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Abstract

Urban expansion in cold semi-arid regions poses significant threats to river ecosystems
through land use changes and impervious surface proliferation. This study examined the
Selbe River in Ulaanbaatar, Mongolia, integrating Landsat satellite imagery (2000–2020)
with long-term water quality monitoring data (2012–2023) to assess land use change impacts
on river water quality. Land use classification revealed that built-up areas expanded 3.5-fold
from 16.20 km2 (2000) to 57.9 km2 (2020), driven primarily by informal Ger residential
areas and high-rise residential zones. Over the same period, barren land decreased from
149.5 km2 to 64.80 km2, while green areas increased from 156.89 km2 to 200.11 km2, which
was insufficient to offset ecological stress from impervious surfaces. Water quality analysis
of five sampling sites along the river showed progressive deterioration, with the Water
Quality Index (WQI) increasing from 1.08 (2012) to 7.24 (2023), classifying the river as
“dirty”, the most severe pollution category in Mongolia’s national classification system.
Downstream sites adjacent to high-rise residential and Ger districts exhibited elevated
concentrations of NH4

+, NO2
−, NO3

−, PO4
3−, and suspended solids, frequently exceeding

permissible limits established by MNS 4586-98. These findings underscore the cumulative
impact of unregulated urban growth on aquatic ecosystems and emphasize the urgent
necessity for integrated land use regulation and watershed-based planning to safeguard
urban water resources in cold semi-arid environments. The study provides a replicable
framework for assessing land use impacts on water quality in rapidly urbanizing regions.

Keywords: land cover change; urban expansion; and aquatic pollution; water quality
index (WQI)

1. Introduction
Land use change and urbanization are major global drivers of environmental trans-

formation in terrestrial ecosystems. The conversion of natural areas, such as forests and
agricultural lands, into urban spaces increases impervious surfaces; reduces infiltration;
accelerates surface runoff; and introduces nutrients, heavy metals, and pathogens into
rivers and streams [1].

Numerous studies have reported that the conversion of agricultural land and forests
into urban areas leads to a significant deterioration of water quality [2–4]. A global meta-
analysis of 625 studies across 63 countries identified expansion as the dominant driver of
water quality degradation over the past two decades [5]. In rapidly urbanizing regions,
such as South Asia, Sub-Saharan Africa, and Latin America, the replacement of natural
landscapes with impervious surfaces has intensified runoff and increased pollutant loads
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in river systems, leading to measurable declines in water quality [6,7]. This intensification
of runoff has contributed to widespread contamination in urban rivers, where elevated
levels of nutrients, heavy metals, and microbial pollutants [6,8,9] reflect the growing
severity of water pollution as a global issue [10–12]. Similar patterns of water quality
degradation linked to land use change have been documented in Mongolia and Central
Asia, where rapid urbanization and mining activities have significantly impacted river
systems, including the Tuul, Kharaa, and Selenge River Basins [13,14]. However, research
on smaller urban tributaries such as the Selbe River in Ulaanbaatar (UB) remains limited,
particularly in cold semi-arid regions where urbanization pressures are concentrated in
specific geographic areas.

These global patterns are clearly reflected in Mongolia’s capital, UB, a rapidly growing
city located in a cold semi-arid climate that concentrates a large proportion of the national
population. Nearly half of Mongolia’s population lives in UB, occupying only 0.3% of the
country’s territory. Figure 1 provides background demographic information to contextual-
ize the study area. This concentration creates intense and often unsustainable demands on
local land and water resources.

Figure 1. Urban and rural population trends in Mongolia (1990–2023). Data source: National Statistics
Office of Mongolia (NSO) population census reports.

Over 60% of Mongolia’s urban population and 90% of its national institutions are
concentrated in UB, including governmental and international organizations. Figure 2
presents background information on the spatial distribution of key sectors to contextualize
UB’s development pressures. The rapid, often unplanned expansion of peri-urban Ger areas
has led to the development of informal settlements that lack adequate infrastructure [14,15],
directly impacting river ecosystems, particularly the Selbe River Catchment (SRC).

The Selbe River, a tributary of the Tuul River, flows through UB and supports urban
life through ecological and recreational functions [16]. Although it is not used for drinking
water, it supports irrigation, riparian habitats, and urban green spaces. However, land
use changes and urban encroachment increasingly threaten these functions, especially in
downstream areas. Early studies in the SRC date back to the Bukinich flood control in 1933.
Systematic monitoring also began in 1986 but has largely been limited to the upstream
and midstream sections [17], leaving the downstream dynamics underexplored. Urban
expansion has been shown to significantly reshape watershed processes by increasing
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impervious surfaces, altering runoff regimes, and reducing infiltration capacity. In UB,
rapid growth and land use changes have intensified these pressures, placing tributaries
such as the Selbe River at heightened risk of ecological degradation and hydrological
imbalance [18–29].
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Figure 2. Spatial concentration of sectors in UB City. Data source: Compiled from NSO sectoral
distribution statistics and municipal records.

Although larger Mongolian river basins have been investigated in relation to mining
and flood risk [14], the effects of land use change on smaller urban watersheds, particularly
in cold semi-arid regions such as the SRC, have not been sufficiently addressed. This
research gap is critical, given UB’s rapid expansion and the vulnerability of its urban rivers.

This study aims to clarify the relationship between land use change and water quality
in the SRC and to provide insights for sustainable land use and water resource management
in cold semi-arid regions. Specifically, it analyzes land use change and urbanization in
the SRC from 2000 to 2020 based on remote sensing data and GIS technologies; evaluates
temporal and spatial variations in water quality parameters and trends in the Water Quality
Index (WQI) based on long-term monitoring data (2011 to 2023); and examines the relation
between land use change and river water quality to assess the impacts of land use change
and urbanization on the SRC environment.

2. Study Area: Selbe River Catchment
The SRC is located in the northern part of UB, the capital of Mongolia (Figure 3). It

lies between the Khentii Mountains to the northeast and UB to the south and west [30–32].
The region has a cold, dry climate with long, cold winters and short, warm summers. The
mean annual temperature is approximately −1.2 ◦C, with extreme values ranging from
−39.6 ◦C in winter to 34.5 ◦C in summer. Annual precipitation averages 258.5 mm, over
70% of which falls between June and August during the main rainy season, and spring
snowmelt also contributes substantially to catchment runoff [27].

The Selbe River extends 54 km and traverses forests, grasslands, agricultural land, and
urban areas. Elevation ranges from 1300 to 2000 m, with brown forest soils in the uplands
and richer alluvial soils in the downstream. Rapid urban expansion has accelerated soil
and landscape alteration, particularly in downstream reaches [22].
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Figure 3. SRC and sampling site locations. Note: Sampling sites: (1) upstream; (2) seasonal residential
areas (SRA); (3) boundary between the SRA and the Ger residential area (GRA); (4) boundary between
GRA and the high-rise residential area (HRA); and (5) HRA downstream.

Land use within the catchment is highly heterogeneous, forming a mosaic of forested,
agricultural, and urban landscapes. As UB continues to expand, the SRC faces increasing
pressure from residential development, informal settlements, and infrastructure growth,
which are altering hydrological processes by reducing infiltration and increasing surface
runoff, consequently affecting river water quality.

Given its geographic location and land use diversity, the SRC represents a typical
example of urbanizing watersheds in a cold semi-arid region. Understanding the changes
in land use and their effects on river water quality is essential for developing effective
strategies to protect aquatic ecosystems and promote sustainable urban development.

3. Materials and Methods
3.1. Land Use Change Analysis

Land use changes in the SRC were assessed with particular focus on the expansion
of impervious surfaces (built-up areas). Land use information for the spatial analysis was
obtained from digitized historical maps, a 1:50,000 topographic map, and Landsat satellite
imagery. A multi-source geospatial dataset was compiled, including a 1:50,000 topographic
map, digitized historical maps (1970, 1984, 2005), and Landsat satellite imagery (Landsat
4/5 TM for 2000, Landsat 7 ETM+ for 2005, and Landsat 8 OLI/TIRS for 2015 and 2020).

All Landsat imagery used in this study was obtained from the USGS Earth Explorer
platform, where it is already geometrically corrected and georeferenced in the UTM co-
ordinate system. Spatial alignment was verified against the 1970 national topographic
map to ensure consistency across all datasets. Supervised classification was conducted
in ArcGIS 10.3 using the maximum likelihood algorithm. Additionally, NDVI and SAVI
indices were applied to enhance vegetation discrimination and minimize soil background
effects. Four land cover categories were defined: (i) built-up areas (residential, commercial,
and transportation structures), (ii) barren land (exposed soil and sparsely vegetated areas),
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(iii) green areas (forests, grasslands, parks, and agricultural fields), and (iv) waterbodies
(rivers, ponds, and reservoirs).

To quantify land use changes, the classified maps for each year were compared using
post-classification comparison. Class areas were calculated for all time periods, and cross-
tabulation matrices were used to identify gains, losses, and net changes among land-cover
categories. This comparative analysis allowed for the detection of dominant transitions
associated with urban expansion in the SRC.

3.2. Urban Growth Analysis

To quantify urban growth in the SRC, we applied the Urban Expansion Intensity Index
(UEII), which measures changes in the built-up area relative to the total land area over
time. Using satellite imagery from six key years (2000, 2005, 2010, 2015, 2020, and 2022),
we calculated expansion rates and spatial coverage to assess the pace and intensity of
urbanization. The UEII was calculated using the following formula [33].

UEII =
BLA
TLA

× ∆At

t
× 100 (1)

where BLA is the built-up land area, TLA is the total land area of the study area, ∆At is
the change in built-up area over the time period, and t is the duration of the time period
in years.

3.3. Water Quality Monitoring and Analysis
3.3.1. Field Sampling and Measurement

Five sampling sites were selected along the Selbe River to capture spatial variations
in water quality (Figure 3). Sampling was conducted on four occasions, August 2012,
August 2013, August 2022, and August 2023, providing temporal resolution for assessing
long-term trends. In total, 20 water samples were collected across the 4 sampling campaigns
(5 sites × 4 years). To verify analytical precision, all chemical parameters were measured in
triplicate, and a representative QA/QC scatter plot is provided in Figure 4 to demonstrate
strong agreement between replicate measurements.
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Figure 4. QA/QC scatter plot comparing replicate measurements for NH4
+ concentrations. Blue dots

represent individual sample values from Replicate 1 and Replicate 2. The red dashed line indicates
the 1:1 reference line (y = x), showing strong agreement between replicates (n = 3).
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Sampling was conducted in August because this is the peak rainfall period when
runoff from SRA and GRA, which lack central wastewater connections, is most strongly
transported into the river. During each survey, key physicochemical parameters, including
temperature, pH, electrical conductivity (EC), and dissolved oxygen (DO) were measured
on-site using a portable water quality meter (Hach Company, Loveland, CO, USA). The
two hydrological stations shown in Figure 3 record only water level and discharge and do
not measure chemical water quality; therefore, all water quality data in this study were
collected exclusively from the five designated sampling sites.

Water samples were collected as grab samples from 20–30 cm below the water surface
at each site, following national standard procedures for surface water sampling. Sampling
bottles (acid-washed polyethylene plastic bottles) were rinsed with distilled water and
pre-rinsed with sample water prior to collection. Each sample was labeled with the site
name, date, and sample ID and then stored in insulated coolers at approximately 4 ◦C and
transported to the laboratory on the same day. Field preservation for Fe2+/Fe3+, NH4

+,
NO2

−, NO3
−, and heavy metals was performed using HNO3 and H2SO4 (Wako Pure

Chemical Industries, Osaka, Japan) to prevent chemical transformation before analysis.
In the laboratory, chemical analyses were conducted at the Natural Science Cen-

tral Laboratory of the National Agency for Meteorology and Environmental Monitoring.
Spectrophotometric methods were used to determine nitrite (NO2

−), nitrate (NO3
−), am-

monium (NH4
+), orthophosphate (PO4

3−), and chemical oxygen demand (COD Mn) using
HACH spectrophotometers (Hach Company, Loveland, CO, USA). Suspended solids (SS)
were analyzed gravimetrically, while biochemical oxygen demand (BOD) was measured us-
ing the dilution method under standard laboratory conditions. All analyses were conducted
in triplicate (n = 3) to ensure the reproducibility and reliability of the results. In addition to
these parameters, major ions (Ca2+, Mg2+, Na++K+, Cl−, SO4

2−, HCO3
−), hardness, TDS,

and dissolved iron (Fe2+/Fe3+) were also analyzed using MNS/ISO standard methods.

3.3.2. Water Quality Index (WQI)

Water quality is influenced by complex natural and human factors. To simplify
interpretation, we applied the Water Quality Index (WQI), which condenses multiple
parameters into a single value for an effective assessment. Originating with Horton [34] and
evolving through models such as the NSF-WQI, this method was adapted by Mongolia’s
Ministry of Nature and Environment [35–37]. This study used the Erdenebayar and Bulgan
approach to evaluate surface water quality.

In the Selbe River context, we applied the MNE’s WQI method—originally developed
for the Tuul River Basin—using five hydrochemical variables: ammonium (NH4

+), nitrite
(NO2

−), nitrate (NO3
−), phosphate (PO4

3−), and suspended solids (SS) [35]. This adapta-
tion reflects the specific pollution pressures linked to urban land use in UB. The WQI was
calculated using the following formula:

WQI =
∑i

(
Ci

PLi

)
n

(2)

where Ci is the measured concentration of the i-th variable, PLi is the permissible level of
the i-th variable, and n is the number of parameters (n = 5 in this study). The permissible
levels of the water quality variables are defined by the Mongolian National Standard MNS
4586-98 [38] and summarized in Table 1.
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Table 1. Permissible levels of surface water variables under Mongolian National Standard
MNS4586-98.

Variables Unit Permissible Level

NH4
+ mg/L 0.5

NO2
− mg/L 0.02

NO3
− mg/L 9.0

PO4
−3 mg/L 0.1

SS mg/L 50
Source: [38].

In Mongolia, surface water quality is classified according to the calculated WQI values
(Table 1). Using the permissible limits for NH4

+, NO2
−, NO3

−, PO4
3−, and SS, the Water

Quality Index (WQI) was calculated and applied to classify each sample according to the
national system (Table 2) [39,40].

Table 2. Mongolian classification of surface water quality.

WQI
Water Quality

Recommended Use Required Treatment
Degree Class

<0.30 1 Very clean None All uses (drinking, food,
recreation)

0.31–0.89 2 Clean Basic treatment for drinking Drinking and food (after
treatment); fishery

0.90–2.49 3 Slightly polluted Moderate treatment for
drinking or food use

Livestock, recreation (after
treatment)

2.50–3.99 4 Moderately Polluted Proper treatment required Irrigation, industrial use
4.00–5.99 5 Heavily polluted Extensive treatment required Industrial use (no contact)

6.00< 6 Dirty Extensive treatment required Not suitable for any use
Source: [37].

3.3.3. Statistical Analysis

Descriptive statistics (mean, minimum, maximum, and standard deviation) were
calculated for each water quality parameter. Temporal trends were assessed using linear
trend lines, and Pearson’s correlation coefficients were computed to evaluate relationships
among selected hydrochemical variables.

4. Results
4.1. Land Use Change (2000–2020)

Between 2000 and 2020, built-up areas in the SRC expanded from 16.20 km2 to
57.9 km2—an increase of more than 3.5 times—driven by rapid urbanization across resi-
dential and mixed-use zones, particularly in peri-urban settlements. Over the same period,
barren land decreased from 149.5 km2 to 64.80 km2, reflecting land conversion to infras-
tructure and vegetated areas (Figure 5). The increase in green areas from 156.89 km2 to
200.11 km2 was influenced by seasonal vegetation growth and climate variability, particu-
larly increased summer rainfall and delayed snowmelt. Water bodies remained relatively
stable, with only minor fluctuations.

The classification results for land cover types in the Selbe River Catchment across the
five time periods (2000–2020) are summarized in Table 3.
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Figure 5. Expansion of built-up area between 2000 and 2020 in the Selbe River Catchment.

Table 3. Classification results for different land cover types in the Selbe River Catchment (2000–2020).

Land Cover
Area (km2)

2000 2005 2010 2015 2020

Built-up 16.20 26.80 31.70 39.54 57.94
Barren 149.50 130.13 140.60 104.90 64.80
Green 156.89 165.71 150.50 178.52 200.11
Water 1.41 1.36 1.20 1.04 1.15

Total 324 324 324 324 324

Classification accuracy was evaluated qualitatively through visual comparison with
high-resolution Google Earth imagery and cadastral maps. Because no formal accuracy
assessment (e.g., confusion matrix) was conducted, no numerical accuracy values are
reported. Instead, the classification reliability is based on consistent visual agreement
between mapped classes and reference imagery.

4.2. Urban Growth in Selbe River Catchment (SRC)
4.2.1. Population Growth by Residential Type

UB has undergone rapid population growth in recent decades. The SRC covers five
districts—Bayangol, Bayanzurkh, Chingeltei, Khan-Uul, and Sukhbaatar—and includes
71 khoroos in total, where a khoroo is the smallest administrative subdivision within
Ulaanbaatar’s district structure. Between 1995 and 2023, the catchment population in-
creased from 0.24 million to more than 0.54 million, accounting for nearly one-third of
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UB’s total population (Figure 6). This growth has placed increasing pressure on housing,
infrastructure, and public services.

Figure 6. Population growth in SRC. The blue and orange bars represent the populations of Ulaan-
baatar and the Selbe River watershed, respectively. The grey line shows the Selbe River Basin
population as a percentage of Ulaanbaatar’s total population. Data source: NSO district-level popula-
tion statistics and UB city planning archives.

UB’s population has increased from approximately 0.65 million to over 1.6 million
people. On the other hand, compared to the population growth rate of UB, its share of the
city’s total population in the SRC declined from 35% to 27%, indicating a shift in settlement
patterns and urban expansion beyond the watershed boundaries.

The urban structure of UB consists of four main zones: the core built-up area, in-
termediate transition areas (with ger and housing), peri-urban Ger areas, and seasonal
residential areas. Based on these categories, three residential types were identified—the
seasonal residential area (SRA), the Ger residential area (GRA), and the high-rise residential
area (HRA)—and their respective population trends were analyzed (Figures 7 and 8). The
SRA refers to seasonal summer residential areas located outside the urban core, a pattern
that originated during the Socialist period when institutions operated summer camps for
employees and their families. These areas are used only during the warm months and
are not connected to centralized water or wastewater systems. Basic electricity access
may be available in some locations, while paved roads and sewerage infrastructure are
generally absent.

GRAs are suburban estates situated at the edges of the city and consist of fenced house-
hold plots (khashaas) that contain traditional Gers used either as long-term dwellings or as
transitional housing while households incrementally construct single-story or permanent
houses. Due to financial constraints, house construction often progresses slowly and may
take several years. Some households do not plan to replace their Ger and continue to use it
as a permanent dwelling. It is also common for residents of multi-story apartment build-
ings to own additional plots in GRAs and to use them as seasonal or summer residences.
Residents typically collect water from kiosks or private wells, use pit latrines for sanitation,
heat with coal or electricity, and rely on unpaved roads, as these areas lack centralized
water supply, sewerage, district heating, and paved infrastructure.
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Figure 7. Spatial distribution of residential types in the SRC. The map shows the locations of SRA
(Seasonal Residential Area), GRA (Ger Residential Area), and HRA (High-Rise Residential Area),
with colors corresponding to each residential type as indicated in the legend.

 

Figure 8. Population trend by residential type in the SRC.

The HRA represents the core built-up area of the city, comprising the most densely pop-
ulated medium- and high-rise residential buildings, along with commercial and industrial
compounds (Figure 7).

Figure 8 summarizes the population trends by residential type. GRAs experienced
the most pronounced increase, from approximately 85,000 in 1995 to over 215,000 in 2023,
reflecting migration and rapid informal settlement expansion. The HRA population also
grew steadily, whereas the SRA remained relatively stable, with minor seasonal variation.
The slight decline in the GRA population after 2020 may be attributed to migration into
formal housing, administrative reclassification of residential zones, or limitations in census
data coverage.
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4.2.2. Urban Expansion Intensity and Metrics

To assess and compare growth over time, we applied the Urban Expansion Intensity
Index (UEII) to the built-up area. Urban expansion was calculated for the following years:
2000, 2005, 2010, 2015, 2020, and 2022. Table 4 summarizes the built-up area, landscape
coverage, expansion rates, and UEII values for each period.

Table 4. Urban expansion in the SRC.

2000 2005 2010 2015 2020 2022

Built-up area (km2) 16.00 26.80 31.70 39.54 57.94 78.40
Built-up percentage (%) 4.80 8.10 9.60 12.01 17.60 23.80
Expansion area (km2) 10.80 4.90 7.84 18.40 20.46

Annual urban expansion
change (km2/year) 2.16 0.98 1.56 3.68 10.23

Growth rate (%) 67.50 18.20 24.70 46.50 35.30
UEII 3.20 1.40 2.30 5.50 6.20

Note: Built-up percentage (%): proportion of built-up land relative to the total catchment area (324 km2); annual
urban expansion change (km2/year): average yearly increase in built-up area during each time interval; growth
rate (%): percentage increase in built-up area compared to the previous time point; period: time interval used to
calculate expansion metrics (e.g., 2000–2005, 2005–2010, etc.).

As shown in Table 5, the built-up area increased from 16.00 km2 in 2000 to 78.40 km2

in 2022, with the most rapid expansion occurring between 2020 and 2022. During this
period, the annual urban expansion change reached 10.23 km2/year, which was the highest
among all intervals, while the growth rate was 35.3%, indicating a sharp acceleration in the
land conversion.

Table 5. Measured physiochemical parameters.

Year Sampling
Site

Water Quality Parameters

pH EC
(mS/m)

NH4
+

(mg/L)
NO2−

(mg/L)
NO3−

(mg/L)
PO43−

(mg/L)
SS

(mg/L)
COD

(mg/L)
BOD

(mg/L)

2012

Upstream 7.82 ±
0.02

98.11 ±
0.01

0.31 ±
0.01

0.00 ±
0.00

0.02 ±
0.01

0.00 ±
0.00

12.10 ±
0.01

33.60 ±
0.40

0.00 ±
0.00

SRA 8.22 ±
0.12

161.91 ±
0.01

0.54 ±
0.00

0.00 ±
0.00

0.00 ±
0.00

0.00 ±
0.00

26.00 ±
0.50

28.80 ±
0.30

1.27 ±
0.07

BSRA and
GRA

8.27 ±
0.07

193.51 ±
0.51

0.54 ±
0.04

0.00 ±
0.00

0.00 ±
0.00

0.00 ±
0.00

52.00 ±
0.01

30.80 ±
0.30

0.00 ±
0.00

GRA and
HRA

8.31 ±
0.21

353.00 ±
0.01

0.54 ±
0.09

0.01 ±
0.00

0.45 ±
0.05

0.00 ±
0.00

177.00 ±
1.00

28.00 ±
0.50

3.10 ±
0.01

HRA 7.83 ±
0.01

724.00 ±
0.01

0.47 ±
0.00

0.03 ±
0.01

1.80 ±
0.01

0.00 ±
0.00

62.00 ±
0.01

23.67 ±
1.61

5.20 ±
0.20

2013

Upstream 6.67 ±
0.01

57.00 ±
1.00

0.20 ±
0.01

0.00 ±
0.00

0.20 ±
0.02

0.43 ±
0.00

2.50 ±
0.10

33.00 ±
0.10

0.00 ±
0.00

SRA 7.68 ±
0.01

129.00 ±
1.00

0.30 ±
0.02

0.00 ±
0.00

0.40 ±
0.02

0.44 ±
0.01

27.00 ±
1.00

30.00 ±
1.73

1.85 ±
0.01

BSRA and
GRA

7.90 ±
0.01

157.00 ±
1.00

0.40 ±
0.01

0.07 ±
0.01

0.80 ±
0.05

0.45 ±
0.15

61.00 ±
1.00

41.00 ±
2.00

0.00 ±
0.00

GRA and
HRA

8.05 ±
0.01

198.00 ±
1.73

0.60 ±
0.02

0.10 ±
0.01

3.00 ±
0.01

0.47 ±
0.02

184.00 ±
1.00

29.00 ±
1.00

0.34 ±
0.01

HRA 7.35 ±
0.02

350.00 ±
1.73

0.50 ±
0.02

0.10 ±
0.00

4.00 ±
0.01

0.46 ±
0.03

61.00 ±
0.87

21.97 ±
0.06

0.00 ±
0.00
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Table 5. Cont.

Year Sampling
Site

Water Quality Parameters

pH EC
(mS/m)

NH4
+

(mg/L)
NO2−

(mg/L)
NO3−

(mg/L)
PO43−

(mg/L)
SS

(mg/L)
COD

(mg/L)
BOD

(mg/L)

2022

Upstream 6.67 ±
0.01

57.00 ±
1.00

0.20 ±
0.00

0.00 ±
0.00

0.20 ±
0.01

0.20 ±
0.10

3.20 ±
0.10

33.50 ±
0.01

0.00 ±
0.00

SRA 7.68 ±
0.01

129.00 ±
1.00

0.30 ±
0.01

0.00 ±
0.00

0.40 ±
0.01

0.44 ±
0.03

35.00 ±
1.00

30.77 ±
0.15

1.83 ±
0.10

BSRA and
GRA

7.90 ±
0.10

157.00 ±
1.00

0.40 ±
0.01

0.07 ±
0.00

0.80 ±
0.02

0.45 ±
0.01

82.00 ±
1.00

42.30 ±
0.01

1.85 ±
0.13

GRA and
HRA

8.05 ±
0.02

198.00 ±
1.00

0.60 ±
0.01

0.10 ±
0.01

3.00 ±
0.17

0.47 ±
0.03

224.00 ±
1.00

30.00 ±
1.00

0.55 ±
0.03

HRA 8.43 ±
0.01

207.00 ±
1.00

0.50 ±
0.01

0.10 ±
0.01

4.00 ±
0.10

0.45 ±
0.01

90.00 ±
1.00

25.00 ±
0.00

6.20 ±
0.20

2023

Upstream 7.48 ±
0.01

197.00 ±
1.00

0.70 ±
0.01

0.00 ±
0.00

0.20 ±
0.01

0.39 ±
0.01

3.00 ±
0.10

34.00 ±
1.00

0.00 ±
0.00

SRA 7.52 ±
0.02

200.00 ±
1.73

0.90 ±
0.01

0.00 ±
0.01

0.80 ±
0.10

0.30 ±
0.01

37.00 ±
1.00

30.20 ±
0.01

2.00 ±
0.10

BSRA and
GRA

7.52 ±
0.03

327.00 ±
2.00

0.80 ±
0.05

0.07 ±
0.01

6.50 ±
0.26

0.46 ±
0.02

59.00 ±
1.00

45.00 ±
1.00

1.51 ±
0.01

GRA and
HRA

7.35 ±
0.00

302.00 ±
1.00

0.10 ±
0.01

0.10 ±
0.01

2.50 ±
0.10

0.68 ±
0.11

195.00 ±
1.00

31.00 ±
0.20

4.10 ±
0.11

HRA 7.35 ±
0.01

535.00 ±
1.00

0.80 ±
0.05

0.20 ±
0.11

15.00 ±
1.00

0.93 ±
0.01

80.00 ±
1.73

29.00 ±
1.00

6.50 ±
0.17

Note: All values are expressed as mean ± standard deviation (n = 3). Detection limit notation: 0.00 indicates
values below instrument detection limit.

The UEII values increased from 1.40 (2005–2010) to 5.50 (2015–2020), indicating a
transition from low to high urban expansion intensity. According to previous studies,
UEII values below 1.0 reflect very low expansion; values between 1.0 and 3.0 suggest
low to moderate intensity; 3.0 to 6.0 indicate moderate to high intensity; and values
above 6.0 represent very high expansion pressure. The rising UEII values in the SRC,
particularly after 2015, underscore a trend toward more concentrated and accelerated urban
development.

4.3. Water Quality Results
4.3.1. Spatiotemporal Physicochemical Measurements

Table 5 presents physicochemical water quality measurements across five sampling
locations spanning four temporal periods. All reported values represent mean concentra-
tions from triplicate measurements (n = 3) ± standard deviation. A clear spatial–temporal
pattern emerges: upstream sites consistently maintained low pollutant concentrations
across all sampling years, while downstream sites—particularly those adjacent to high-
rise residential areas (HRAs) and Ger residential areas (GRAs)—demonstrated dramatic
pollution increases.

4.3.2. Water Quality Index Result

As shown in Table 6, the calculated total WQI values ranged from 0.13 to 7.24 across
the sampling sites and years. Under the Mongolian classification in Table 5, WQI < 0.30
is “very clean water,” while WQI > 2.50 indicates polluted to heavily polluted conditions.
Upstream sites generally fell within the “clean” category, whereas downstream sites—
particularly those adjacent to Ger residential areas (GRAs) and high-rise residential zones
(HRAs)—frequently exceeded 3.0, indicating significant pollution and decline in water
quality downstream.
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Table 6. Calculated Water Quality Index (WQI) values across sampling sites and years.

Year Sampling Site
WQI Values and Water Quality Parameters Used

Total Value
NH4

+ NO2− NO3− PO43− SS

2012

Upstream 0.12 0 0 0 0.01 0.13
SRA 0.21 0 0 0 0.11 0.32

BSRA and GRA 0.21 0 0 0 0.21 0.42
GRA and HRA 0.21 0.15 0.01 0 0.71 1.08

HRA 0.18 0.3 0.04 0 0.24 0.76

2013

Upstream 0.08 0 0.01 0.87 0.01 0.97
SRA 0.12 0 0.01 0.88 0.1 1.11

BSRA and GRA 0.16 0.7 0.01 0.91 0.24 2.02
GRA and HRA 0.24 1 0.06 0.94 0.73 2.97

HRA 0.21 1 0.08 0.92 0.24 2.45

2022

Upstream 0.08 0 0 0.4 0.01 0.49
SRA 0.12 0 0.01 0.88 0.14 1.15

BSRA and GRA 0.16 0.71 0.01 0.91 0.32 2.11
GRA and HRA 0.24 1 0.06 0.94 0.89 3.13

HRA 0.2 1 0.02 0.9 0.36 2.48

2023

Upstream 0.28 0 0.01 0.79 0.01 1.09
SRA 0.36 0.1 0.01 0.6 0.14 1.22

BSRA and GRA 0.32 0.2 0.14 0.93 0.23 1.83
GRA and HRA 0.04 5 0.05 1.37 0.78 7.24

HRA 0.32 3 0.33 1.86 0.32 5.83

Figure 9a shows the frequency distribution of WQI values across sampling sites,
which mainly fell within Classes 2–3 (clean to slightly polluted). Figure 9b displays the
longitudinal spatial pattern, which shows a progressive increase in the WQI from upstream
to downstream. During this period (2012–2013), the WQI values ranged from 0.13 to
2.98 (Table 2), with clear spatial heterogeneity corresponding to varying degrees of urban
influence. Upstream sampling sites remained relatively clean, whereas downstream reaches
showed early signs of pollution accumulation associated with growing population density
and reduced natural buffering capacity.

(a) (b) 

Figure 9. Water Quality Index (WQI) patterns in the Selbe River (2012–2013). (a) Frequency distribu-
tion of WQI values across sampling sites and (b) longitudinal variation in WQI along the river.
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By 2022–2023, the WQI had increased dramatically, ranging from 2.08 to 7.24 (Table 2,
Figure 10a). Most sampling sites are classified as Class 3 or higher, indicating moderate to
severely polluted conditions. The highest WQI value (7.24), classified as “dirty,” occurred at
the fourth sampling site adjacent to dense residential and industrial zones (Figure 10b). This
location represents a pronounced pollution hotspot where multiple wastewater sources
converge, generating severe pollution and causing localized contamination. Downstream
degradation patterns align with findings from comparable urbanizing watersheds, where
expansion concentrates pollution loads beyond the river’s assimilation capacity.

(a) (b) 

Figure 10. Water Quality Index (WQI) patterns in the Selbe River (2022–2023). (a) Frequency
distribution of WQI values across sampling sites and (b) longitudinal variation in WQI along the river.

As shown in Figure 11, the longitudinal comparison between 2012–2013 and 2022–2023
highlights the accelerating water quality degradation due to urban expansion over the
decade. In the early period, WQI values increased moderately along the river, with deterio-
ration becoming pronounced near existing urban settlements. By 2022–2023, the landscape
had transformed dramatically: WQI values ranged from 2.08 to 7.24, with most sites falling
into Class 3 or higher pollution categories. The eightfold increase in maximum values
reflects cumulative pressures from expanding residential informal settlements, industrial
activities, and insufficient wastewater treatment. Across both time periods, downstream
progression of pollution remains evident, with the fourth sampling site—adjacent to dense
residential and industrial zones—emerging as a critical contamination hotspot. This re-
peated pattern highlights the systematic and compounding effects of urban growth and
is consistent with findings in similar urbanized watersheds, where rapid land use change
occurs without corresponding environmental safeguards.
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Figure 11. Longitudinal WQI comparison along the Selbe river (2012–2013 vs. 2022–2023). (a) WQI
values plotted against distance from the river origin during 2012–2013. (b) WQI values plotted against
distance from the river origin during 2022–2023. The red vertical line indicates the midpoint of the
river (25 km). Blue diamond symbols represent sampling sites. Yellow shading indicates urbanized
zones. The river is divided into upstream and downstream sections based on the midpoint.

5. Discussion
Rapid urbanization in UB and the resulting land use changes within the SRC create

significant water quality challenges, mirroring patterns observed in other Mongolian and
Central Asian river systems [39]. Although the SRC area is smaller than that of larger
systems, such as the Kharaa or Selenge basins, it exhibits a similar relationship between in-
tensified land use, deteriorating riparian conditions, and declining water quality. Research
from the Kharaa River Basin demonstrates that even low population densities can result in
sharp downstream increases in nutrient concentrations due to dense settlements lacking
proper wastewater treatment [14,40]. Total nitrogen and phosphorus levels nearly triple
from the headwaters to lower reaches, driven mainly by untreated household effluent and
localized agricultural activities. Comparable processes occur in the SRC, where unregulated
or poorly regulated construction within the river safety zone, loss of riparian vegetation,
soil compaction, and the expansion of impervious surfaces have accelerated runoff and
pollutant transport into the river [13].

UB’s rapid expansion exerts more direct urban pressure on the SRC documented
for the Kharaa or Selenge rivers [41]. Unlike the relatively natural headwaters of the
Kharaa River, the Selbe originates near areas of intense land conversion, infrastructure
development, and informal settlements [42]. Consequently, anthropogenic influences are
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present along much of the Selbe’s length, increasing its vulnerability to water quality
degradation, even from small-scale land disturbances.

While nutrient enrichment and heavy metal variability characterize sections of the
Kharaa River affected by settlement and mining pressures [40], the Selbe River lacks major
mining inputs. Instead, urban runoff introduces hydrocarbons, sediments, road dust,
construction-related metals, and untreated household wastewater. This reflects early-stage
urban impacts similar to those observed in other basins, including increased nutrient loads
from household effluents, organic debris accumulation, thermal changes from reduced
shading and impervious surface expansion, sediment deposition from construction, and
trace metals transported by runoff and waste materials [37].

Correlating land use change with water chemistry would provide additional quan-
titative insights; however, the available water quality dataset does not align temporally
with the multi-year land cover series used in this study. Because all water-quality measure-
ments were collected during August peak-runoff conditions, the results primarily represent
high-flow seasonal conditions rather than full annual variability. Because of this mismatch,
a statistically meaningful correlation analysis could not be performed. Nevertheless, the
spatial correspondence between mapped urban expansion and observed water quality
deterioration suggests a strong land use influence on nutrient enrichment, sediment loads,
and thermal conditions in the SRC.

Although the full extent of contamination in the Selbe River remains to be quantified,
ongoing land use pressures suggest that, without intervention, the river could follow the
trajectory of the polluted middle reaches of the Kharaa River. Studies on the Gap-Cheon
and SRC underscore the importance of urban green spaces in moderating water quality
and stabilizing hydrological processes [37]. Forests and wetlands serve as natural filters,
reducing surface runoff, increasing infiltration, and trapping nutrients and sediments before
they enter the river. However, the Selbe River is compromised by fragmented green-space
planning and weak ecological zoning, which diminish the resilience of its riparian corridor.

Partial restoration efforts conducted in 2012 fell short in ecological design, balanc-
ing recreation with ecosystem needs, and maintaining continuous riparian vegetation.
Consequently, current conditions do not adequately support water purification or thermal
regulation. The integrated methodological approach employed in this research—combining
Landsat-based land use classification with long-term water quality monitoring and statisti-
cal trend analysis—proved effective for detecting urbanization impacts on river systems in
semi-arid environments [39]. Building on foundational work by Altansukh Ochir in the
larger Tuul River watershed, this study demonstrates that the same analytical framework
is equally applicable to smaller, intensively urbanized tributary systems like the Selbe
River, where anthropogenic pressures are more concentrated and acute. This method-
ological flexibility underscores the utility of remote sensing and field-based monitoring
approaches across diverse river systems in semi-arid Central Asia, particularly where
formal hydrological infrastructure is limited [43].

Evidence from the Selenge, Kharaa, and Gap-Cheon basins indicates that sustainable
improvement of the Selbe River requires strict protection of riparian buffers, expansion of
urban green infrastructure, integrated land–water management that includes monitoring
land use changes; long-term hydrological and water quality monitoring; and nature-based
solutions such as riverbank vegetation restoration, wetland creation, and permeable surface
planning [13,42].

The SRC represents a concentrated urban watershed example where land use change
is the central determinant of water quality and where the interactions identified in larger
Mongolian basins are manifested more rapidly and severely. Across all comparative
studies, one conclusion is consistent: land use change—particularly urban encroachment
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into riparian zones—has the strongest and most immediate impact on river water quality.
The SRC, located in the rapidly urbanizing core of UB, reflects an intensified version of the
trends observed in the Kharaa and Selenge River basins and parallels the urban watershed
dynamics of East Asian examples such as the Gap-Cheon (Table 7).

Table 7. River water quality and urbanization impacts: a comparative overview.

Theme Kharaa River [40,41] Selenge Basin
[40,41,44] Gap-Cheon [1] Previous Study of

Selbe River [43]

Primary pressure
Settlements without

wastewater
treatment

Mining + settlements Rapid urbanization Urban construction
within riparian zone

Riparian condition Moderately
impacted

Mixed (severely
impacted locally)

Managed green
spaces

Highly disturbed
and fragmented

Water quality
concerns

Nutrients + heavy
metals

Large-scale pollutant
transport Nutrients + runoff Sediments, nutrients,

thermal pollution

Management insight Protect riparian
forest

Basin-scale
monitoring

Green/blue
infrastructure

Regenerative
landscaping + strict

zoning

Similarity ✓ Settlement-driven
pollution

✓ Climate-land use
interaction

✓ Urban runoff
issues —

Uniqueness — — —
Highest direct urban
pressure and limited

buffer width
Note: ✓ indicates that the similarity is present for the corresponding river.

6. Conclusions
This study investigated the effects of land use change and urban growth on river

water quality in the SRC, a rapidly urbanizing watershed in UB, Mongolia. The results
demonstrated a strong association between urban expansion, particularly in Ger residential
areas, and observed declines in water quality over time.

From 2000 to 2020, built-up areas increased by more than 3.5-fold, reflecting accelerated
urbanization across residential and mixed-use zones in the city. This expansion coincided
with a significant increase in population, placing growing pressure on land, infrastructure,
and ecological systems. Informal settlements, often lacking adequate sanitation and waste
management, are likely associated with increased surface runoff and pollutant discharge
into the river.

Water-quality monitoring conducted from 2012 to 2023 showed elevated concentra-
tions of NH4

+, NO2
−, PO4

3−, and suspended solids (SSs), particularly at downstream
sites adjacent to high-density and industrial zones. These values frequently exceeded
the permissible limits established by the Mongolian National Standard MNS 4586-98 [38].
Correspondingly, the Water Quality Index (WQI) rose from 1.08 in 2012 to 7.24 in 2023,
classifying the river as “dirty”, the most polluted category in the national system. This
marked deterioration reflects cumulative pressures associated with unregulated urban
growth on aquatic ecosystems in cold and semi-arid regions.

Declines in water quality were most pronounced in areas where urban expansion out-
paced the development of infrastructure. Seasonal fluctuations in nutrient concentrations
suggest that both climatic factors and human disturbances shape pollution dynamics. Al-
though the area classified as green space increased slightly, likely due to seasonal vegetation
and land conversion, this has not offset the ecological stress associated with impervious
surface growth.
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Collectively, these findings highlight the urgent need for integrated urban and water-
shed management to mitigate further environmental degradation. Key recommendations
include

• Strengthening land use regulation to manage informal settlement expansion;
• Implementing watershed-based planning that balances development with ecological

protection;
• Upgrading infrastructure in peri-urban zones, including sanitation, drainage, and

waste systems;
• Expanding long-term water-quality monitoring to support adaptive management and

policy evaluation.

This research has several limitations. Ground-truth validation of land use classification
was not possible due to the historical nature of the imagery and restricted field accessibility,
and the number of water-sampling sites was constrained by logistical conditions in the
upper basin. Additionally, a comparable reference basin unaffected by urban expansion
was not available for parallel analysis, limiting direct comparison between disturbed
and undisturbed catchments. These factors may influence the strength of interpretations
regarding human–environment relationships; however, they do not diminish the overall
patterns observed.

Overall, this research contributes to the limited body of knowledge on urban water
systems in cold semi-arid climates and provides a replicable framework for assessing land
use–water quality relationships. Future work should investigate the socioeconomic drivers
of urban expansion, evaluate how policy interventions influence water-quality outcomes,
and incorporate monitoring of an undisturbed reference basin to strengthen attribution of
human impacts.
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