ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202502.00236

Impact of extreme weather and climate events
on crop yields in the Tarim River Basin, China
Postprint

Authors: WANG Xiaochen
Date: 2025-02-21T00:00:004-00:00

Abstract

The Tarim River Basin (TRB) is a vast area with plenty of light and heat and is
an important base for grain and cotton production in Northwest China. In the
context of climate change, however, the increased frequency of extreme weather
and climate events is having numerous negative impacts on the region’s agri-
cultural production. To better understand how unfavorable climatic conditions
affect crop production, we explored the relationship of extreme weather and cli-
mate events with crop yields and phenology. In this research, ten indicators of
extreme weather and climate events (consecutive dry days (CDD), min Tmax
(TXn), max Tmin (TNx), tropical nights (TR), warm days (Tx90p), warm nights
(Tn90p), summer days (SU), frost days (FD), very wet days (R95p), and windy
days (WD)) were selected to analyze the impact of spatial and temporal varia-
tions on the yields of major crops (wheat, maize, and cotton) in the TRB from
1990 to 2020. The three key findings of this research were as follows: extreme
temperatures in southwestern TRB showed an increasing trend, with higher
extreme temperatures at night, while the occurrence of extreme weather and
climate events in northeastern TRB was relatively low. The number of FD was
on the rise, while WD also increased in recent years. Crop yields were higher in
the northeast compared with the southwest, and wheat, maize, and cotton yields
generally showed an increasing trend despite an earlier decline. The correlation
of extreme weather and climate events on crop yields can be categorized as ex-
treme nighttime temperature indices (TNx, Tn90p, TR, and FD), extreme day-
time temperature indices (TXn, Tx90p, and SU), extreme precipitation indices
(CDD and R95p), and extreme wind (WD). By using Random Forest (RF) ap-
proach to determine the effects of different extreme weather and climate events
on the yields of different crops, we found that the importance of extreme precip-
itation indices (CDD and R95p) to crop yield decreased significantly over time.
As well, we found that the importance of the extreme nighttime temperature
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(TR and TNx) for the yields of the three crops increased during 2005-2020 com-
pared with 1990-2005. The impact of extreme temperature events on wheat,
maize, and cotton yields in the TRB is becoming increasingly significant, and
this finding can inform policy decisions and agronomic innovations to better
cope with current and future climate warming.
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Abstract: The Tarim River Basin (TRB) is a vast area with abundant light
and heat resources, serving as an important base for grain and cotton production
in Northwest China. However, in the context of climate change, the increased
frequency of extreme weather and climate events is having numerous negative
impacts on the region’s agricultural production. To better understand how unfa-
vorable climatic conditions affect crop production, we explored the relationship
between extreme weather and climate events and crop yields and phenology. In
this research, ten indicators of extreme weather and climate events—consecutive
dry days (CDD), min 7}, (TXn), max T, ;, (TNx), tropical nights (TR), warm
days (Tx90p), warm nights (Tn90p), summer days (SU), frost days (FD), very
wet days (R95p), and windy days (WD)—were selected to analyze their spatial
and temporal impacts on the yields of major crops (wheat, maize, and cotton)
in the TRB from 1990 to 2020. The three key findings were as follows: (1)
Extreme temperatures in southwestern TRB showed an increasing trend, with
higher extreme temperatures at night, while the occurrence of extreme weather
and climate events in northeastern TRB was relatively low. The number of FD
was on the rise, while WD also increased in recent years. (2) Crop yields were
higher in the northeast compared with the southwest, and wheat, maize, and
cotton yields generally showed an increasing trend despite an earlier decline.
(3) The correlation of extreme weather and climate events on crop yields can be
categorized as extreme nighttime temperature indices (TNx, Tn90p, TR, and
FD), extreme daytime temperature indices (TXn, Tx90p, and SU), extreme
precipitation indices (CDD and R95p), and extreme wind (WD). Using the
Random Forest (RF) approach to determine the effects of different extreme
weather and climate events on the yields of different crops, we found that the
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importance of extreme precipitation indices (CDD and R95p) to crop yield de-
creased significantly over time. Additionally, we found that the importance of
extreme nighttime temperature (TR and TNx) for the yields of the three crops
increased during 2005-2020 compared with 1990-2005. The impact of extreme
temperature events on wheat, maize, and cotton yields in the TRB is becom-
ing increasingly significant, and this finding can inform policy decisions and
agronomic innovations to better cope with current and future climate warming.
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1 Introduction

According to the Sixth Assessment Report of the United Nations Intergovern-
mental Panel on Climate Change (IPCC), frequent extreme weather and climate
events can have a significant impact on global food security [?, ?]. Extreme
weather and climate events can be defined as unusual hydrometeorological con-
ditions and include extreme temperature and precipitation, as well as drought
and windy weather. These events, along with their derivative disasters, are be-
coming increasingly destructive to society and economy [?, ?] and are expected
to further intensify in the future [?, ?].

In the context of global warming, the increasing frequency of extreme weather
and climate events has posed significant challenges to agricultural development
and has emerged as a prominent research focus in the field of food security.
Changes in temperature directly affect crop yields [?, ?], threatening the avail-
ability of agricultural products and global food security, which in turn impacts
socio-economic development and stability [?, 7, ?]. Previous studies have demon-
strated that rainfall, as well as maximum and minimum temperatures, signif-
icantly affect the yields of major crops. For instance, increased temperatures
may shorten the growing period of crops and reduce the yields of many grain
crops, while positively impacting the yield of seed cotton [?, ?, 7, ?, 7, ?]. The
impact of extreme weather and climate events on crop yields should not be
overlooked. In particular, extreme temperature events are occurring more fre-
quently, extreme nighttime temperature events are becoming more dramatic,
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and global nighttime temperatures are rising at 1.4 times the rate of daytime
temperatures [?, ?]. It is worth noting that each 1.0°C increase in minimum
nighttime temperature increases late rice yields by 8.99%-11.28% [?, ?]. In ad-
dition to extreme temperature events, extreme precipitation and drought can
also impact crop yields in some regions. According to [?, ?], a single dry day
can reduce winter wheat yields by as much as 0.36%. In the eastern United
States, the combination of extreme precipitation and extreme heat is the most
damaging climate pattern for crops [?, ?]. Moreover, studies have shown that
wind plays a dominant role in sorghum growth and significantly affects sorghum
maturity [?, 7].

However, current research primarily focuses on the response of individual crop
yields to meteorological hazards, lacking an analysis of the integrated response
of multiple crop yields to climate change. Moreover, C; and C, crops respond
differently to factors such as temperature extremes and water availability, which
means that further research is warranted to compare the similarities and differ-
ences in yield trends of different crop types at the same spatial and temporal
scales. The specific extreme weather and climatic factors that affect the yields
of different crops also need to be identified.

Current methods for studying extreme weather and climate impacts on crop
growth include crop models [?, ?] and statistical analyses [?, ?]. Agricultural
mathematical models (e.g., tiller dynamics, leaf area, and crop growth period
models) and agricultural computer models (e.g., Agricultural Production Sys-
tems sIMulator (APSIM), Decision Support Systems for Agrotechnology Trans-
fer (DSSAT), and AquaCrop) have been widely adopted in agricultural research
for their ability to better capture the true mechanisms of factors affecting crop
growth [?, ?]. For example, [?, ?] used the AquaCrop model to quantitatively
analyze and identify the main climatic factors affecting cotton growth and found
that climate change and increased CO, levels have a positive impact on cotton
production. However, the usability of crop models is greatly limited by the fact
that they usually require data inputs from a broad range of sources, such as crop
parameters, management practices, soil properties, and climatic data, which are
difficult to collect at the regional scale. In addition, validation of the modeling
results often needs to be done in the context of field experiments.

Recently, introduced statistical analyses are mainly used to analyze the relation-
ship between actual observed historical long time series climate elements and
crop growth indicators. This approach has the advantage of quantifying the
factors affecting crop growth using a smaller dataset, whereas traditional lin-
ear fitting often fails to fully elucidate the complex relationships between crop
yields and extreme weather and climate events [?, ?]. With the development of
computer technology, machine learning is gaining popularity in the field of mete-
orology and agriculture. Machine learning approaches, particularly the Random
Forest (RF) model, have been used to directly explore the relationship between
extreme weather and climate events and crop yields [?, ?].

The key advantage of the RF technique is that it can investigate complex and
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hierarchical relationships between the predictors and the response using an en-
semble learning strategy. [?, ?] predicted maize and potato yields using RF,
polynomial regression, and support vector regression and found that the RF
model displayed superior performance on the data, as shown by its R?, mean
absolute error (MAE), and residual mean square error (RMSE) values for both
crops. [?, ?] used RF to capture the key drivers affecting crop yield, while
[?, ?] combined statistical modeling and machine learning to differentiate the
effects of climate change on sorghum, peanut, and canola. [?, ?] later applied
the RF model to analyze the importance of meteorological factors (precipita-
tion, temperature, and solar radiation) on the key months of double cropping
rice yield, which can be a good assessment of the complex relationship between
the variables. Given the excellent results of RF in related studies, this study
employed the RF approach to comprehensively consider the impacts of various
extreme weather and climate events on wheat, maize, and cotton crop yields
in the Tarim River Basin (TRB) and to explore the quantitative relationship
between extreme weather and climate events and crop yields, which is key to
targeting the maintenance of food security in irrigated agricultural areas.

The TRB is China’s largest inland river basin. It is located in an extreme arid
area characterized by little precipitation, strong evaporation, water scarcity,
ecological fragility, and a sensitive and drastic response to climate change. De-
spite its natural aridity, the TRB has a predominantly agricultural economy,
leaving it vulnerable to sudden-onset agricultural disasters and water damage
caused by extreme weather and climate events [?, 7, ?]. Being constrained by
climatic and geographic conditions, agricultural development in the basin is
highly dependent on irrigation, with nearly all agricultural production in the
region being irrigated [?7, ?]. It is worth noting, however, that irrigated agri-
culture adapts better to climate change conditions during the planting season
than does rainfed agriculture, making it somewhat less sensitive to changing
environmental circumstances [?, ?]. Yet, despite being less affected by climate
change than non-irrigated regions, irrigated agricultural land can still sustain
serious negative impacts on crop yields caused by extreme weather and climate
events.

Therefore, in this study, RF was used to quantify the importance of ten in-
dicators of extreme weather and climate events (tropical nights (TR), warm
nights (Tn90p), max T,;, (TNx), frost days (FD), min 7,,,, (TXn), warm days
(Tx90p), summer days (SU), consecutive dry days (CDD), very wet days (R95p),
and windy day (WD)) on wheat, maize, and cotton yields in the TRB. The main
objectives of the research are: (1) to calculate and analyze the spatial and tem-
poral characteristics of extreme weather and climate events in the TRB from
1990 to 2020 by collecting meteorological data (temperature, precipitation, and
wind speed); (2) to analyze the spatial and temporal variation patterns of crop
yields based on agricultural production data (the yields of the three selected
crops); (3) to explore the extent of the impact of different extreme weather and
climate events on yield changes over time, using RF to assess the importance
of three different time periods (1990-2005, 2005-2020, and 1990-2020) on crop
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yields; and (4) to explore the response of different phenological periods of crops
to extreme weather and climate events.

2.1 Study Area

The TRB is China’s largest inland river basin, covering an area of about 1.02 x
10% hm? [Figure 1: see original paper]. It is located in the mid-latitude hinter-
land of Eurasia (35°-43°N, 74°-90°E; 1524 m a.s.l.). The TRB has a typical con-
tinental climate characterized by sparse precipitation, strong evaporation, and
abundant heat and light resources. Annual temperatures range from —35.0°C to
40.0°C, annual precipitation varies from 20 to 600 mm, annual evaporation mea-
sures approximately 1800-2900 mm, and annual sunshine hours total around
2550-3500 h. Over the course of an average year, the length of the frost-free pe-
riod is 190-220 d. Because of its abundant light and heat uptake, the TRB has
become an important cotton and grain crop production area within China. From
1990 to 2020, the area of cultivated land increased from 2.46 x 10° to 4.24 x 106
hm?, with a corresponding rise in crop production. Cotton is the main cash
crop in the basin and accounts for more than 40.00% of the total planting area,
while wheat and maize account for around 20.00% and 15.00%, respectively
\cite{Statistic Bureau of Xinjiang Uygur Autonomous Region, 1991-2021}. In
this study, 22 sites in the region were selected and the detailed information is
shown in Table 1 .

Fig. 1 Overview of the Tarim River Basin (TRB) in 2020. DEM, digital
elevation model.

Table 1 Details of the 22 meteorological stations used in this study

Station Prefecture Coordinate

Aksu City Aksu Prefecture 41°07$‘61 N, 80°22’54’ E|| XinheCounty| AksuPre fecture

2.2 Data Sources

This study used meteorological observation data from 22 meteorological stations
in the TRB from 1990 to 2020 [Figure 1: see original paper]. The data were
obtained from the China Meteorological Administration (http://data.cma.cn/).
The main meteorological factors extracted were maximum air temperature, min-
imum air temperature, average air temperature, average wind speed, maximum
wind speed, and relative humidity. These meteorological elements were daily-
scale data that have been used by other crop climate modeling institutes and
show good continuity and quality, while missing only a few values.

The production data for wheat, maize, and cotton were obtained from the Statis-
tic Bureau of Xinjiang Uygur Autonomous Region (https://tjj.xinjiang.gov.cn/),
which covers a long-term dataset for these crops. Data on the sowing area of
wheat, maize, and cotton for 22 sites from 1990 to 2020 were sourced from
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the Xinjiang Statistical Yearbook \cite{Statistic Bureau of Xinjiang Uygur
Autonomous Region, 1991-2021}.

Phenological period data for wheat, maize, and cotton were obtained from
agrometeorological experiment stations located in Hotan City. After prepro-
cessing the collected data, we found that crop phenology data had more missing
values and poorer data quality prior to 2016; therefore, this study investigated
phenology changes in wheat, maize, and cotton based on phenology data from
2016 onward.

To verify whether the effects of extreme weather and climate events on crop
yields and phenology are valid, this study collected Climate Bulletin data of
Hotan City from the Xinjiang Uygur Autonomous Region Meteorological Service
(http://xj.cma.gov.cn/) from 2016 to 2020. The data were then used to cross-
check and verify the impact of extreme weather and climate events on crops.

2.3 Methodology

The main steps of this study included data collection, analysis of the spatial and
temporal characteristics of extreme weather and climate events, analysis of the
spatial and temporal variation of crop yields, correlation analysis, importance
assessment, and exploration of crop phenological responses. The specific process
is shown in Figure 2 [Figure 2: see original paper].

Fig. 2 Flowchart of this study. CDD, consecutive dry days; TXn, min 7,

max?

TNx, max T,;,; TR, tropical nights; Tx90p, warm days; Tn90p, warm nights;

min>

SU, summer days; FD, frost days; R95p, very wet days; WD, windy days.

2.3.1 Identification of Extreme Weather and Climate Events

Nine extreme temperature and precipitation indices and one wind indicator were
used in this study, many of which are commonly employed in climate model
simulations [?, ?]. Table 2 presents a detailed description of the indices and
indicators, which include TR, Tn90p, TNx, FD, TXn, Tx90p, SU, CDD, R95p,
and WD. Extreme indices representing temperature and precipitation were cal-
culated from daily-scale meteorological data. According to a previous study,
extreme precipitation in China’s northwestern arid area is mainly distributed
in the mountainous areas, whereas precipitation is relatively low in the plains
[?, ?]. Moreover, because crop yields in the irrigated agricultural areas of the
plains appear to be less affected by precipitation, only two extreme precipitation
indicators (CDD and R95p) were selected for comparative study. Depending on
the meaning of the selected extreme temperature indicators, we can classify the
temperature indicators that represent daily minimum temperature as extreme
nighttime temperature indicators (TNx, Tn90p, TR, and FD) and the tempera-
ture indicators that represent daily maximum temperature as extreme daytime
temperature indicators (TXn, Tx90p, and SU). In the TRB, high wind events
mostly occur during the crop growing season. The indicator of WD was thus
chosen as one of the extreme wind event indicators.
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Due to the different growing seasons of the different crops, we categorized the
calculation of extreme weather and climate indices based on these differences.
We preprocessed the raw climate data according to the average growing season
of crops in the historical period, and then calculated the extreme weather and
climate indices for different crop growing seasons.

Table 2 Typical extreme weather and climate event indices

Indicator Description

Tropical nights (TR)

Category

Extreme nighttime
temperature event

Number of days with daily
minimum temperature
(TN) > 20.0°C

Percentage of days with
TN > 90th percentile
Highest value of TN
Number of days with TN <
0.0°C

Lowest value of daily
maximum temperature

(TX)

Warm nights (Tn90p)
max T,;, (TNx)
Frost days (FD)

min 7’

Extreme daytime max

temperature event

(TXn)

Extreme
precipitation event

Warm days (Tx90p)
Summer days (SU)

Consecutive dry days
(CDD)

Very wet days (R95p)

Percentage of days with
TX > 90th percentile
Number of days with TX >
25.0°C

Largest number of
consecutive days with daily
precipitation (PR) < 1 mm
Total precipitation of very

wet days with PR > 95th
percentile

Number of days with
maximum wind speed >
10.6 m/s

Extreme wind event

Windy days (WD)

2.3.2 Mann-Kendall Trend Test

The Mann-Kendall trend test is used to detect temporal trends in extreme
weather and climate events and yield-related variables [?, ?, 7, ?]. The method
takes into account the effect of autocorrelation in the time series. Compared
with parametric statistics, its advantage is less sensitivity to outliers and does
not need normality or linearity assumptions. The magnitude of the trends was
determined using Theil-Sen’s slope [?, 7, ?], which is both effective and robust,
as it excludes the influence of outliers.

The significance level () was set at 0.05 in the current study, and the trends
were classified into five categories: significant increasing trends (Sen’s slope
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> 0 and a < 0.05), insignificant increasing trends (Sen’s slope > 0 and « >
0.05), significant decreasing trends (Sen’s slope < 0 and « < 0.05), insignificant
decreasing trends (Sen’s slope < 0 and « > 0.05), and stationary trends (Sen’s
slope = 0).

2.3.3 Pearson Correlation Analysis

Pearson correlation analysis is a conventional method for finding the relation-
ship between two variables and can be used to exclude features that are poorly
correlated with the target variable. Correlation coefficient values basically in-
dicate which climate variables are significant for crop yield at a certain level
of significance [?, ?]. The Pearson correlation test was used to analyze the
relationship between two variables at a 0.05 level of significance.

2.3.4 Random Forest Model

In this study, RF was used to determine the extent of the importance of dif-
ferent extreme weather and climate events on the yields of three crops. RF
is an integrated learning algorithm developed by [?, ?] and is a nonparametric
technique based on classification and regression trees. Using RF, we can explore
complex and hierarchical relationships between predictors and responses. RF
has been extensively applied in agricultural research, showing high accuracy and
the ability to model complex interactions between variables [?, ?]. However, this
method behaves like a black box, as the trees cannot be examined individually
and it does not compute regression coefficients or confidence intervals [?, ?]. The
RF does nonetheless produce a variable importance list that can be compared
with other regression models. The relative importance of variables is estimated
using the increase in mean squared error (%IncMSE) values. The %IncMSE
represents the average increase in the mean square error when the values of the
variables are randomized at the nodes where the variables are used in the RF
model [?, ?].

In order to investigate whether there is a difference in the extreme weather and
climate events that have a major impact on crop yields before and after 2005,
we divided the study period (1990-2020) time series into two parts: 1990-2005
and 2005-2020. The %IncMSE is based on the out-of-bag (OOB) regression
prediction error [?, ?]:

1 X
MSEqop = N Z(Dz - DOOB,i>2a (1)

i=1

where MSEqyop is the mean square error; N is the total number of samples,
indicating the number of samples used in the OOB calculation; D; is the actual
value of the ith sample; and Dy p ; is the average of all OOB predictions across
all trees in RF.
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To estimate the variance of yield anomalies explained by extreme weather and
climate events, we computed RMSE and consistency coefficient (d) from cross-
validated out-of-sample predictions for evaluating the accuracy of model fit, as
follows [?, ?]:

27:1(% - @)2

d:l— n _ ~ —\2’
i Uy =yl +19; —yl)

3)

where y; is the predicted value of crop production; g; is the actual value of crop
production; and y is the average value of crop production. The smaller the
RMSE value, the more stable the model and the better the prediction ability
[?, ?]. Here, the value of d is 0-1, with values closer to 1 indicating a better
simulation [?, ?].

3.1 Spatial and Temporal Changes of Typical Extreme
Weather and Climate Events in the TRB

The spatial and temporal variations of the ten selected extreme weather and
climate indicators (CDD, TXn, TNx, TR, Tx90p, Tn90p, SU, FD, R95p, and
WD) at 22 sites in the TRB from 1990 to 2020 are shown in Figure 3 [Figure 3:
see original paper|. Figures S1, S2, and S3 illustrate the spatial and temporal
variations in the same ten indicators during the growing seasons of different
crops. We calculated the sowing and harvest dates for the three crops based
on historical average values. Specifically, the growing season for wheat is from
3 October to 13 June of the following year, for maize is from 24 June to 1
September, and for cotton is from 11 April to 20 October.

3.1.1 Changes in Extreme Daytime Temperature Events

Most of the indicators (except for TXn) showed an increasing trend for extreme
daytime temperature, with a more pronounced increasing trend in southeastern
TRB. Across most of the TRB (except Aksu City and Wensu County), TXn
had a non-significant decreasing trend, with changes ranging from —14.4°C to
—0.7°C [Figure 3b: see original paper|. For the maize growing season, TXn
exhibited an increasing trend in the northeastern part of the TRB, with two sites
showing a significant increase [FIGURE:S2], while for the cotton growing season,
TXn showed an increasing trend in the western region, with three western sites
showing a significant increase [FIGURE:S3].

For Tx90p, the changes ranged from 2.42% to 25.09% and trended overall up-
ward from 1990 to 2020. A very significant upward trend was displayed in
the southwestern part of the study area, where the maximum Tx90p reached
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43.90%, while minimum Tx90p was mostly found in the eastern and northern
TRB [Figure 3e: see original paper]. For the wheat growing season, the trend
in Tx90p was not significant, moving only slightly upward in the northeastern
region and downward elsewhere spatially [FIGURE:S1].

The range of SU varied from 113 to 185 d, and its overall changes displayed a
slow upward trend from 1990 to 2020. In contrast, Yopurgha County, located
in the western part of the study area, showed a major upward trend [Figure 3g:
see original paper]. For the wheat growing season, SU had a significant upward
trend at most sites [FIGURE:S1], whereas the maize and cotton growing seasons
showed no significant upward trend in SU [FIGURES:S2 and S3|. This suggested
that the daytime warming trend in the TRB was more pronounced in spring
and winter.

3.1.2 Changes in Extreme Nighttime Temperature Events

For the extreme temperature indices representing nighttime temperatures, the
warming trend was obvious in most areas, but especially in southwestern TRB.
TNx varied between 19.1°C and 33.0°C and showed upward movement, with
the southwestern part of the basin trending substantially higher. The northern
part of the region, however, displayed a slight downward trend [Figure 3a: see
original paper]. TNx during the growing season for maize and cotton revealed a
significant upward trend in most parts of the southwest [FIGURES:S2 and S3].

The variations in Tn90p ranged from 2.07% to 34.82% and were markedly up-
ward, except for northeastern TRB (e.g., Xinhe County and Kuqa County),
where the upward trend was not very pronounced [Figure 3f: see original pa-
per]. During the growing seasons of the three different crops, Tn90p showed a
significant increasing trend in most of the western and southern parts of the
study area [FIGURES:S1-S3]. It is worth noting that the increase in Tn90p
was larger than that of Tx90p, which indicates a more pronounced rise in the
percentage of days of extreme nighttime temperatures over most areas.

Meanwhile, changes in TR ranged from 0 to 80 d and exhibited an overall
upward trend, except for Xinhe County in the northeast. The annual count of
daily minimum temperatures exceeding 20.0°C was as high as 80 d for Hotan
City (southern TRB) in 2007 and 2011 [Figure 3d: see original paper]. There
was an obvious upward trend in TR during the maize and cotton growing seasons
at most of the sites [FIGURES:S2 and S3], suggesting a gradual warming during
the summer nights in the TRB.

Variations in FD ranged from 74 to 166 d and exhibited a decreasing trend, with
a significant drop in Yutian County, Zepu County, and Akto County (southwest-
ern TRB). Hoxud County (northeastern TRB) had the highest number of FD
in 1996, while Hotan City (southern TRB) had the lowest in 2015 [Figure 3h:
see original paper|. The decreasing trend in FD during the wheat growing sea-
son was significant at most sites [FIGURE:S1], suggesting progressively warmer
nights in spring and winter.
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3.1.3 Changes in Extreme Precipitation Events

On a temporal scale, CDD had a slight downward trend in the TRB from 1990
to 2020, showing an average rate of decline of 4.7 d/10a. Spatially, however,
CDD had a clear increasing trend in northern TRB, insignificant changes in
western TRB, and an obvious downward trend in eastern TRB [Figure 3c: see
original paper]. For the different crop growing seasons, CDD charted a slight
downward trend in most areas, though the trend was not significantly charac-
terized [FIGURES:S1-S3].

Similarly, changes in R95p across the entire region were generally insignificant,
showing only a slight tendency to increase (at a rate of 0.10%/10 a) while remain-
ing constant at most sites. Total precipitation for very wet days was likewise
mostly low, mainly because the TRB is an arid area that has remained largely
constant over the 30-a period at most of the examined sites, other than for
a slight downward trend in the northern areas [Figure 3i: see original paper].
This situation was also reflected in the R95p of different crop growing seasons,
with no significant trend emerging [FIGURES:S1-S3]. Overall, the TRB expe-
rienced a decrease in persistent drought and a slight increase in rainfall over a
30-a period, particularly in the mountainous northwest.

3.1.4 Changes in Extreme Wind Event

Although the number of WD from 1990 to 2020 was mostly unchanged, there has
been an increasing trend in recent years. From April to August of the 2001 crop
growing season, WD increased slightly. Then, from 2014 to 2020, WD increased
substantially. In terms of spatial scale, WD also remained basically unchanged,
other than for an increasing trend in northwestern TRB and a decreasing trend
in the northeast [Figure 3j: see original paper|. In terms of different crop growing
seasons, an increasing WD trend was obvious in the northern part of the study
area (Aksu City) while there was a clear downward trend in some counties in
the west and east part of the study arca [FIGURES:S1-S3].

On the whole, all the extreme indicators related to warmth were trending up-
ward, with TR trending upward the most. By comparison, the trend of increas-
ing temperature extremes at night was higher than increased extremes during
the day, with these events showing some differences in location, with a more
pronounced increase in western and southern TRB and a slower increase in the
eastern and northern areas. The extreme precipitation indicators also revealed
a drying trend across the study area, mainly in the form of a slight increase
in the number of sustained dry days, with the trend particularly pronounced
in the north. Meanwhile, changes in the average number of WD also showed
an increasing trend across the basin, with the weather changes becoming more
and more unstable. Furthermore, although the extreme indices showed roughly
similar trends in the different crop growing seasons as they did throughout the
year, we noted a major increasing trend in SU and a significant decreasing trend
in FD during the wheat growing season compared with the growing seasons of
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the other two crops. These changes suggested that there was a more pronounced
warming trend in the TRB during the spring and winter seasons.

At the same time, we found that the increasing trend of many extreme weather
and climate indicators (such as TNx, TR, and Tnh90p) only existed in the first
half of the study period (1990-2005), as they weakened in the second half (2005—
2020). Next, we will focus on whether the same trend is reflected in the yield
changes of the three studied crops.

3.2 Characterizing Changes in Yields of Major Crops in the
TRB

The TRB is a vast area dominated by irrigated agriculture. However, due to the
basin’s geographical location, the various regions within the TRB are subject to
different rainfall and heat conditions and extreme weather and climate events,
resulting in significant spatial heterogeneity of crop yields. For example, wheat
is a major crop in the basin. As can be seen in Figure 4a [Figure 4: see original
paper], wheat yield was higher in the Aksu Prefecture (northern TRB) than
in other regions, while wheat yield in the Bayingol Mongolian Autonomous
Prefecture (southeastern TRB) was the lowest among the five prefectures. The
entire region had been showing an increasing trend in wheat yield since 1990,
but there was a sudden decrease in 2018, with an average yield 11.07% below
that in 2017, and continued lower wheat yield in 2019 and 2020. Specifically, in
2018, wheat yields in Aksu, Kizilsu, Hotan, and Kashi prefectures were reduced,
though no similar trend of reduction was found in the Bayingol Mongolian
Autonomous Prefecture for that year. Overall, wheat production in the region
demonstrated a significant increasing trend from 1990 to 2020 despite yield
differences and variations in individual regions [Figure 4a: see original paper].

Maize is also widely planted in the TRB. From Figure 4b, we can see that
per-unit-area maize yields in Hoxud County, which is located in the Bayingol
Mongolian Autonomous Prefecture in northeastern TRB, were more than twice
as high as those in some other regions. Like wheat, maize yields across the
basin suddenly declined by 32.46% in 2018. Although they recovered slightly
in 2019 and 2020 compared with 2018, the yields were still much lower than
before. However, since 1990, maize yields across the basin have been trending
upwards [Figure 4b: see original paper].

Cotton is an important cash crop in the TRB. It accounted for more than 50.00%
of the total sown area in Bayingol and Aksu prefectures (northeastern TRB) and
for more than 35.00% of Kashi Prefecture’s total sown area (southern TRB).
From Figure 4c, we can see that cotton yield was higher in the Bayingol and
Aksu prefectures than anywhere else in the study area. Furthermore, from the
line graph, we can see that cotton yield showed a significant negative anomaly
in 2014. However, unlike wheat and maize, cotton did not display a significant
downward trend in 2018. On the whole, cotton unit area yield has shown an
increasing trend since 1990 [Figure 4c: see original paper].
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Wheat, maize, and cotton yields have all been reduced to varying degrees in
particular years during the study period due to extreme weather and climate
events. Based on our collected data, we found that typical extreme weather
and climate events primarily occurred in the southwestern part of the TRB. We
also found that the highest crop yields were mainly in the northeastern part of
the TRB. Additionally, we discovered that the yields of the three major crops
showed a clear upward trend prior to 2005 and then slowed, matching the trend
of extreme weather and climate events in the results of Section 3.1. In order
to explore this issue and to clarify what kind of extreme weather and climate
affects which crops in different time periods, we carried out a follow-up study.

3.3.1 Correlation Analysis Between Yields of Major Crops and Ex-
treme Meteorological Factors

Figure 5 [Figure 5: see original paper| presents the Pearson correlation coeffi-
cients between the yields of wheat, maize, and cotton and the extreme weather
and climate events of their corresponding growing seasons. We found that ex-
treme nighttime temperature indices (TR, Tn90p, TNx, and FD) in the TRB
had a positive effect on wheat yield. Among them, TR showed a positive cor-
relation with wheat yield at 20 sites and significant positive correlation at 5
sites, while Tn90p and TNx showed a positive correlation at 21 and 18 sites,
respectively, and a significant positive correlation at 11 and 4 sites, respectively.
FD displayed a significant negative correlation with wheat yield at 16 sites. For
wheat, higher extreme nighttime temperature and a decrease in the number of
cold-night days at most sites resulted in higher yields. Among the extreme day-
time temperature indices, SU was significantly and positively correlated with
wheat yield at 14 sites, and TXn and Tx90p exhibited positive correlations with
wheat yield. Higher extreme daytime temperature and a higher number of warm
days resulted in higher wheat yields. Extreme precipitation (CDD and R95p)
and windy day (WD) indices were only weakly correlated with wheat yield and
varied across sites.

For maize, the extreme nighttime temperature indices (TR, Tn90p, and TNx)
were positively correlated with yield at 21, 17, and 19 sites, respectively, reaching
significant positive correlations at 7, 7, and 8 sites, respectively. The lack of
correlation between FD and maize yield was likely due to the fact that the maize
growing season is in the summertime, when frost days do not exist. Extreme
daytime temperature indices (TXn, Tx90p, and SU) varied in their correlation
with maize yield at different sites, being positively correlated with maize yield in
the northern part of the TRB and negatively correlated with maize yield in the
southeastern part. The correlation between extreme daytime temperature and
maize yield was weak and varied (positively or negatively) from site to site. This
is due to the smaller trend of change in extreme daytime temperature during
the summertime. Similar to wheat, the extreme precipitation (CDD and R95p)
and WD indices were weakly correlated with maize yield.

For cotton, the yield was positively correlated with TR, Tn90p, and TNx at 20,
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20, and 17 sites, respectively, with significant positive correlations reaching 12,
6, and 9 sites, respectively. Similar to wheat yield, cotton yield was negatively
correlated to FD at most sites, whereas extreme daytime temperature indices
(TXn, Tx90p, and SU) were positively correlated to cotton yield. This indicated
that rising extreme daytime temperature and days in the spring and summer
increase cotton yields. Extreme precipitation indices (CDD and R95p) were
weakly positively correlated with cotton yield, as they were with wheat and
maize yields, but WD was negatively correlated with cotton yield at most sites.

Overall, increases in extreme nighttime temperatures and decreases in the num-
ber of cold-night days increased the yields of the three studied crops. However,
extreme precipitation indicators were not strongly correlated with the yields
of these crops, and WD affected cotton yields more strongly than those of the
other two crops.

3.3.2 Importance Analysis Between Crop Yields and Extreme Mete-
orological Factors

To ensure the credibility of the study, we evaluated the results of the RF model.
In the validation, the values of RMSE for wheat during 1990-2005, 2005-2020,
and 1990-2020 were 87.8, 230.3, and 208.5 kg/hm? with d-values of 0.63, 0.87,
and 0.89, respectively. The values of RMSE for maize during 1990-2005, 2005—
2020, and 1990-2020 were 64.8, 617.7, and 479.1 kg/hm? with d-values of 0.89,
0.75, and 0.83, respectively. The values of RMSE for cotton during 1990-2005,
2005-2020, and 1990-2020 were 159.3, 97.3, and 122.6 kg/hm?, with d-values of
0.60, 0.87, and 0.84, respectively. Although there were some variations in model
accuracy across periods and crops, these were within acceptable limits. As the
yields of these crops were affected by a variety of extreme weather and climate
events, RF provided importance weights to better measure the importance of the
variables in the complex model and to identify the key extreme meteorological
factors. The results of the importance of each extreme meteorological factor
corresponding to different crops for different time series are shown in Figure 6
[Figure 6: see original paper].

During 1990-2005, for wheat, Tx90p had the largest effect on yield, with the
%IncMSE of 46.95%, followed by CDD with the %IncMSE of 20.28%, while
extreme nighttime temperature indices had a relatively small effect. For maize
and cotton, R95p had the greatest impact on their yields, with the %IncMSE
both reaching 25.00%. The SU and Tn90p were also relatively important for
cotton yields, with both the %IncMSE of about 18.00%. Over time, the impor-
tance of Tx90p for wheat yield decreased significantly and the importance of
CDD decreased slightly, whereas the importance of extreme nighttime temper-
ature indices (TR, Tn90p, TNx, and FD) increased, as did the importance of
extreme precipitation index R95p. However, there was a decrease in the effect
of R95p for maize and cotton yields and an increase in the effect of extreme day-
time temperature indices (TXn, Tx90p, and SU) for maize and cotton yields.
The importance of TR for the yields of all three crops increased only slightly.
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Overall, the extreme daytime temperature indices (TXn, Tx90p, and SU) had
the greatest impact on maize and cotton yields, and the extreme precipitation
index (R95p) had a significant effect on the yield of all three crops.

Fig. 5 Pearson correlation coefficients of wheat (a), maize (b), and cotton (c)
yields with extreme weather and climate indices at 22 sites in the TRB from
1990 to 2020. *, significance at P < 0.05 level; **, significance at P < 0.01
level.

Fig. 6 Variable importance of typical extreme weather and climate events
for different crops after standardization. (a), 1990-2005; (b), 2005-2020; (c),
1990-2020.

3.4 Impact of Extreme Weather and Climate Events on
Crop Phenology

In order to investigate exactly which phenological period of the crops is affected
by extreme weather and climate events, we mapped the climatic periods based
on the last five years of the phenological periods of the three crops [Figure 7:
see original paper] and investigated the relationships in conjunction with the
current year’s Climate Bulletin. According to the extreme weather and climate
events in the previous section and in combination with the Climate Bulletins of
previous years, we found that high temperatures appeared early in the summer
of 2016, so the phenological period of crops showed an earlier trend than in
previous years. In August 2017, however, temperatures across the entire study
area plunged, detrimentally affecting agricultural production. This was the first
time in ten years that the average temperature in August was so low. The result
was a prolonging of the onset of the maize silking period, as maize is a crop that
requires high caloric conditions.

Strong cold air activity continued into 2018, and the lack of heat reduced the
wheat and maize yields. The year 2018 also marked the coldest autumn in
Xinjiang Uygur Autonomous Region (hereinafter abbreviated as Xinjiang) in
the past 18 years, and the unusually early first frost had a serious negative
impact on the winter wheat seedling three-leaf and tillering periods. A further
consequence of the abnormally early cold temperatures was the delay in the
reviving turn green period of wheat at the beginning of 2019. This, combined
with unseasonably cool temperatures, rainfall, and high winds in late spring,
led to a significant reduction in wheat yields.

Moreover, hailstorms across the TRB in May 2019 caused severe damage to
cotton in numerous locations, resulting in a decrease in cotton yields in that year
compared with previous years. In addition, rare heavy rainfall occurred in June,
when maize was at the emergence and three-leaf stage. The untimely torrents
led to a prolongation of the emergence and three-leaf stage, and maize yields
were again reduced. The temperature rise in February—March 2020 led to an
earlier resumption of the wheat growing period compared with 2017-2019. Late
spring, however, was characterized by extreme rainfall in the western portion of
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the southern TRB, which lengthened the spring phenological period for cotton.
In 2020, summer temperatures were the lowest in nearly a decade, lengthening
the phenological period for maize and delaying the harvest date.

By combining the above reported extreme weather and climate events, we found
that they affected the crops mainly by prolonging the phenological period and
reducing crop yields. Further, we found that low temperatures and rainstorms
lengthened the phenological period of crops, which then prolonged the harvest-
ing period and resulted in loss of time and manpower. Damage to crop yields
mostly occurred from extreme weather and climate events such as extreme winds
and hailstorms. We also noted, through examples from previous years, that
such extreme weather and climate events can cause very serious damage to crop
yields.

However, each type of crop responded differently to extreme weather and climate
events. For instance, maize, as a C,; crop, was more tolerant to high temper-
atures than wheat and cotton, which are C5 crops. Being high temperature-
tolerant, maize did not respond as obviously and negatively to increases in
Tn90p as the other two crops. Moreover, at certain ranges of high temperatures,
maize may even increase yields and its phenological period will be shortened.

Fig. 7 Intra-annual distribution of the phenological periods for wheat (a),
maize (b), and cotton (c) in Hotan City from 2016 to 2020.

4.1 Changes in Extreme Weather and Climate Events Dur-
ing Different Crop Growing Seasons

Our study found a significant increasing trend in the extreme index represent-
ing warmth in the TRB, while the extreme indices representing cold showed a
robust decline, findings which were emphasized by previous studies [?, 7, 7, ?].
Furthermore, although extreme precipitation and drought events in the TRB
showed no significant time-scale trends from 1990 to 2020, there was strong spa-
tial heterogeneity, which is consistent with the results of other studies on arid
areas [?, ?]. The reasons for this phenomenon may be related to anthropogenic
forcing in different regions [?, ?]. Meanwhile, this study also found that the cor-
responding changes in extreme weather and climate event indicators varied in
different crop growing seasons, and that increases in TR were more pronounced
during the maize and cotton growing seasons. Similar conclusions were drawn
in a study by [?, ?], who found that high summer temperatures in Xinjiang
coincided with El Nino events. In addition, our study discovered a significant
increasing trend in SU along with a significant decreasing trend in FD during
the wheat growing season, which may be due to the fact that the rate of tem-

perature increase in winter in Xinjiang is greater than that in other seasons
[?,7,7].

The increasing frequency of extreme weather and climate events is mainly in-
fluenced by the large-scale circulation of Earth’s atmosphere [?, ?]. Research
indicates that the occurrence of extreme temperature events in parts of Asia
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and Europe is caused by an increase in anticyclonic circulation [?, ?], while
the increase in extreme precipitation in Xinjiang is driven by a combination of
high-, mid-, and low-latitude atmospheric circulation systems in Central Asia,

whose main sources of water vapor are the North Atlantic and Arctic Oceans
[?,7,7].

4.2 Impact of Extreme Weather and Climate Events on the
Growth and Yield of Three Crops

Our study analyzed the response of wheat, maize, and cotton yields to different
typical extreme weather and climatic events. We found that the crop yields were
primarily related to extreme temperature events, as was also found by previous
studies [?, 7, ?]. [?, 7] discovered that temperature-related weather extremes
were more strongly correlated with yield anomalies than precipitation-related
factors, while our study noted that crop yields were particularly sensitive to
extreme nighttime temperatures, with yields of wheat, maize, and cotton pos-
itively correlated with increased extreme nighttime temperature. With results
similar to ours, [?, ?] conducted field-warming experiments at four sites and
analyzed 36 years of winter wheat yield data, uncovering that daily minimum
temperatures were positively correlate

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.
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