* water

Article

Assessing the Impacts of Future Climate and Land-Use Changes
on Streamflow under Multiple Scenarios: A Case Study of the
Upper Reaches of the Tarim River in Northwest China

Qiang Han !, Lianqing Xue 1-%*, Tiansong Qi 37, Yuanhong Liu !, Mingjie Yang !, Xinyi Chu ! and Saihua Liu !

check for
updates

Citation: Han, Q.; Xue, L.; Qi, T.; Liu,
Y.; Yang, M.; Chu, X,; Liu, S. Assessing
the Impacts of Future Climate and
Land-Use Changes on Streamflow
under Multiple Scenarios: A Case
Study of the Upper Reaches of the
Tarim River in Northwest China.
Water 2024, 16, 100. https://
doi.org/10.3390/w16010100

Academic Editor: Chang Huang

Received: 28 November 2023
Revised: 24 December 2023

Accepted: 24 December 2023
Published: 27 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China

School of Hydraulic Engineering, Wanjiang University of Technology, Ma’anshan 243000, China
Department of Civil, Construction and Environmental Engineering (Dept 2470),

North Dakota State University, P.O. Box 6050, Fargo, ND 58108-6050, USA

*  Correspondence: Iqgxue@hhu.edu.cn

Abstract: Climate change and land use/cover change (LUCC) are two major factors that alter
hydrological processes. The upper reaches of the Tarim River, situated in the northwest region of
China, experience a dry and less rainy climate and are significantly influenced by human activities.
This study comprehensively assessed the impacts of individual and combined climate changes and
LUCC:s on streamflow. Three general circulation models (GCMs) were utilized to predict future
climate changes under three shared socioeconomic pathways (SSP119, SSP245, and SSP585). Cellular
Automata—Markov (CA-Markov) was employed to predict future LUCC under three scenarios
(i.e., ecological protection, historical trend, and farmland development). Streamflow for the period
2021-2050 was simulated using the calibrated MIKE SHE model with multiple scenarios. The results
showed that from 2021 to 2050, increments in both average annual precipitation and average annual
temperature under the three SSPs were predicted to lead to an increased streamflow. In comparison to
the conditions observed in 2000, under three LUCC scenarios for 2030, the grassland area decreased
by 1.04% to 1.21%, while the farmland area increased by 1.97% to 2.26%, resulting in reduced
streamflow. The related changes analysis indicated that the variation in streamflow during winter
is most significant, followed by spring. The study predicted that climate change would increase
streamflow, while LUCC would decrease it. Due to the greater impact of LUCC, considering the
combined effect of both factors, runoff would decrease. The contribution analysis indicated that
climate change contributed between —7.16% and —18.66%, while LUCC contributed between 107.16%
and 118.66%.

Keywords: CA-Markov; climate change; land-use change; multiple scenarios; MIKE SHE model

1. Introduction

Climate change and land use/land cover change (LUCC) play a significant role
in hydrological variations. Variations in precipitation and temperature due to cli-
mate change have impacts on streamflow [1]. LUCC alters streamflow by affecting
evapotranspiration, interception, and infiltration. Simultaneously, the interactions
between climate and land use make hydrological processes even more complex [2].
The assessment of streamflow responses to climate change and LUCC is crucial for
water resources management [3-5].

Many studies have quantified impacts of climate change on streamflow with the
aid of General Circulation Model (GCM) [6-8]. Due to the presence of some uncertainty,
multiple GCMs are often used in research to reduce errors in simulating scenarios
compared to real conditions [9-11]. Currently, there have been various findings on
how climate change affects streamflow among different basins. Meanwhile, projections
indicated increased streamflow in the future for the Yuan River Basin [12] and Yangtze
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River Basin [13] in China in response to escalating temperatures and precipitation
levels. Conversely, in the Songkhram River Basin, Thailand [14], and the Amu Darya
River Basin [15], streamflow responded differently to climate change. The integration
of representative concentration pathways (RCPs) with shared socioeconomic pathways
(SSPs) in the latest Coupled Model Intercomparison Project Phase 6 (CMIP6) enhances
the realistic simulation of future scenarios [16-18].

At the same time, as human activities continue to intensify, the impacts of LUCC
on streamflow have also been the subject of extensive research [19,20]. Zhang, et al. [21]
concluded that the continuous expansion of cities would lead to a significant increase
in streamflow. Additionally, different land-management measures, such as land recla-
mation or “Grain for Green” [22], have different impacts on streamflow [23-25]. There-
fore, predicting future LUCC under different scenarios and determining its impact on
streamflow is important. The CA-Markov model, integrating Cellular Automata (CA)
and the Markov Chain, is currently the most commonly used approach in predicting
future land use [26-30].

Previous research has predominantly concentrated on the separate effects of cli-
mate change or LUCC on runoff, often relying on historical data [31-33]. Research on
comprehensive studies about how runoff will change in the future under the combined
impacts of climate change and LUCC remains limited. The Tarim River, situated in the
arid northwest region of China, is the country’s largest inland river [34,35], yet there
is still a lack of research on this aspect within its basin. To implement more scientific
management of the valuable water resources, it is crucial to precisely assess the impacts
of future climate change and LUCC on streamflow.

To fill this research gap, this study employed multi-GCMs to predict future climate
change and utilized the CA-Markov model to project future LUCC. Three climate
change scenarios (5SP119, SSP245, and SSP585), three LUCC scenarios (i.e., ecological
protect, history trend, and farmland development), and nine integrated scenarios were
established. The hydrological model was established by coupling MIKE SHE with
MIKE 11, followed by separate streamflow simulations for each of the 15 scenarios.
Furthermore, the study analyzed the individual and combined influences of climate
change and LUCC on streamflow using metrics such as the relative change rate (RCA)
and contribution rate (Figure 1).
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Figure 1. Schematic of methodology.

2. Methodology
2.1. MIKE SHE Model

MIKE SHE is a grid-based model that uses physics-based algorithms to represent
distributed processes of the hydrological cycle [36]. MIKE SHE was developed to model
water movement, including overland flow, snow melting, rivers and lakes, and unsaturated
and saturated flow [37]. The overland flow simulation used a two-dimensional diffusive
wave approximation by the finite-difference method. The modified degree-day method
was used to simulate snow melting, where the starting times of snowfall and snowmelt
were determined by setting threshold temperatures. The characteristic functions of the
degree—day method are determined on a time scale based on a day [38]. It has been proved
to be accurate of the physically based models [39]. The unsaturated flow was quantified
by a two-layer water-balance method. The saturated flow was modeled using a numerical

finite-difference scheme.
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The rivers and lakes model was based on the one-dimensional unsteady flow Saint—
Venant equations. Using MIKE SHE and MIKE 11 [40], the dynamic coupling model
of surface water and groundwater was established. In the coupled modeling system,
data exchange between two models was achieved through shared storage space, where
simulation can be simultaneous in both MIKE SHE and MIKE 11 [41].

2.2. CA-Markov Model

CA-Markov combines the dual advantages of simulating complex spatial dynamic
changes through Cellular Automata (CA) models and making long-term predictions using
Markov models. The model is widely applied in simulating the dynamic changes in land
use and cover structures over long sequences [29,42,43].

The Markov chain is a stochastic probability model characterized by the current state
being only related to the preceding state [44]. Additionally, it is discrete in both time series
and events [45]. Equation (1) describes the properties of the Markov chain:
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where V; and Vi denote the system state at time f and ¢ + 1, respectively. Meanwhile, P;
is the probability of transitioning from state 7 to state j in the subsequent time period.

The CA is a dynamic model that is discrete in both time and space [46]. The princi-
ple is to predict the state of the next time step by utilizing specific transformation rules
based on the current state of individual cells and their neighboring states in the cellular
automaton [47]. The model can be defined as follows:

S(t, t+1) = f(S(t), N) 3

where S denotes a set of cellular states within the field N, while ¢ and ¢ + 1 are consecutive
time periods. The transition rule of the cell is denoted as f.

2.3. Accuracy Evaluation

Calibration and validation are pivotal in enhancing model accuracy, significantly
reducing the uncertainty stemming from their intricate iterative equations [48]. To gauge
model performance, two widely adopted metrics (the Nash-Sutcliffe efficiency coefficient
(NSE) [49-51] and Root Mean Square Error (RMSE) [52]) were utilized. They are defined
as follows:

Y1 (Qobs,i — Qsim,i)”

NSE=1- adl 4)
Z?:] (Qobs,i - Qobs)2
RMSE = \/ %Z(Qobs,i — Qgim,) (5)
i=1

where Qg ; and Qg ; refer to the observed and simulated streamflow on the i-th day
(m3/s), respectively. Meanwhile, Qs and Qs;y, are the mean observed and simulated head
values throughout the simulation period (m3/s), with 1 indicating the total number of time
steps [53].

The accuracy assessment of land-use prediction involves testing with indicators. One
such indicator is the Kappa index, originally introduced by Cohen [54]. This index assesses
the consistency between measured data and simulated result. It is a commonly used
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criterion for assessing the relationship between simulated data of land use map and actual
data [42,55].
PO - PC

P, — P.

Kappa = (6)
where P is the observed agreement rate between the reference map and the simulation
results. Meanwhile, P. stands for the expected proportion of correct simulations in a
random scenario. On the other hand, P, denotes the proportion of correct simulations in
the ideal classification case, typically considered as 1.

2.4. Separating Effects of Climate Change and LUCC

Following streamflow forecasting, it becomes essential to analyze the subsequent
impacts of climate changes and LUCC on streamflow. The quantitative assessment of
the contributions made by these changes to streamflow involves calculations using the
following formulas:

AQL,C = QL,C - Qbuseline (7)

where AQ) ¢ is the overall change in future streamflow compared to the baseline, Q1 ¢
denotes the streamflow projected under future climate and land-use scenarios, Qpgseline
stands for the streamflow during the baseline period.

n = QL,baseline - Qbaseline (8)
L=
AQLc
ne = Qbaseline,C - Qbaseline (9)
AQLc

where 1; and n¢ are the contribution of LUCC and climate changes to streamflow, respec-
tively. Qr pasetine is the streamflow under future land-use scenarios and baseline climate
conditions. Similarly, Qpgseline,c is the streamflow under the baseline land-use scenario and
future climate change conditions.

3. Study Area and Data
3.1. Study Area

The Tarim River (Northwest China, Xinjiang Uygur Autonomous Region) is the
longest inland river in the country [34]. Dominated by the typical continental temperate
arid climate, the Tarim River Basin (TRB) is a typical water-shortage area with mean annual
precipitation of less than 116 mm, an annual mean temperature of about 10 °C, and potential
evapotranspiration of up to 2200 mm per year [56,57]. Except for summer precipitation in
mountains, seasonal snowmelt and glacier melt dominate the runoff in the TRB. Thus, flow
characteristics are sensitive to climate change [58].

As shown in Figure 2, the study area is located in the upper reaches of the Tarim River
Basin (URTRB), covering an expanse of 3.43 x 10° km?. This region comprises the Aksu,
Yergiang, and Hetian Rivers, as well as the mainstream above the Xinquman hydrological
station. Among them, the Aksu River is the main source of the TRB, contributing about
73.2% of the water supply [59]. In such an ecological fragile area, with the long-term
development and utilization, streamflow processes and land-use patterns have changed
greatly [60,61]. The contradiction between economic development and ecological protection
poses an unprecedented challenge to the management of the river basin.
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Figure 2. Location of the upper reaches of the Tarim River Basin (URTRB) and hydrological station
river network.

3.2. Data

The hydrological data used in this study included: (1) The discharge data collected by
six hydrological stations in the source stream (i.e., Xiehela, Shaliguilanke, Kaqun, Jiangka,
Wuluwati, and Tongguziluoke) and two hydrological stations in the mainstream (i.e., Alaer
and Xinquman); and (2) The water level data of the Xinquman hydrological station in the
lower reaches. These hydrological data during ~1985-2014 were monitored and provided
by the Tarim River Basin Authority.

All climate data (from 12 meteorological stations during ~1985-2014), including pre-
cipitation, temperature, and evaporation, were provided by the China Meteorological
Data-Sharing Service System. We used the Thiessen polygon method to deal with the data
of each station and obtained the average value of the meteorological data in the study area.
The future climate change data were acquired from the National Tibetan Plateau Data Cen-
ter (http://data.tpdc.ac.cn, accessed on 1 December 2023). The data were downscaled by
Peng, et al. [62] using the Delta method [63,64] and have been widely used [65-67]. These
monthly scale meteorological data were derived from three climate models: EC-Earth3,
GFDL-ESM4, and MRI-ESM2-0 under SSP119, SSP245, and SSP585 scenarios with a spatial
resolution of 30 s x 30 s from 2021-2050.

The Digital Elevation Model (DEM) data in this study were obtained from the Landsat
series images available on the Geospatial Data Cloud (https://www.gscloud.cn, accessed
on 1 December 2023). The DEM, with a resolution of 90 m, served as the primary data
source for characterizing the terrain and river network within the catchment. Land-use data
for this study were sourced from the Resource and Environment Science and Data Center
at the Chinese Academy of Sciences (https://www.resdc.cn, accessed on 1 December 2023).
The remote-sensing images were utilized to analyze changes in land-use patterns in the
study area. In this study, the categories were reclassified as cropland, forest, grassland,
built-up land, unused land, and water bodies. Soil type and soil depth were based on data
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of Harmonized World Soil Database (HWSD). Using the SPAW hydrology 6.02.75 software,
the soil types were reclassified based on soil attributes into 13 different categories.

3.3. Scenario Design

Three LUCC scenarios, representing a spectrum of tradeoffs between ecological preser-
vation and farmland development, were introduced to examine the impact of diverse
land-use policies on streamflow. These scenarios include ecological protection (EP), histori-
cal trends (HT), and farmland development (FD).

(1) EP Scenario. The scenario enacts ecological conservation, keeping the area of farmland
and urban space unchanged while gradually expanding the grassland and forest areas
each year.

(2) HT Scenario. This scenario indicates that future land use remains unaffected by any
policy influence and continues to develop along historical trends.

(38) FD Scenario. This scenario assumes that human activities are steadily increasing, with
farmland land and urban areas experiencing gradual expansion.

A total of nine different scenarios have been created by combining climate and land-
use/cover changes. We assemble SSPs with EP as EPs (i.e., EP119, EP245, and EP585); HT
as HTs (i.e., HT119, HT245, and HT585); and FD as FDs (i.e., FD119, FD245, and FD585).

4. Result and Discussion
4.1. Climate Change Scenarios

To reduce the uncertainty of future climate data, this study employed the average
values of the EC-Earth3, GFDL-ESM4, and MRI-ESM2-0 models as the basis for analyzing
future climate data. As shown in Figure 3, the bar chart represents the mean monthly
precipitation and temperatures for the period from 2021 to 2050 over URTRB. The error
bars depict the range of the multi-model ensemble. The multi-model ensemble range
for the monthly temperature is small. In contrast, for monthly precipitation, it is much
larger. This indicates that, across various SSP scenarios, monthly temperatures exhibit
more similarity, while there is a greater degree of uncertainty in monthly precipitation.
Precipitation in the URTRB is extremely unevenly distributed throughout the year, with
very little rainfall in the spring and winter, leading to drought conditions. In contrast,
precipitation during the summer season is significantly higher, accounting for 49% to 51%
of the annual total, and it can easily lead to flooding. At the same time, temperatures vary
significantly across different months, with a difference of about 30 °C between the highest
and lowest temperatures. January, February, March, November, and December all have
temperatures below freezing, which is why precipitation primarily occurs in the form of
snow. It is not surprising that the monthly average temperature increases with the increase
in radiation intensity.

Figure 4 shows the future precipitation and temperature under various SSP scenarios
for the period from 2021-2050. The overall temperature exhibited a notable upward trend.
The rising temperature helps to melt snow in mountainous areas, so as the melting snow
replenishes runoff, it also helps with vegetation growth. At the same time, there is no
significant change in precipitation. The annual average precipitation under SSP245 is
69.48 mm, slightly higher than 66.59 mm under SSP119 and 67.69 mm under SSP585.
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Figure 3. Mean monthly (a) precipitation and (b) temperature averaged over URTRB under different
SSPs from 2021-2050. The error bars indicate the multi-model ensemble range.
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4.2. Land Use Change Scenarios

The CA-Markov model was used to simulate 2010 land-use patterns, leveraging data
from 2000 as a basis. As shown in Figure 5, the Kappa value is 0.87, indicating that the
simulated and measured land-use projections demonstrate satisfactory agreement.

- Farmland - Forest - Grassland [ Water [ |Urban [ |Bare Land

Figure 5. Actual land-use maps of 2010 (a) and simulated land-use maps of 2010 (b).

As shown in Figure 6, the CA-Markov model was employed to simulate the LUCC
under the three scenarios in 2030. Under the influence of different land-use policies, the
conversion probabilities between different types of land use have changed. Comparing the
land-use/cover simulation result of URTRB in 2030 with those in 2000, we concluded that
after 30 years of change, the proportion of farmland in the study area increased by 2.03%,
forest decreased by 0.22%, grassland decreased by 1.14%, water bodies increased by 0.02%,
urban areas increased by 0.03%, and bare land decreased by 0.66%. Under the influence
of human activities, a significant amount of grassland, forest, and bare land has been
developed into farmland. When comparing the simulated results of land use/cover across
the three scenarios for 2030, noticeable differences in both quantity and spatial distribution
among the patterns were evident. Compared to the HT scenario, in the EP scenario, there
has been a 1.5% reduction in farmland, a 1.4% increase in grassland, and a 0.1% increase
in forest. This indicates that through ecological protection efforts, the expansion of arable
land has been reduced, leading to a greater transformation of barren land into grassland
and forest. Meanwhile, in the FD scenario, farmland increased by 0.5% compared to the HT
scenario while forest decreased by 0.1%, grassland decreased by 0.2%, and water bodies
decreased by 0.3%. This indicates that if human activities intensify further, there will be
more grassland and forest reclaimed as farmland. This would have a negative impact on
the local ecological environment. Therefore, in the EP scenario, the expansion of grasslands
and forests has a promoting effect on desert ecology. Moreover, excessive water resource
usage will lead to a significant reduction in water bodjies.
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Figure 6. Projected land use maps in 2030 under (a) EP, (c) HT, and (e) FD scenarios, and proportions
of area of each land use/cover type under (b) EP, (d) HT, and (f) FD scenarios.

4.3. Calibration and Validation of MIKE SHE Model

The MIKE SHE model was calibrated and validated at a monthly scale for the periods
of 1985-1999 and 2000-2014, respectively. Various parameters were calibrated through
manual calibration (Table 1). The results indicated a good fit between observed and
simulated streamflow, with NSE values of 0.79 and 0.81 and RMSE values of 97.81 m3/s
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and 93.81 m? /s for the calibration and validation periods, respectively. The hydrological
model fits well for both low and peak flow conditions as shown in Figure 7. According to
the criteria outlined in Moriasi, Gitau, Pai, and Daggupati [52], the simulation results during
both the calibration and validation periods consistently met the “Very Good” standard.
They suggested that the MIKE SHE model was deemed suitable for simulating streamflow

in the URTRB.

Table 1. Calibration results of model parameters.

Components Parameters Units Calibrated Values
S ! Melting temperature °C 0
now melt Degree—day coefficient mm°C/day 0
Overland flow II\D/Iannir.lg number m'/3/s 25
etention storage mm 4
. Manning number m'/3/s 11
River .. 7
Leakage coefficient m/s 1.47 x 10
Horizontal hydraulic conductivity m/s 1.25 x 1073
Saturated zon Vertical hydraulic conductivity m/s 1.25 x 1074
aturated zone Storage coefficient m~! 222 x 107°
Specific yield - 0.11
2400
(@) R*=0.79 — Simulation — Observation
2000 1

RMSE=97.81 (m/s)

,_.

(=2

o

o
L
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Figure 7. Comparison of observed and simulated streamflow.
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4.4. Streamflow Response Modelling under Multiple Scenarios
4.4.1. Under Varying Climate Change Scenarios

We used the calibrated MIKE SHE model to predict long-term (2021-2050) streamflow
only under climate change, LUCC, and their combinations. From 1985-2014, the annual
streamflow was 133.51 m?/s. Due to climate influences, the annual streamflow from
2021-2050 ranges from 135.62 to 138.21 m3/s, representing an increase of 1.6% to 3.5%
compared to the 1985-2014 period. In all scenarios, there is a trend of increased streamflow.
This outcome is attributed to the fact that the streamflow in URTRB is derived from melting
snow, and as a result, streamflow increases with rising precipitation and temperatures.

Figure 8b shows that the monthly streamflow in URTRB is unevenly distributed, with
a significant difference in streamflow between the summer flood season and the other three
seasons. During the flood season from June to September in the period from 1985-2014, the
average streamflow was 312.33 m? /s, accounting for 79.52% of the total annual streamflow.
From 2021 to 2050, the monthly streamflow variation within the year may decrease. The
average monthly streamflow in the eight months outside the flood season has increased
by 1.19% to 10.08% compared to the years 1976-2005, resulting in the flood season’s total
streamflow accounting for 76.73% to 78.23% of the total streamflow, which represents a
decrease of 1.29% to 2.79%.
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Figure 8. Mean annual and monthly streamflow in URTRB from 2021-2050 under (a,b) Climate
change, (¢,d) LUCC, and (e,f) Combined climate change and LUCC.
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4.42. Under Varying Land Use/Cover Change Scenarios

Figure 8c¢,d illustrated the annual and monthly streamflow variations under LUCC.
Under three LUCC scenarios, as grassland and forests are converted to farmland to varying
extents and bare land decreases, there is a decreasing trend in streamflow from 2021 to
2050, with a mean annual streamflow ranging from 129.48 to 130.69 m>/s. The expansion
of farmland areas is significantly under the FD scenario. In the period from 2021-2050, the
mean annual streamflow shows a decrease of 2.86% compared to the period from 1985-2014.
Due to EP’s ecological conservation efforts, the degree of conversion from farmland to
forests has been reduced, resulting in a higher mean annual streamflow compared to HT
and FD, but it is still lower than the baseline period.

Intra-annual monthly streamflow still exhibits the situation where the monthly stream-
flow during the summer flood season is significantly higher than in other months, but the
gap has decreased. Summer season streamflow accounts for approximately 78.24% of the
total stream, which is 3.28% less than the baseline period. This may be due to the fact that
the growing season of crops in farmlands primarily occurs during the summer, making
their impact on summer streamflow more pronounced.

4.4.3. Under Varying Combined Climate and Land Use/Cover Change Scenarios

Figure 8e,f showed the annual and monthly streamflow variations under combined
climate change and LUCC scenarios. Over the period from 2021-2050, the streamflow
exhibits a decreasing trend in these combined scenarios, with a mean annual streamflow
ranging from 129.67 to 130.32 m?/s. This represents a variation of 2.39-2.87% compared to
the period from 1985-2014. The mean annual streamflow is highest under EPs, followed by
that under HTs and FDs. Additionally, the alteration characteristics of annual streamflow
remain similar under different LUCCs. The annual runoff fluctuation between the compre-
hensive scenarios is greater than that of the LUCC scenario and smaller than that of the
climate change scenario.

5. Discussion

In this study, we analyzed the separate and combined impacts of climate change and
LUCC on the alteration of the mean monthly streamflow in the URTRB. We employed multi-
GMSs to reduce uncertainties between different SSPs. The RCA of streamflow, attributed to
climate change, LUCC, and their combination, was defined as the ratio of the streamflow
change under SSPs, LUCC (EP, HT, and FD), and combined conditions (EPs, HTs, and FDs)
from 2021-2050 relative to the standard deviation of streamflow from 1985-2014. Refer to
Figure 9 for the presented results.

Climate change, a key factor influencing variations in streamflow, results in an aug-
mented streamflow due to the heightened radiation intensity. Its impact on streamflow
is mainly manifested in the increase of precipitation and rising temperatures. Under the
influence of SSP119, SSP245, and SSP585, the mean RCA is 0.12, 0.11, and 0.18, respectively.
During the months of May to September, when runoff is relatively concentrated, the impact
of climate change on runoff is smaller, with a mean RCA of only 0.01. However, during
the dry season, runoff is more significantly affected by climate change mainly due to the
increase in snowmelt following a rise in temperature, which supplements the runoff in the
dry season.

In addition, the changes in flow induced by EP, HT, and FD are different, with mean
RCAs of 0.28, 0.19, and 0.29, respectively. The RCA under LUCC is larger than that under
climate change, which indicates that the impact of LUCC on streamflow is greater than
that of climate change. Due to extensive farmland expansion, FD has the greatest land-use
change, so its impact on streamflow is greater than EP and HT.
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Figure 9. Monthly attribution of streamflow attributed to climate change, LUCC, and combined
LUCC and climate change effects in URTRB.

As seen from Figure 9, the streamflow changes in EPs are smaller than those in HTs and
FDs. This is because, under ecological protection, the expansion of farmland is significantly
restricted and grassland and forests are effectively preserved, resulting in a relatively
smaller impact on streamflow compared to the baseline period. Wang, et al. [68] found that
the streamflow increases when farmland was converted into forests, which is consistent
with the conclusion of this study. The streamflow shows significant changes in both spring
and winter. Upon comparing it with Figure §, it is found that the main reason for this is an
increase in spring streamflow and a decrease in winter streamflow.

The impacts of climate change and LUCC on the annual streamflow were then quan-
tified. The results showed that the combined effect of both resulted in a decrease of
3.18-3.84 m3/s in the mean annual streamflow. The change in annual mean streamflow is
primarily driven by LUCC (Table 2). Specifically, climate change increases annual stream-
flow by 0.27-0.60 m3/s, contributing from —18.67% to —7.16%, while LUCC leads to a
decrease in annual streamflow by 3.78-4.11 m3/s, with a contribution ranging from 107.16%
to 118.67%. In different years and months, the results may vary. The dominant effects of
LUCC identified in our study align with findings from prior research in the Yihe River [69],
Beiluo River [70], and Luanhe River, China [20]. The opposite was found in Heihe River,
China [33,71], where climate change is the dominant factor in runoff variation.
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Table 2. Annual contributions of climate change and LUCC in URTRB.

Scenarios

EP119

EP245 EP585 HT119 HT245 HT585 FD119 FD245 FD585

Climate change (%)
LUCC (%)
Total (%)

7.16

13.67 16.12 11.09 14.48 18.08 11.43 14.94 18.66

—107.16 —113.67 —116.12 —111.09 —114.48 —118.08 —11.43 —114.94 —118.66

—-100

—-100 —-100 —-100 —-100 —-100 —-100 —-100 —-100

References

6. Conclusions

This study projected future climate change and LUCC by designing multiple scenarios.
Through the establishment of a hydrology response model, it quantified and characterized
the individual and combined impacts of climate change and LUCC on the future streamflow
variation in the upper reach of the Tarim River Basin. The main conclusions can be
summarized as follows:

(1) Analysis showed that in this study area, compared to the period from 1985 to 2014,
the climate from 2021 to 2050 was expected to be warmer and wetter.

(2) From 2021 to 2050, the FD scenario is expected to experience the most pronounced
expansion of agricultural land among all scenarios. Similarly, HT, due to consistent
human activity trends, also exhibits a significant conversion of grasslands and forests
into farmland. Only EP has curbed the extensive expansion of farmland, thereby
protecting the ecological environment.

(3) Alterations in mean annual streamflow were primarily influenced by LUCC, while
the impact of climate change reduced the influence attributed to LUCC on stream-
flow. Climate change increases runoff (contribution: —18.67% to —7.16%), while
LUCC decreases runoff (contribution: 107.16% to 118.67%), and the combined effect
reduces runoff.

(4) Inthe future, streamflow would shift towards the beginning of the year with increased
spring streamflow and decreased winter streamflow, which contributes to the growth
of vegetation in the study area.

This study is valuable for predicting climate change and LUCC under various scenar-
ios and understanding the diverse impacts on streamflow in the URTRB. It is beneficial
for managers to take proactive measures and devise better responses in the face of envi-
ronmental changes. The Tarim River is a typical inland river in arid areas. Studying the
impact of upstream climate change and LUCC on runoff can serve as a reference for water
resource management in other basins with similar conditions.
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