 0.158 0.057 0.000 0.000
R 0.014 0.227 0.003 0.073 0.224 0.275 0.561 0.749

Climatic variables vs. seasons (each of 3M)

18 38 RAYSIW

60

Pvs. t
Statistical parameters Summer
N 32 32 32 32 32 32
Pearson correlation coefficient (r) 0.192 —-0.150 0.250 0.564 0.441 -0.034
p-value 0.221 0.278 0.146 0.001 0.014 0.389
R? 0.037 0.022 0.062 0.318 0.194 0.001

= Balkhash = Ciganak 3* = Aul 4* = Algazy ostrov
Statistical parameters Spring Summer Fall Spring Summer Fall Spring Summer Fall Spring Summer
N 31 31 31 7 7 7 8 8 8 13 13 13
Pearson correlation coefficient (r) -0.331 0.298 —-0.089 0.540 —-0.483 —-0.027 —-0.403 -0.536 -0.403 0.162 0.803 0.143
p-value 0.070 0.098 0.351 0.135 0.171 0.367 0.206 0.117 0.206 0.332 0.001 0.345
R 0.109 0.089 0.008 0.292 0.233 0.001 0.162 0.287 0.162 0.026 0.644 0.020
WL vs. t NDTI vs. t
Statistical parameters Summer Summer
N 30 30 30 23 23 23
Pearson correlation coefficient (r) 0.743 0.770 0.718 -0.620 —-0.815 —-0.856
p-value 0.000 0.000 0.000 0.002 0.000 0.000
R 0.552 0.593 0.516 0.384 0.665 0.733

[SSIRVIETM I

N = number of observations; R* = coefficient of determination; 1* = Balkhash; 2*

Ciganak; 3*

Aul; 4% = Algazy Ostrov.
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TABLE 3 Zone-wise statistics of precipitation (P), temperature (T) and turbidity index (NDTI) variation over the Lake Balkhash.

Precipitation (P, mm)

Temperature (T, °C)

Turbidity index (NDTI)

I ] 1\ \Y Il | \Y Vv I ] \Y

Annual (9M) Annual (9M) Annual (9M)
Mean 101.8 119.7 162.6 203.7 230.6 14.40 13.54 13.17 13.48 13.52 -0.09 -0.11 -0.13 -0.11 -0.10
Min 56.9 63.1 80.9 114.4 126.7 12.26 11.36 10.98 11.35 11.44 -0.13 -0.16 -0.16 -0.16 -0.13
Max 150.2 194.6 250.3 269.5 315.2 15.89 15.06 14.70 14.92 14.92 -0.04 -0.06 -0.08 -0.07 -0.07

Spring (3M) Spring (3M) Spring (3M)
Mean 45.2 47.1 58.8 73.8 84.3 9.98 8.87 8.54 9.09 9.25 -0.075 —-0.084 —-0.092 —-0.083 —-0.069
Min 20.0 17.3 204 30.1 333 6.34 513 4.83 5.50 5.99 -0.135 -0.135 -0.173 -0.110 -0.118
Max 69.1 83.9 102.7 115.2 140.4 12.60 11.45 11.08 11.48 11.57 0.020 0.005 0.005 —-0.035 —-0.036

Summer (3M) Summer (3M) Summer (3M)
Mean 28.8 40.5 58.0 65.4 69.7 23.97 23.55 23.14 23.06 22.95 -0.11 -0.13 —-0.14 -0.12 -0.10
Min 10.4 8.4 16.6 34.0 39.0 22.19 21.80 21.44 21.40 21.34 -0.16 -0.18 -0.20 -0.20 -0.14
Max 59.2 86.9 125.6 126.6 120.7 25.29 24.87 24.46 24.35 24.25 —-0.05 -0.07 -0.11 —-0.08 -0.07

Fall (3M) Fall (3M) Fall (3M)

Mean 27.8 32.0 45.7 64.4 76.5 9.23 8.20 7.84 8.28 8.35 -0.10 —-0.12 -0.14 -0.13 -0.12
Min 8.8 8.4 11.1 26.2 31.5 6.27 517 4.81 5.35 5.57 -0.15 -0.17 -0.19 -0.18 -0.18
Max 47.4 67.9 97.2 108.8 108.1 10.75 9.74 9.41 9.76 9.77 -0.05 -0.07 -0.10 -0.05 -0.05

Aul weather station is located in the Ile delta, at an of 353 m asl
and approximately —24 km south of Lake Balkhash zone II. This
locality experiences a similar wind regime to Balkhash, experiencing
predominantly north-easterly winds, a greater proportion of easterly
winds and some westerly air flow. Wind speeds are on average
slower than at Balkhash; wind speeds of 0-4 m/s account for 15% of
the annual average, and 4-8 m/s for 10% of the time (Figure 5C;
Table 4). The trend analysis at this station also suggests no
significant correlation at annual and seasonal scale (Figure 5iii,
Supplementary Figure S4iii; Table 2).

The Algazy Ostrov weather station (locally known as Alghazy
Island) is the only locality with data for the eastern sub-basin; it lies
at 349 m asl at the western end of zone IV. This station experiences
the most frequent stronger winds. It is dominated by frequent
easterly wind vectors (27% of time), with significant periods of
north-easterly and westerly winds, and calm conditions 15.15% of
the time. The seasonal wind trend indicates an average wind speed
of —4.06 m/s (Figure 5D; Table 4). Winds in the summer months
appear to be stronger at Algazy Ostrov unlike seasonal variability at
the other weather stations (r = 0.80; p = 0.001) (Figure 5iv,
Supplementary Figure S4iv; Table 2), suggesting a localised wind
effect in the eastern sub-basin during summer.

Based on the wind statistics we performed time series trend analysis
using linear regression of the available datasets. We observe no significant
correlation between wind strength and time over the observation period,
at annual or seasonal timescales, for any of the weather stations (Figure 5;
Supplementary Figure S4; Table 2). This suggests that lake Balkhash is
influenced by variable wind patterns dominated by low wind speeds,
perhaps influenced by local topographical features.

Frontiers in Environmental Science

3.2 Spatiotemporal analysis of
anthropogenic variables at Lake Balkhash

Overall, we observe a trend of significant correlation for water
level (WL), with increasing over the 1991-2022 period at both
annual and seasonal scales. Similarly, the different LULC
variables around the Lake Balkhash shows significant correlation
with time over the study period. The data in detail are presented in
the following sub-sections. The details of these observations are
further elaborated in the subsequent sub-sections.

3.2.1 Water level variability

The synthesised annual (9M) and seasonal variations in water
levels (WL) at Lake Balkhash for the period 1993-2022 are
illustrated in Figure 6. We observe a statistically significant and
positive correlation (r = 0.75; p = 0.000) between WL fluctuation and
time, suggesting an overall increase in lake WL during the study
period (Table 2). The low p-value suggests a high level of confidence
in the observed correlation, indicating that our results are not just
due to random variability (Table 2). The interannual (9M) time
series WL data for the 1993-2022 period reveals an apparently
increasing trend, with a mean annual increase in height of +5.0 cm/
9M, and an average water level of 342.37 m asl. The minimum and
maximum water level recorded during the study period is 341.44 m
asl (1993) and 343.03 m asl (2018) (Table 1). The WL trend appears
to fluctuate cyclically over the study period; this may be attributed to
an seasonal increase in surface runoff accelerated by the melting of
mountain glaciers and snowmelt that feed the Lake Balkhash
(Matsuyama and Kezer, 2009).
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(A) Temporal trend of the temperature (T) at mean interannual and seasonal scale; (B) and (C) Box plots of the zone-wise distribution of temperature

at annual and seasonal scales, respectively.

Despite the apparent trend of increasing water levels, there are
substantial interannual fluctuations. We observe a rise in WL over the
period 1992-1994, a subsequent steady decrease until 1998, followed
by a substantial and rapid increase by 1.42 m (a rate of 16 cm/yr) until
2006. In the subsequent years, the lake WL experienced two decreases
and rises, with low stands in 2009 (342.41 m asl) and 2015 (342.51 m
asl). The most recent lake level rise occurred over 2017-2018, with the
highest WL for the observation period reached in 2018 with 343.03 m
asl (Cao etal,, 2022). Lake levels have been falling ever since at a rate of
21 cm/yr and reached a level equivalent to that of 2002 in our final
observation year 2022. This decline exhibited a steep negative trend
with a strong correlation (r = —0.914; p = 0.004). This decline may be
attributed to land use change in the form of conversion of steppe
pastures to irrigated agricultural fields in the upstream (Chinese) part
of the Ile catchment (0.74 x 10’ km?/year from 1992 to 2015). In
addition, population growth in the catchment (850 persons/sq.km/
5 years), may have reduced inflow to the lake (Pueppke et al., 2018a;
Duan et al., 2020).

We observe a seasonal cyclicity in lake WL across the three
calendar seasons for which data were available (Figure 6; Table 2).
The spring WL fluctuates the most; we observe a maximum WL of
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343.22 m asl in 2012 and a minimum of 341.50 m asl in 1993. The
fall season yields the lowest lake levels, with a minimum of 341.23 m
aslin 1997 and maximum of 342.86 m asl in 2018. The WL ordinates
of the summer seasons are intermediate between the spring and fall
levels and reach a maximum of 343.1 m asl in 2012 and in 2017-19,
and a minimum of 341.5 m asl in 1993 (Figure 6). The seasonal trend
and correlation between WL fluctuation and time also suggests
significant positive correlation in all the three seasons (spring r
0.74; p = 0.000, summer r = 0.77; p = 0.000, and fall » = 0.72; p
0.000), suggesting an overall tendency for increasing lake WL during

the different seasons (Table 2).

The available WL zone [, II, and III, the Ile River contributes the
majority of water during the spring months and is directly
influenced by ice melting and river flow regulation (Sala et al,
2016). In contrast, Karatal and other rivers (Figure 1) dominate
inflow in Zones IV and V; some of these rivers currently provide no
discharge to the lake.

3.2.2 Landuse landcover dynamics

Figure 7 shows the temporal timeseries trend of the reclassified
LULC variables used in the present study based on the detailed
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Rose diagram of the average wind speed (Ws) and direction (Wd) of the 4 nearest meteorological stations (A) Balkhash, (B) Ciganak, (C) Aul and (D)
Algazy Ostrov based on the daily wind data measured over the study period (1991-2022), respectively. Plots (i-iv) show time series trend analysis of the
mean interannual wind speed of the available datasets.

TABLE 4 Zone-wise statistics of the wind speed (Ws) variations at four wind account for approximately 60% of the total basin area. These

stations near Balkhash. grasslands are majorly dominated in the eastern, northern, and
Wind speed (m/s) western lake margins, which are largely an elevated topography.

However, the timeseries trend of grassland shows a substantial

EIEN ] Aul decrease from 58.88% to 57.63% in the areal extent between

1992 and 2020 (Figure 7A; Supplementary Table S2). Between

Zones

Ciganak

Algazy ostrov

N 31 7 8 13
e e e e 2001 and 2007, the Ile-Balkhash basin show a sudden decrease in
Annual (9M) the grassland portion (Figure 7A). Similarly, the southwestern and
Mean 105 L8l 292 106 southern parts of lake vicinity have shrubland, bareland, and
wetland as major LULC variables situated on low-rise
Min 364 L4l 212 364 topography sloping in a southeast-northwest direction
Max 436 223 3.49 430 (Supplementary Figure S4). The timeseries trend of shrubland
A show an increment of 12.57% (1992) to 14.26% (2020) of area
1N
pre followed by wetland (2.16%-2.18%), urban areas (0.3%-0.23%)
Mean 4.27 2.09 3.22 3.80 and forests (2.40%-3.53%) between 1992 and 2020 (Figure 7;
Min 3.80 72 252 126 Supplementary Table S2). Bareland on the other hand has
decreased substantially by 10.06% to almost 6.84% during the
Max 484 247 366 .64 period (Figure 7C; Supplementary Table S2). Looking at the
Summer (3M) variable trend within the LULC variables, we investigate the
statistical trend and correlation with time. We observe a
Mean 4.07 1.85 2.75 4.16 o . ) o
statistically significant and negative correlation in bareland
Min 3.16 1.06 2.02 3.74 (r = —=0.973; p = 0.000) and grassland (r = —0.494; p = 0.008)
Max 450 267 3.38 470 over the study period (Table 5), suggesting a decrease in the overall
areal percentage (Figure 7C). However, there is a positive
tell (G correlation between shrubland, cropland, urban land, wetland,
Mean 3.83 1.54 2.81 421 and snow and ice over time. This positive trend indicates an
) overall increase in the areal percentage over time. It is also
Min 3.21 1.16 1.59 3.69 . . . )
evident from the analysis that interconversion of one or the
Max 4.49 1.95 374 5.07 other variables over time has taken place (Table 5;

Supplementary Table 52). The low p-value <0.05 (excluding the
waterbodies) suggests a high level of confidence in the observed

N = number of observations; Min. = minimum; Max. = maximum.

statistics (areal percentage; %) analyzed for the period 1992-2020,  correlation between these variables over the study period,

as shown in Supplementary Table S2. The overall aerial statistics of
Ile-Balkhash basin shows the dominance of grasslands, which
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indicating that our results are not merely due to random
variability (Table 5).
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Plots (A—H) showing the temporal trend of LULC variables for Ile-Balkhash basin over the study period of 1992-2020.

TABLE 5 Pearson correlation coefficient (r) and significance (p-value) of different LULC variables used in the surface water turbidity assessment at annual
scales between the years 1992-2020.

LULC variables vs. time (t)

Statistical Grassland Shrubland Bareland Wetland Cropland Forest Urbanland Snow Water

parameters and ice bodies
N 29 29 29 29 29 29 29 29 29
Pearson correlation —0.494 0.892 -0.973 0.882 0.950 0.936 0.982 0.655 —-0.182

coefficient (r)

p-value 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.247

R’ 0.244 0.796 0.947 0.778 0.903 0.876 0.965 0.429 0.033
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3.3 Spatiotemporal variability of water
turbidity index (NDTI) at Lake Balkhash

The overall spatio-temporal trend of NDTT at Lake Balkhash for the
observation period is provided in Figure 8. Averaged NDTT values range
from —0.149 to —0.044 and therefore correspond to slightly turbid
conditions. Time-series analyses of the annual NDTI trend show an
overall decrease in turbidity through time (r = —0.865; p = 0.000), with
short-lived peaks and troughs in NDTT values (Figure 9A; Table 2). The
period 1991-1996 experienced the highest turbidity values, with a peak
of —0.059 in 1996. Other short-lived peaks occurred in 2001 (—0.091)
and 2010-2011 (-0.090 and —0.091 respectively), and smaller turbidity
peaks in 2017 and 2019.

We also observe differences in turbidity between the seasons
(Figure 9A). Turbidity during the spring season fluctuates more
substantially between the years than during summer and fall; spring
NDTI values indicate high turbid water. There is a significant and
strong trend of decreasing turbidity for each of the seasons (spring
r =-0.620; p = 0.002; summer r = —0.815; p = 0.000; fall » = —0.856;
p = 0.000), which underscores the annual time-series trend
(Figure 9A; Table 2). The trend of decreasing turbidity is
strongest for the fall and summer seasons. Less turbid water is
likely to be the product of a range of factors including reduced runoff
into the lake, changes in precipitation patterns, land use, or
improved water quality management practices.

We summarise the spatial variability of both annual and
seasonal NDTI values derived from the different zones in
Figure 9B. We observe the lowest annual average NDTI in the
central Zone III; turbidity increases towards the eastern and western
extremities of the lake (Figure 9B; Table 3). This spatial trend is
echoed by NDTI values for the summer and fall months. The spring
season experiences relatively higher ordinates of turbidity and a less
pronounced spatial trend (Figure 9C; Table 3).
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3.4 Correlation between turbidity and
exploratory variables

To further assess the dominant factors affecting lake turbidity in an
arid climate, we investigated potential correlation between the five
exploratory variables, ie., P, T, Ws, WL, LULC, and NDTI variation.
On an inter-annual basis, NDTI displays a negative correlation with
most of the variables. We find no significant relationship between NDTI
and P (r =-0.074, p = 0.371), and between NDTI and Wi (all 4 stations)
(Table 6). However, we observe a moderate negative association between
NDTI and T (r = —-0.532, p = 0.010). We also find a significant negative
correlation between NDTI and WL (r = —0.696, p = 0.001) (Table 6).
These correlations suggest that higher turbidity is associated with lower
temperatures and lower water levels and vice versa.

Similarly, we conducted statistical trend analysis to establish the
correlation between the major LULC classes and NDTT (Table 6) in the
present study area. Examining the major LULC classes around the lake,
we observe a strong positive correlation between NDTI and bareland (r =
0.764, p = 0.000) and a moderate positive correlation with grassland (r =
0.558, p = 0.011). However, the percentage statistics of these two variables
indicate a relative decrease in the areal extent (Figure 7; Supplementary
Table 52). On the other hand, shrubland (r = —0.771; p = 0.000), and
wetland (r = —0.665; p = 0.000), which dominate the southern part of
Lake Balkhash, exhibit a negative correlation with NDTT at the annual
scale (Table 6). Whereas, the statistics of these variables reveal an increase
in the areal percentage over time (Supplementary Table S2). An overall
assessment suggests that an increase in shrubland and wetland, with a
relative decrease in grassland and bareland in the vicinity of Lake
Balkhash, has a significant impact on reducing sediment availability
to the lake turbidity (Table 6). Also, the other LULC variables such as
cropland, forests, urban land, and snow and ice as distributed in the basin
exhibit strong and negative correlation with NDTT, with their relatively
low and indirect contribution to turbidity dynamics.
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(A) Temporal trend of the turbidity index (NDTI) variable at mean interannual and seasonal scale; (B) and (C) Box plots of the zone-wise distribution of

NDTI at annual and seasonal scales.

We further repeated this statistical analysis for the available
seasonal datasets to better understand the trends in variability
specifically for water levels and temperature with the NDTI
(Table 6). We observe a strong negative correlation between
NDTI and both T (r = —0.659; —0.564 and p = 0.001; 0.006) and
WL (r = —0.605; —0.606 and p = 0.003; 0.003) during the spring and
summer seasons. However, during fall, NDTIT only yields a
statistically significant correlation with WL and not with T
(r = —0.578 and p = 0.006) (Table 6). This result suggests that
WL fluctuations may have a more pronounced impact on turbidity,
particularly during fall. These findings emphasize the influence of T
and WL on turbidity dynamics at Lake Balkhash.

4 Discussion

4.1 Effect of climatic and anthropogenic
variables on turbidity change

We observe clear spatial and temporal variability in the NDTT of

Lake Balkhash waters over the time period 1991-2022. Since the lake

Frontiers in Environmental Science

15

is situated in an arid climatic setting (Pueppke et al., 2018a), we
selected the five exploratory variables i.e., P, T, Wd/s, WL and LULC
as those most likely to elucidate the controls on lake turbidity at
annual and seasonal timescales. We group these variables into two
categories: a) entirely natural factors such as precipitation,
temperature and wind, and b) parameters reflecting a coupling
between climate and anthropogenic influence. We assume water
level to correspond to the latter category, since Lake Balkhash is a
regulated system and its flow is almost regulated by dams and
diversions (Dostay et al., 2012; Pueppke et al., 2018a).

We find minimal correlation between NDTI and precipitation
(Table 6), and attribute this to the weak effect of direct precipitation
over the lake in the study area (Duan et al., 2020; Salnikov et al.,
2023). This is despite of an overall trend of increasing precipitation
(Figure 3A) over the observation period reported across the river
basin (Matsuyama and Kezer, 2009; Propastin, 2012; Yu et al., 2021),
in particular in the spring and summer seasons (Duan et al., 2020).
Our results clearly suggest that local precipitation over the lake has
minimal impact on turbidity variation, most likely relating to the
small absolute amount of rainfall as well as high rates of evaporation
loss from large water bodies (Dostay et al., 2012; Pueppke et al,
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TABLE 6 Pearson correlation coefficient (r) and significance (p-value) of turbidity index (NDTI) vs. other variables, including precipitation (P), temperature
(T), wind speed (Ws), water level (WL) and LULC variables used in the surface water turbidity assessment at interannual and seasonal scales.

NDTI vs. Climatic variables (9M)

Statistical NDTI vs. NDTI vs. NDTI vs. NDTI vs.
parameters Ws 1* Ws 2* Ws 3* Ws 4*
N 23 23 22 5 6 7 22
Pearson correlation -0.074 -0.532 0.248 -0.396 0.479 0.496 —-0.696
coefficient (r)
p-value 0.371 0.010 0.203 0.261 0.196 0.163 0.001
RrR? 0.005 0.283 0.061 0.157 0.229 0.246 0.484

NDTI vs. LULC variables (12M)

Statistical Grassland Shrubland Bareland Wetland Cropland Urban Water
parameters land bodies
N 20 20 20 20 20 20 20 20 20
Pearson correlation 0.558 -0.771 0.764 ~0.665 -0.805 -0.810 -0.817 -0.550 0.145
coefficient (r)
p-value 0.011 0.000 0.000 0.00 0.000 0.000 0.000 0.011 0.322
R 0311 0.594 0.584 0.442 0.648 0.656 0.668 0.303 0.021

NDTI vs. Climatic variables (each of 3M)

Statistical parameters NDTI vs.WL NDTI vs.P NDTI vs.T
Seasons Spring Summer Fall Spring Summer Spring Summer
N 22 22 22 23 23 23 23 23 23
Pearson correlation coefficient (r) —-0.605 -0.606 -0.578 -0.220 0.159 -0.122 -0.659 -0.564 0.112
p-value 0.003 0.003 0.006 0.229 0.298 0.334 0.001 0.006 0.343
R 0.366 0.367 0.334 0.048 0.025 0.015 0434 0318 0.012

1* = Balkhash; 2* = Ciganak; 3* = Aul; 4* = Algazy Ostrov; N = number of observations; R* = coefficient of determination.

2018a; Yu et al., 2021; Albarqouni et al., 2022) arid and semi-arid
climatic settings. At the catchment scale, precipitation is much
higher in the headwater regions, and is particularly pronounced
in the climatically diverse Ile-Balkhash catchment; catchment-scale
rainfall and snow has an indirect impact on surface runoff and
stream discharge upstream region (Petr, 1992; Goransson et al,
2013; Yuetal, 2021). The impact of catchment-scale precipitation is
evidenced by large floods following extreme rainfall events; such
events controls a considerable part of the sediment load being
transported into dryland lakes such as Lake Balkhash, so driving
short-lived turbidity fluctuations (Karthe, 2018; Duan et al., 2020).
Unfortunately, the scope of our study prevented the investigation of
specific events such as floods and the quantification of NDTI
resulting from such events.

Although impacts of wind strength has been reported to impact
turbidity in arid zone water bodies (Wu et al., 2013; Ouni et al,
2019), we observe no statistical correlation between turbidity and
wind regime parameters at Lake Balkhash (Table 6). It is also been
reported that western part of the lake observed less frequent strong
winds than in the eastern part (Ivkina, 2022). This may be explained
by the local topographic context of the Lake Balkhash coastline and
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surrounds. The western and northern lake shorelines are up to 30 m
above the base lake level (Figure 1), with rocky uneven terrain; this
relatively high topographic difference may act as a natural barrier to
air flow, preventing strong winds and associated storm surges
reaching inland and causing turbidity within the water (Ivkina,
2022). On the other hand the deeper, narrower, and dissected
eastern sub-basin prevents the generation of sizeable waves and
therefore there is no or limited wind-driven turbidity in that region
(Sala et al., 2020; Ivkina, 2022). The one place where wind regimes
may have an influence on turbidity is in the southern part of the lake,
which has a very low relief shoreline, with abundance of loose
alluvial and aeolian sediments and slightly stronger wind speeds
with a N-NE orientation (Issanova et al., 2015; Sala et al., 2020).
Under these conditions, winds may disturb the lake bottom
sediments in the shallow southern part, partly contributing to
turbidity in zones I and II (Petr, 1992; Ivkina, 2022).

More significantly, we observe a clearer and stronger connection
between NDTI and temperature (T) as well as water level (WL).
These parameters likely govern most of the turbidity fluctuations at
annual and seasonal time scales. We propose that temperature is one
of the dominant factor in this region, controlling process-feedbacks
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for turbidity in Lake Balkhash. Several studies have documented
increasing temperatures in this region (Propastin, 2012; Qi et al,
2020), resulting in high evaporation rates (Abdrahimov et al., 2020)
and exacerbating discharge patterns through an increase in water
level (Qi et al., 2020; Moldakhanova et al., 2023). It is important to
note that the major contributing rivers - Ile, Karatal, Lepsy and Aksu
- are fed by glaciers and snowmelt, and are consequently highly
sensitive to temperature-driven impacts (Kaldybayev et al., 2016;
Sala et al., 2016; Mischke, 20205 Cao et al., 2022) on runoff and the
seasonal distribution of water. During winter, the lake is mostly
frozen; the lake surface starts melting in the early March, with the
onset of spring (Petr, 1992). This phenomenon elevates seasonal
turbidity variation in the lake due to the loss of lake ice cover and
large temperature fluctuations (Ivkina, 2022). Rising temperatures
also affect spring snowmelt in the upstream reaches (Duan et al.,
2020; Zhang Q. et al, 2022), increasing water levels as well as
sediment input to the lake (Karthe, 2018; Panyushkina et al., 2018).
Frequent event-based flooding due to local snow melt in the spring
(Petr, 1992; Yapiyev et al, 2017; Salnikov et al, 2023) also
contributes to the lake turbidity. Although, both spring and
summer are dominated by high water inflow from the upstream
regions, the lake water level is ultimately controlled by regulated
discharge from the Kapshagay dam which also controls sediment
transport downstream (Pueppke et al., 2018a; Panyushkina et al,
2018; Mukhitdinov et al., 2020). Nevertheless, high temperatures
combined high water inflow moderates the input of sediment to
Lake Balkhash in the spring, reducing spring turbidity relative to
summer (Sala et al, 2016; Panyushkina et al., 2018). By fall, as
temperatures decrease, there is reduced water inflow into the lake
(Petr, 1992; Propastin, 2012), which further decreases the sediment
contributions and subsequent turbidity.

Human induced LULC dynamics also have a major impact in
driving the water turbidity in inland lakes from local to regional scale
(Li et al., 2014; Baltodano et al., 2022; Zhang L. et al., 2022). The
different LULC pattern observed across the basin has a significant
bearing in driving the turbidity of a lake. For instance, the expansion
of grassland or shrubland areas around the lake serves as a protective
cover and the root systems effectively bind the soil, reducing erosion
caused by wind and water (De Baets et al, 2011; Zhang et al., 2013).
Furthermore, they intercept rainfall, minimising soil disturbance
and consequently reducing surface runoff carrying sediments into
water bodies (Mohamadi and Kavian, 2015). This natural sediment
trapping mechanism not only preserves soil integrity but also
improves water quality by limiting the influx of pollutants into
lakes, thereby safeguarding aquatic ecosystems and maintaining
ecological balance. In our study, we observed an increase in
shrubland areas (Figure 7B) within the basin, which has likely
contributed to soil erosion control and, consequently, might have
helped in reducing the lake water turbidity. The Ile-Balkhash basin
has also been marked by an expansion of wetland areas, mostly
associated with the southeastern part of the lake (Cao et al,, 2022).
These wetlands serve as natural filters, trapping sediment carried by
runoff before it reaches the lake (Johnston, 1991; Mereta et al., 2020),
thereby decreasing turbidity levels. In summary, the increase in
wetland areas around Lake Balkhash can act as a vital mechanism for
mitigating turbidity and promoting the overall health and ecological
balance of inland lakes (Cao et al, 2022). Conversely, barren
landscapes are prone to erosion, leading to sediment runoff and
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positively contribute to water turbidity. A change in barren areas in
the region can significantly contribute to turbidity dynamics in
nearby water bodies (Li and Xia, 2023). With vegetation replacing
barren areas, soil erosion is minimized as roots bind the soil and
vegetation intercepts rainfall, reducing sediment distribution along
the lake river system in the Ile -Balkhash basin. Several studies put
forward a strong link between the rapid urbanization and industrial
areas with the detriment of river and lake water quality (Li et al.,
2014; Pueppke et al., 2018b; Duan et al., 2020; Baltodano et al., 2022).
However, in the present study reveals that although there is strong
and negative correlation, of cropland, forests, urban land, and snow
and ice majorly distributed in the upstream region, has an indirect
control in turbidity variation in Lake Balkhash (Pueppke et al,
2018a; Duan et al,, 2020). Therefore, these variables singularly or in
combination impact the water quality of the associated water
resources (Tahiru et al., 2020).

The spatial variability of NDTT values is dominated by inflow
from the Ile River as the largest contributor to the Lake Balkhash
(Petr, 1992; Mukhitdinov et al., 2020; De Boer et al., 2021),
specifically to zones I and II in the western sub-basin. The Ile
River is also responsible for most of the sediment influx responsible
for its turbidity, giving the western sub-basin a yellow-gray color
(visibility 5-10 m) and silty-sandy lake bottom deposits (Petr, 1992;
Krupa et al., 2020; Mischke, 2020). The shallow western sub-basin,
and its large surface area, are additional possible factors contributing
to the high turbidity in that part of the lake (Ivkina, 2022;
Myrzakhmetov et al., 2022). The eastern sub-basin, in particular
zones IV and V, receives significantly lower sediment and water
input (Petr, 1992; Mischke, 2020); it is also deeper with smaller
surface area relative to water volume, and therefore has greater
potential for clearer water (Ivkina, 2022). The central zone III in the
eastern sub-basin experiences the lowest turbidity, since it is least
affected by sediment inflow from the rivers. In summary, our study
indicates a strong connection between water level and temperature
as key drivers of turbidity at Lake Balkhash. Additional factors may
contribute to water quality fluctuations which are subject to the
influence of human activities and have not been considered in this
study. The increase in human population in the Ile-Balkhash basin
in the last several decades (Duan et al., 2020) has led to increased
water consumption and changes in land use practices (Mulkhitdinov
et al,, 2020) with an ultimate loss of natural land cover (Mischke,
2020; Huang et al., 2022). In addition, poor management of waste
and sewage disposal from the municipal and industrial point
sources, are also likely to have a localized impact on lake water
quality (Karthe et al., 2015; Karthe, 2018; Mukhitdinov et al., 2020).

4.2 Implications of turbidity on ecology and
ecosystem services

Monitoring and managing turbidity variations in waterbodies is
essential for keeping the ecosystem healthy and for maintaining the
services that we get from them. The time series analysis of the NDTI
for Lake Balkhash reveals a significant reduction in water turbidity,
signifying an enhancement in water clarity over the past 3 decades
(Tilekova et al., 2016). The observed decrease in turbidity over
3 decades in Lake Balkhash can have several potential impacts on the
ecology and ecosystem services (Huang et al., 2022). Clearer water
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conditions in the lake system has led to reduced mineralization and
increased penetration of sunlight, which promotes the growth of
aquatic vegetation and altering habitat structure (Krupa et al., 2014;
Barinova et al., 2017). This, in turn, has affected the distribution and
abundance of aquatic organisms and may lead to shifts in species
composition (Pueppke S. et al.,, 2018). Some studies have reported
the increase in zooplanktons, phytoplankton’s and fish spawning
behavior and reproductive success of some species over the other in
the Lake Balkhash (Tilekova et al., 2016; Pueppke S. et al., 2018).
Overall, the changes in turbidity levels can influence trophic
interactions and ecosystem functioning, potentially disrupting
food webs and altering nutrient cycling processes (Imentai et al.,
2015; Krupa et al,, 2020). Therefore, highlighting the importance of
continuous environmental monitoring and in-depth studies for
effective management of turbidity is crucial for preserving the
health of Lake Balkhash’s ecosystem.

4.3 Limitations and uncertainties

This study obtains valuable insights into the likely drivers of water
quality variability and trends in Lake Balkhash. However, it is important
to note that our study relies entirely on infrequent Earth observation
datasets, and as such is limited by data gaps and may not adequately
capture seasonal and short-term turbidity events. The accuracy of our
interpretations can only be obtained by increasing the spatial and
temporal resolution of the available datasets. In addition, it is important
to recognize the significance of local factors specific to Lake Balkhash,
including shoreline and lake basin characteristics, human land use
practices within the basin, and inflows and sediment input from
individual tributaries. These local influences can have a significant
impact on turbidity levels within the lake.

The calibration and validation of our turbidity calculations

in
The
relatively remote setting and limited infrastructure at Lake

against ground-based measurements are essential steps

ensuring the reliability of satellite-based assessments.
Balkhash currently limits the opportunity for generating in-situ
turbidity datasets over the observed time period both at spatial
and temporal scale (Barinova et al., 2017; Krupa et al, 2020).
However, several studies have make use of the remote sensing
based (e.g, NDTI) which found to have strong
correlation with the
of the

management in various climatic settings (Baughman et al.,, 2015;
Bid and Siddique, 2019; Elhag et al.,, 2019; Kaplan et al., 2019).
Putting this forward, future efforts should be directed toward
collecting and integrating ground-based data for an observed

indices
in-situ observation to highlight the
usefulness satellite in water

imageries resource

period to improve the accuracy and reliability of turbidity
forecasting using remote sensing observations at Lake Balkhash.

5 Conclusion

In this study we make use of remote sensing techniques to
monitor water quality and sedimentation in a large, arid zone inland
lake. In developing countries, there is limited capacity for
monitoring lakes such as Balkhash; these circumstances can be
overcome using freely available remote sensing based NDTI
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techniques. The stepwise statistical analysis undertaken here is a
very useful approach for understanding how processes in natural
systems are affected by human activities.

Under the of the
anthropogenic variables, the turbidity patterns show significant

combined influence climatic and
spatial and temporal variations at Lake Balkhash. Interannual
and seasonal turbidity variations indicate the critical influence of
temperature and water level over the last 3 decades. It is also noted
that change in the LULC patterns in the Ile-Balkhash basin over the
time has significantly impacted the turbidity dynamics of Lake
Balkhash. Spatial variation is primarily driven by the inflow from
the major rivers, which is actually regulated by reservoirs. In
addition to the major controlling factors, there are other localised
factors which can have influence turbidity variations which have not
been considered in the present study.

Overall, the present study illustrates the potential of a remote
sensing approach to identify turbid zones in the absence of or with
limited in-situ and observed data. The results highlight the significant
impact of rising temperatures and anthropogenically influenced water
levels and LULC variables on turbidity in Lake Balkhash, Kazakhstan.
Therefore, the study emphasizes that the warming climate and
alterations in the lake’s hydrology as well as land use dynamics have
a considerable impact on water quality. This suggests that monitoring
water health alone may not suffice to mitigate the impacts of climate
change and human activities on water quality unless we reduce
emissions, cap warming, and stop interfering with the lake’s
hydrology and landscape configuration. These actions are necessary
to sustainably manage and conserve dryland water resources.
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