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Abstract: The 20th century, global temperatures underwent significant changes, impacting
agricultural climate zones worldwide. Xinjiang, China, a key player in machine-picked cotton
production, was influenced by various heat-related indicators(sum of active temperature > 10°C,
mean temperature in July, climatological growing season length, April-May sum active
temperature, Last spring frost, and Defoliator spray time). Using meteorological data from 58
weather stations in Xinjiang, we examined the spatio-temporal trends of these indicators during the
period of 1981-2020. Additionally, we considered the effects of climate warming and plastic
mulching on the sowing area and zoning area of machine-picked cotton in different suitable zones.
Overall, Xinjiang experienced an trend in heat resources, with a pattern of "more in the southern
part than the northern part, and more in plains and basins than in mountainous areas." Under
climate warming conditions, the sowing area of the most suitable cotton zone and the suitable cotton
zone has increased, while the sowing area of the moderately suitable cotton zone and unsuitable
cotton zone has decreased. Under the plastic mulching mechanism, a comparison of the zoning area
and sowing area from 1991 to 2020 revealed that there was no difference in the zoning area of the
most suitable zone compared to the sowing area, while the zoning area of the suitable zone
increased by 15.7% (2.15x10°%km?) compared to the sowing area. The zoning area of the moderately
suitable zone decreased by 14.5% (0.26x10°%km?), and the unsuitable zone decreased by 7.8%
(0.17x10°%km?) compared to their respective sowing areas. These results indicate that climate
warming and plastic mulching have increased the cultivable area of machine-picked cotton in
Xinjiang, but there are also instances of unreasonable zoning. It is necessary to allocate land
resources reasonably based on climatic conditions to ensure the healthy development of the cotton
industry in Xinjiang.

Keywords: agricultural climate indicators; agricultural climate zones; cotton; Xinjiang

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report stated that
the global average surface temperature has risen by 0.74°C in the past 100 years [1]. The observed
and widely discussed trend of increasing average temperatures is influenced by geographical factors
[2], which may manifest differently in local climate ecosystems [3-4]. In particular, the agricultural
sector should take this into consideration in agricultural planning [5-6].

Heat accumulation is a driver for crop growth and development, yield potential, water
absorption, and stress [7-8]. Given that global climate change can pose significant threats to
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agriculture, numerous studies have reported changes in crop production potential [9-10],
phenological shifts [11], and changes in suitable crop zones [12]. The most common climate indices
used to assess these changes are typically sum of active temperature during key crop developmental
stages. Additionally, for crop sensitivity to low temperatures, the occurrence of frost and the length
of frost-free periods (i.e., growing season length) are important climate indicators that affect
agricultural production. Detailed information on the temporal and spatial distribution of these
climate indicators is needed when studying climate change and agricultural production issues.

Detailed research on these agricultural climate indicators helps to answer the following
questions: (i) Will climate warming lead to uneven distribution of heat during the cotton growing
period, thereby impacting cotton growth and development? (ii) Will climate warming delay or
advance frost dates, resulting in changes in the actual growing season for cotton? (iii) What are the
spatiotemporal patterns of climate indicators under climate warming? What impacts will they have
on the existing suitable cotton areas? (iv) How can we develop strategies to mitigate the impacts of
climate change by considering the climatic suitability zones for cotton?

Studies have reported that climate warming has caused the northward shift of agricultural
climate zones in China, extended growing seasons, and expanded the suitable areas for warm-loving
crops [13-14]. However, there are significant regional variations in climate change and its impact on
agriculture [15]. Some studies suggest that sum of active temperature 210°C, mean temperature of
the warmest month (July), and frost-free period are the main meteorological indicators influencing
cotton growth and development. Over the past few decades, the annual average temperature and
mean temperature of the warmest month (July) in Xinjiang have shown a clear increasing trend, while
sum of active temperature 20°C has significantly increased, and the frost-free period has significantly
lengthened [16-18]. Based on these indicators, Xinjiang's cotton-growing region has been further
divided into suitable cotton areas, moderately suitable cotton areas, and risky cotton areas [19-21].
Studies have shown that, influenced by changes in heat resources, the area of suitable cotton regions
in Xinjiang has gradually increased, while the areas of moderately suitable and unsuitable cotton
regions have decreased. At the same time, the area of mid-mature and early-mid-mature cotton
regions in southern Xinjiang has been continuously expanding, while the areas of early-ripening and
unsuitable cotton regions have decreased [22-24]. However, in actual production, due to the
complexity of cotton varieties, there are cases of unreasonable selection of maturity of varieties and
blind expansion of planting areas in some regions, which have a significant impact on the quality and
yield of cotton [20-21]. Therefore, studying the impact of climate change on the suitability of cotton
cultivation is of great significance in addressing these issues.

The above-mentioned studies provide a theoretical basis and scientific evidence for the climate
suitability zoning of cotton cultivation in Xinjiang. However, it is important to acknowledge the
limitations of these studies:

(1) Lack of consideration for the climate resource requirements of machine-harvested cotton:
Xinjiang is the region with the highest level of mechanization in cotton cultivation (National Bureau
of Statistics data in 2023: the mechanized harvesting rate of cotton in Xinjiang has exceeded 81%,
accounting for over 80% of the national total production). The aforementioned studies mainly divide
suitable areas for cotton cultivation based on factors such as the length of the growing season, average
July temperature, and sum of active temperature above a certain threshold. However, the specific
climate resource requirements of machine-harvested cotton have not been adequately considered. It
is necessary to develop targeted auxiliary indicators to divide the suitable regions for machine-
harvested cotton cultivation in Xinjiang.

(2) Lack of quantitative research on the impact of mulching-induced warming on the suitability
zones for different maturity cotton: According to statistics, as of 1994, 96.67% of the total sowing area
in Xinjiang adopted mulching cultivation for cotton [25]. Mulching not only increases soil
temperature and moisture retention but also compensates for the temperature conditions required
for cotton growth [26-28]. Global climate warming and the use of mulching techniques in cotton
cultivation can both affect the heat conditions required for cotton growth, which may influence the
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planting regions for cotton. However, most of the current research focuses on the suitability zoning
of Xinjiang cotton under the background of global warming [22-23, 29].

In summary, it is necessary to address the limitations by conducting further research on the
climate resource requirements of machine-harvested cotton and the quantitative effects of mulching-
induced warming on the suitability zones for different maturity cotton. This will provide a more
comprehensive and accurate scientific basis for the climate suitability zoning of cotton cultivation in
Xinjiang. Such research can assist agricultural planners in better adapting to climate change and
formulating appropriate crop cultivation strategies.

Our work is unique and significant in the following aspects: (i) We utilized meteorological data
from 57 observation stations in Xinjiang with an 80% assurance rate, and applied ArcGIS
meteorological interpolation software for small-scale grid interpolation. This resulted in more
accurate and fine-grained interpolation results. (ii) We took into consideration the specific climate
resource requirements of machine-harvested cotton and the effects of mulching on cotton growth. By
incorporating auxiliary meteorological indicators for machine-harvested cotton and accounting for
the compensating effects of mulching-induced warming, we were able to analyze the characteristics
of the climate suitability zoning for machine-harvested cotton in Xinjiang in a more scientific manner.

2. Data Sources and Processing Methods

2.1. Overview of the Study Area and Data Sources

Xinjiang Uygur Autonomous Region is located in the hinterland of the Eurasian continent
(34°25"-49°11" N, 70°40'-96°18" E), covering an area of approximately 1.66 million square kilometers,
which accounts for 1/6 of China's total land area. It is an important passage of the ancient Silk Road.
The region features a diversified topography, with a landscape pattern often referred to as "three
mountains and two basins." From north to south, these include the Altai Mountains, Junggar Basin,
Tianshan Mountains, Tarim Basin, and Kunlun Mountains. Divided by the Central Tianshan
Mountains, Xinjiang is further classified into Southern Xinjiang and Northern Xinjiang (Figure 1).

The region experiences a temperate continental climate characterized by dryness, abundant heat,
and significant diurnal temperature variations. These climatic conditions are favorable for cotton
cultivation, making Xinjiang the largest production area for high-quality commercial cotton in China.

For this study, meteorological data from 54 weather stations in Xinjiang for the period 1981-2020
were used, including average temperature, maximum temperature, and minimum temperature.
Stations located in mountainous areas were excluded. The dataset consists of 48 weather stations in
cotton-growing areas and 10 weather stations in non-cotton-growing areas (Figure 1). The dataset
represents average daily air temperature values at 2 meters above the ground level. The data were
obtained from the China Meteorological Administration Data Sharing Service System
(http://data.cma.cn/). All selected weather stations had complete daily observation records
throughout the study period. Digital elevation model (DEM) data were obtained from the GeoSpatial
Cloud website (http://www.gscloud.cn/), including a Xinjiang digital elevation model with a
resolution of 90m*90m. To improve the interpolation accuracy, the DEM data were resampled using
ArcGIS software (Esri, USA) to a resolution of 1 km*1 km. Both vector and raster data were projected
using the Beijing-1954 geographic coordinate system and Beijing-1954 GK Zone 15N projection
coordinate system.
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Figure 1. Research Area Diagram.
2.2. Research Methods

2.2.1. Calculation Methods for Meteorological Indices

Sum of active temperature > 10°C, known as effective accumulated temperature, is the sum of
the difference between daily average temperature and the biological minimum temperature over a
certain period of time. In this study, the sum of active temperature > 10°C during the cotton growth
period and in April-May was calculated as follows:

b
SAT(4_510 = Z(Ti —10), Ti =10 (1)
a

Where:

e "a"and "b" represent the start and end dates of daily average temperatures above 10°C during
the cotton growth and development stages, determined using a 5-day sliding average method.

e "Ti" represents the daily average temperature above 10°C, measured in Celsius.

e "SATI10" and "SATu-510" refer to the sum of active temperature above 10°C during the entire
growth season and in April-May (bud stage), respectively.

The climatic growing season length is calculated by counting the number of days between the
first and last frost days. Frost days are defined as days when the daily minimum temperature is <0°C.
The first and last frost days are determined using a 5-day sliding average method.

The optimal time for applying defoliant is within 3-7 days after cotton boll opening. It is
considered the best time when the daily minimum temperature is above 12°C and the daily average
temperature is above 18°C. We consider the 7th day meeting these temperature conditions as the
latest date for applying defoliant(Hereinafter referred to as defoliator spray time).
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2.2.2. Probalibity of exceedance

The probability of exceedance, also known as the exceedance probability, is the probability of a
meteorological variable (such as rainfall, temperature, sunlight, etc.) reaching or surpassing a certain
threshold within a specific time period. In the field of agricultural meteorology, calculating the
exceedance probability of meteorological variables is important for assessing and predicting suitable
conditions for crop growth and development. When analyzing agricultural climate issues using long-
term climate elements, it is recommended to use a minimum exceedance probability of 80%. In this
study, we used the “Extremes” package in R language (R version 4.3.1) to calculate the 80%
exceedance probability of climate elements for the period 1981-2020.

2.2.3. Calculation of Heat Compensation Value under Plastic Film Mulching

Plastic film mulching in cotton fields can provide warming effects, especially during the seedling
and budding stages of cotton growth. In order to explore the warming effect of plastic film mulching
on cotton growth, researchers have proposed a calculation method to estimate the compensation
value of effective temperature under plastic film mulching based on the temperature during the
seedling and budding stages [28, 30].

The calculation method includes the following steps:

1. Estimate the number of days (N1 and Nr2) required for sum of active temperature above 10°C
during the initial day, seedling stage, and budding stage in Xinjiang region for each year.

2. Estimate the number of days (Nm: and Nm2) for plastic film-mulched cotton during the seedling
and budding stages based on the daily average temperature and the corresponding number of
days for the open-field cotton using a trial calculation method. The calculation formula is as
follows:

(1= 0.0975K)S3", Tyc + 4.4921K - Ny + 15(N, — Nyp) = $)4 T;

where:

K is the compensation coefficient for the heat accumulation of plastic film-mulched cotton and
effective temperature. The unit (°C-d) / (°C-d) can be omitted. For the seedling stage, K = 0.843, and
for the budding stage, K = 0.207. N. and Nm represent the number of days for open-field cotton and
plastic film-mulched cotton during a specific growth stage, measured in days. Tj and Tk represent the
daily average temperature for open-field cotton and plastic film-mulched cotton during the same
specific growth stage, measured in °C.

3. The equation for estimating the heat compensation value of effective temperature during the
seedling and budding stages of plastic film-mulched cotton (AATM1 and AATM2) based on the
number of days (Nm1 and Nm?2) is as follows:

AATM = K(4.4921N,, — 0.09755 %™ T.)

where:
AATM is the heat compensation value of effective temperature of plastic film-mulched cotton,
measured in °C-d.
4. The equation for estimating the total heat compensation value of effective temperature during
the seedling and budding stages (ZATM) is as follows:

YATM = AATM; + AATM;

where:
ZATM is the total heat compensation value of effective temperature during a specific growth
stage of plastic film-mulched cotton, measured in °C-d.

2.2.4. Zoning Indicators

The cumulative effective temperature >10°C during the months of April to May and within the
growing season is an important indicator for assessing the suitability of an area for cotton cultivation.

d0i:10.20944/preprints202403.1864.v1
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It is positively correlated with bud formation and pre-frost flower yield. A higher cumulative
temperature indicates a longer cotton growth period and higher yields of buds and flowers before
the onset of frost. The absence of frost (from the last frost to the first frost) is a key factor limiting the
length of the cotton growing season. The average temperature in July also plays an important role in
the formation of high-quality fiber growth. The optimal timing for defoliant application, apart from
being a factor limiting the growth and development time of cotton, also helps reduce impurities
during mechanical harvesting, thus being a critical factor for the maturity and harvesting quality of
mechanically harvested cotton [4].

Referring to the “Technical Specifications for Machine-Harvested Extra-Long Staple Cotton
Planting Operations(DB 65/T 2266-2019)” [31] proposed by the Xinjiang Academy of Agricultural
Sciences, the main indicators (Table 1) and auxiliary indicators (Table 2) for zoning machine-
harvested cotton in Xinjiang have been established

Table 1. Primary Indicators for Mechanized Cotton Zoning.

. oL . Climatological growing Mean temperature in Sum of active
Regionalization Crop Variety season Length (d) July (°C) temature>10°C
Most suitable zone Medium-maturing >200 >30 >4500
Suitable zone Medium-early maturing 180-200 26-30 3800-4500
Less suitable zone Early maturing 175-180 24-26 3600-3800
Unsuitable zone Extra-early maturing 165-175 23-24 3200-3600

Table 2. Auxiliary Indicators for Mechanized Cotton Zoning.

April-May sum active

Regionalization Last frost day (d) temperature (°C) Defoliator spray time(d)
Most suitable zone Before April 1* >500 After September 18th
Suitable zone April 1st-10th 400-500 September 10th-18th
Less suitable zone April 11th-20th 350-400 August 27th-September 9th
Unsuitable zone After April 20th <350 Before August 27th

2.3. Data Processing

2.3.1. Interpolation Methods

In this study, a mixed interpolation simulation method (MLR) is used to improve the accuracy
of spatial interpolation for climate variables. Compared to other commonly used interpolation
methods such as inverse distance weighting, spline interpolation, nearest neighbor, and trend surface
method, the MLR method corrects the residuals in the overall interpolation process, enabling more
accurate spatial interpolation. It has been widely used in recent years for fine-scale crop-climate
suitability zoning.

Specifically, in this research, statistical tests are first conducted on the observed data. The
estimated values of meteorological variables are treated as dependent variables, and multiple linear
regression analysis is performed using independent variables such as longitude, latitude, and
elevation derived from DEM data, to establish a geographic spatial model (Table 3). The regression
equation is then used to predict the dependent variable, obtaining the regression values. Next, the
residuals of the dependent variable are computed, and local interpolation is performed on the
residuals. The interpolated data of the residuals are then added to the regression values of the
dependent variable to obtain a new fitted value, completing the spatial interpolation of zoning
indicators. Finally, spatially interpolated raster maps of the six zoning indicators in Xinjiang for the
period 1981-2020 are generated at a resolution of 1 km x 1 km.

The temporal variability of climate indicators is represented by linear trend estimation. The
significance of the changes is assessed using the non-parametric Mann-Kendall test, and the statistical
significance assessment adopts the Sen’s method [32].
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7
Table 3. Geospatial Model of Regional Indicators and Macro-Geographical Factors in Xinjiang during
1981-2020.
. - . . . Correlation
Regional indicators Geographical relationship model coefficient F-value
Sum of active 5
temature>10°C -0.041¢h-2.779¢*+10606.182 0.935 347.56
Climatological -0.020h-0.074¢)+531.291 0.802 97.46
growing season Length
Mean terj‘:ﬁ;ramre n -1.666x10%ph-7.676x103¢*+46.07 0.905 227.335
Defoliator spray time -0.001¢ph-0.039¢*+348.796 0.853 133.605
April-May sum active -0.007¢h-0.565¢>+1731.55 0.895 204.101
temperature
Last frost day 0.0499pA+0.001ph-105.228 0.830 117.011

Note: In the chart model, ¢ represents latitude, A represents longitude, and h represents elevation.

2.3.2. Climate Suitability Zoning

Based on the zoning spatial grid map, the combined weighting method of analytic hierarchy
process and entropy weight method was used to determine the weights of zoning indicators for
machine-picked cotton (Table 4). The indices of each zoning were analyzed and overlaid spatially
using the sum-and-product method to obtain the distribution map of climate suitability for machine-
picked cotton planting in Xinjiang. With the support of GIS spatial analysis techniques, using the
distribution data of cotton planting in Xinjiang (Figure 2), a refined and quantitative zoning map of
climate suitability for machine-picked cotton planting in Xinjiang and Xinjiang Production and
Construction Corps was created.

According to research, it has been suggested that 1990 marked a turning point in temperature
variation and the widespread adoption of plastic film technology [33]. Therefore, the meteorological
data from 1990 to 2020 was used in combination with the warming effect of plastic film for the zoning
analysis.

Table 4. Based on combination weights of machine-derived cotton zoning indicators and analytic
hierarchy process and entropy weight method.

Sum of

Regional active Cllm.a tological Mean temperature  Defoliator April M.ay sum
S growing season . . active Last frost day
indicators  temature>10 in July spray time

oC Length temperature

Weight 0.33 0.26 0.16 0.07 0.08 0.1
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2. Results and Analysis

2.1. Spatial and Temporal Distribution Characteristics and Trends of Heat Index

2.1.1. Length of Growing Season

The length of the growing season in Xinjiang shows a decreasing trend with increasing latitude
and elevation. Regions with longer growing seasons are mainly distributed in the central and western
parts of the Turpan Basin and the Tarim Basin, typically ranging from 230 to 260 days. In most of
southern Xinjiang, the Junggar Basin, and the Ili River Valley, the length of the growing season ranges
from 180 to 230 days. The shortest growing seasons are found in the high-altitude areas of the Altai
Mountains, Tianshan Mountains, and Kunlun Mountains (above 4000m), where the length of the
growing season is basically zero, insufficient to meet the heat requirements for cotton growth (Figure
3a).

From 1981 to 2020, the frost-free period in 96% of the meteorological stations in Xinjiang showed
an increasing trend, with an average extension of 4.5 days (Figure 3b). The Shisanjianfang region had
the fastest growth rate of the length of the growing season, with an increase of 12.0-16.0 days per
decade (P<0.01), accumulating a total extension of 49.2-65.6 days over 40 years. Most areas in southern
Xinjiang showed an increase at a rate of 0-4 days per decade, with a cumulative extension of 0-16.4
days over 41 years. In most areas of northern Xinjiang, the rate of increase was 4.0-8.0 days per
decade, with a cumulative extension of 16.4-32.8 days over 40 years. Additionally, in the areas of Alar
and Kuche, where heat resources are abundant, the frost-free period is minimal and shows a rate of
shortening at 0-1.7 days per decade, resulting in a cumulative shortening of 0-7.0 days over 40 years.
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Figure 3. Spatial Distribution (left) and Temporal Trend (right) of Growing Season Length.

2.1.2. Sum of active temperature 210°C

The spatial distribution of sum of active temperature 210°C shows the overall pattern of "more
in southern Xinjiang than in northern Xinjiang, more in plains and basins than in mountainous areas"
(Figure 4a). Due to the influence of elevation and latitude, the sum of active temperature >10°C
decreases with increasing elevation and latitude. The areas with the highest sum of active
temperature 210°C are mainly located in the central and western parts of the Tarim Basin in southern
Xinjiang, with the Turpan and Hami basins having sum of active temperatures >4500°C, indicating
abundant heat resources. In northern Xinjiang, except for the Karamay area with sum of active
temperature >4500°C, most of the Junggar Basin has sum of active temperatures between 3800-
4500°C. In the high-altitude areas of the Altai Mountains, Tianshan Mountains, and Kunlun
Mountains, with elevations above 4000m, the sum of active temperature 210°C is zero.

About 96% of the stations show an increasing trend in sum of active temperature >10°C, with an
average increase of 105.79°C (Figure 4b). The stations with the fastest growth rate are Shisanjianfang
and Yining, with an increase of 300-337.2°Cedays per decade (P<0.01), accumulating a total increase
of 1230-1381.7°C over 40 years. In southern Xinjiang, except for the Kuche and Keping areas, which
decrease at rates of 0-50.8°Cedays per decade, most areas show an increase at rates of 0-100°Cedays
per decade, resulting in a cumulative increase of 0-410°C over 40 years. In northern Xinjiang, except
for the northern slopes of the Tianshan Mountains, which show an increase of 0-100°Cedays, the
central and eastern parts of the Junggar Basin show an increase at rates of 100-200°Cedays per decade,
resulting in a cumulative increase of 410-820°C over 40 years.
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Figure 4. Spatial Distribution (a) and Temporal Trend (b) of Sum Active temperature.

2.1.3. Average Temperature in July

There is little difference in the average temperature in July between southern and northern
Xinjiang (Figure 5a). The Karamay area, as well as the Turpan and Hami basins, have temperatures
exceeding 30°C, while most areas in southern and northern Xinjiang have average temperatures
ranging from 25 to 30°C in July. In high-altitude and cold regions such as the Altai Mountains,
Tianshan Mountains, and Kunlun Mountains, the average temperature in July is below 0°C.

Around 80% of the stations show an increasing trend in the average temperature in July, with
an average increase of 0.35°C (Figure 5b). The Shisanjianfang region has the fastest growth rate in
average temperature in July, reaching 0.9-1.2°C per decade (P<0.01), with a cumulative increase of
3.69-4.92°C over 41 years. In southern Xinjiang, except for the Kuche, Wugqia, Bachu, Keping, Alar,
and Shache areas, which decrease at rates of 0-0.5°C per decade, most areas show an increasing trend.
The rate of change in the central and western parts of the Tarim Basin is smaller than that in the
eastern region, reaching 0-0.3°C per decade (P<0.01), resulting in a cumulative increase of 0-1.23°C
over 40 years. In northern Xinjiang, except for the Alashankou, Karamay, Wensu, and Wusu areas,
which decrease at rates of 0-0.5°C per decade, most areas show an increase at rates of 0-0.3°C per
decade (P<0.01), resulting in a cumulative increase of 0-1.23°C over 40 years.
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Figure 5. Spatial Distribution (a) and Temporal Trend (b) of Mean Temperature in July.
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2.1.4. Last Frost Date

The spatial distribution of the last frost date in Xinjiang shows an overall pattern of "earlier in
southern Xinjiang than in northern Xinjiang, earlier in plains and basins than in mountainous areas".
The earliest last frost date is mainly found in the Turpan Basin and the central and western parts of
the Tarim Basin (Figure 6a), generally occurring in mid to late March. In most areas of the Junggar
Basin and the Ili River Valley, the last frost date occurs in mid to late April. The last frost date in the
central and western parts of the Tarim Basin is earlier than in the eastern region. In the high-altitude
and cold regions of the Altai Mountains, Tianshan Mountains, and Kunlun Mountains, frost occurs
throughout the year due to the higher elevation.

Except for the Kuche station, where the last frost date is delayed at a rate not exceeding 0.1 days
per decade (P<0.01), the last frost date at 96% of the meteorological stations shows an advancing
trend, with an average advancement of 12.3 days (Figure 6b). The Shisanjianfang region has the
largest advancement in the last frost date, reaching 5.5-7.7 days per decade (P<0.01), with a
cumulative advancement of 22.6-31.6 days over 40 years. In southern Xinjiang, the last frost date
advances at a rate of 1.5-3.5 days per decade, resulting in a cumulative advancement of 6.2-14.4 days
over 40 years. In northern Xinjiang, the last frost date advances at a rate of 1.5-5.5 days per decade,
resulting in a cumulative advancement of 6.2-22.6 days over 40 years.
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Figure 6. Spatial Distribution (a) and Temporal Trend (b) of Last frost day.

2.1.5. Sum of active temperature 210°C in April-May

The regions with the highest sum of active temperature > 10°C in April-May are mainly
distributed in southern Xinjiang, most areas of the Turpan and Hami basins, and the western part of
the Junggar Basin (Figure 7a). In most areas of the Junggar Basin in northern Xinjiang, the sum of
active temperature > 10°C in April-May ranges from 400 to 500°C. In the high-altitude and cold
regions of the Altai Mountains, Tianshan Mountains, and Kunlun Mountains, the sum of active
temperature > 10°C in April-May is almost zero.

Around 96% of the stations show an increasing trend in the sum of active temperature > 10°C in
April-May, with an average increase of 19.11°C (Figure 7b). The Shisanjianfang region has the fastest
growth rate, reaching 60-75.4°Cedays per decade (P<0.01), with a cumulative increase of 246-309.14°C
over 40 years. In southern Xinjiang, except for Kuche, which decreases at a rate of 0-2.7°Cedays per
decade, most areas show an increase at rates of 0-20°Cedays per decade (P<0.01), resulting in a
cumulative increase of 0-82°C over 40 years. In northern Xinjiang, the areas with the highest growth
rate of sum of active temperature above 10°C in April-May are mainly located in the northern slope
of the Tianshan Mountains and the southern part of the Junggar Basin, reaching 20-40°Cedays per
decade (P<0.01), resulting in a cumulative increase of 82-164°C over 40 years.
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Figure 7. Spatial Distribution (a) and Temporal Trend (b) of April-May Sum Active Temperature.

2.1.6. Timing of Defoliant Application

The spatial distribution of the latest timing for defoliant application shows an overall pattern of
"earlier in northern Xinjiang than in southern Xinjiang, earlier in mountainous areas than in plains
and basins" (Figure 8a). In the Junggar Basin of northern Xinjiang, the latest timing for defoliant
application is mainly concentrated in early September. In the Turpan Basin, Hami Basin, and the
central and western parts of the Tarim Basin, the latest timing for defoliant application is in late
September. Due to the higher elevation and perennial frost, the areas of the Altai Mountains,
Tianshan Mountains, and Kunlun Mountains have the earliest timing for defoliant application.

In Xinjiang, 88% of the meteorological stations show a trend of delayed timing for defoliant
application, with an average delay of 3 days (Figure 8b). Among them, the regions with the highest
rate of delay in the timing of defoliant application are Shisanjianfang, Zhaosu, and Tashikuergan,
reaching 6-8.4 days per decade (P<0.01), with a cumulative delay of 24.6-34.4 days over 40 years.
Wugia, Hami, Keping, and Alar regions show a trend of earlier timing for defoliant application,
reaching 0-1.7 days per decade (P<0.01), resulting in a cumulative advancement of 0-7 days over 40
years. In most areas of northern Xinjiang, the timing for defoliant application is delayed at a rate of
2-4 days per decade, resulting in a cumulative delay of 8.2-16.4 days over 40 years.
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Figure 8. Spatial Distribution (a) and Temporal Trend (b) of Defoliator Spray time.
2.2. Cotton Mechanized Planting Suitability Zoning in Xinjiang

2.2.1. Results of Cotton Mechanized Planting Suitability Zoning in Xinjiang

The area of the most suitable zone for cotton mechanized planting in Xinjiang is 3.858x10° km?,
accounting for 18% of the total cotton mechanized planting area in Xinjiang. It is mainly distributed
in areas such as Bachu, Shache, Pishan, Minfeng, Hetian, Yutian, Yutian, and Tiegangrike in southern
Xinjiang. The area of the suitable zone for cotton mechanized planting is 13.657x10% km?, accounting
for 63.6% of the total cotton mechanized planting area in Xinjiang. The suitable zone covers a large
proportion and includes both southern and northern Xinjiang, mainly distributed in cities such as
Karamay, Wusu, Shihezi, Bole, Kuqa, Kuche, Aksu, Alar, and the eastern part of Kashgar. The area
of the moderately suitable zone is 1.791x10° km?, accounting for 8.3% of the total cotton mechanized
planting area in Xinjiang. It is mainly distributed in areas such as Hami, Caijiahu, Urumgqji, and the
southern part of Yining. The area not suitable for cotton mechanized planting is 2.171x10% km?,
accounting for 10.1% of the total cotton mechanized planting area in Xinjiang, mainly distributed in
areas such as Wenquan, Qitai, Balikun, Baicheng, and Yanqi (Table 5; Figure 9).

(1) Most suitable zone for cotton mechanized planting in Xinjiang

The most suitable zone has a growing season length greater than 200 days, with an average
temperature in July exceeding 30°C, sum of active temperature above 10°C exceeding 3800°C, a final
frost date in mid-late March, and an average sunshine duration of around 2700 hours. The favorable
natural environment can meet the temperature requirements for the growth and development of
cotton. The longer the growing season in this zone, the recommendation is to plant medium- to late-
maturing varieties. The final frost date in southern Xinjiang is earlier than in northern Xinjiang,
usually in mid- to late March, which is conducive to timely sowing of cotton. The average
temperature in July in this area is above 25°C, promoting the normal development of cotton bolls.
The sum of active temperature above 10°C in April-May exceeds 500°C, which can meet the
requirements for cotton boll formation. Moreover, due to the abundant heat resources in this area,
the first frost date is relatively late, allowing for a delayed timing for defoliant application, which is
important for improving cotton yield and quality.

(2) Suitable zone for cotton mechanized planting in Xinjiang

The suitable zone has a wide distribution in both southern and northern Xinjiang, with no
significant differences in sunshine conditions but variations in other heat indices. In the northern
Xinjiang region, the final frost date is later than in southern Xinjiang (generally after April), resulting
in a later planting time for cotton. The average sunshine duration is around 2680 hours, which is not
significantly different from southern Xinjiang and can meet the normal requirements of cotton. In the
western part of the Tarim Basin in southern Xinjiang, the average July temperature is slightly lower
than in the western part of the Junggar Basin, and the sum of active temperature above 10°C is higher
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than in northern Xinjiang, which is conducive to the normal growth and development of cotton. In
most areas of the Junggar Basin in northern Xinjiang, the growing season length is less than 200 days.
Therefore, it is recommended to plant cotton varieties with shorter growth periods, such as medium-
and early-maturing cotton. Due to the lower heat resources in northern Xinjiang and the earlier first
frost date compared to southern Xinjiang, the timing for defoliant application is earlier in northern
Xinjiang.

(3) Moderately suitable zone for cotton mechanized planting in Xinjiang

The moderately suitable zone has a growing season length less than 200 days, with a final frost
date generally in mid-late April. Most areas in this region have sum of active temperature above 10°C
in April-May between 400 and 500°C, which can basically meet the temperature requirements for
cotton boll formation. The average July temperature in most areas is between 25 and 30°C, promoting
the development of cotton bolls. Given that the climate conditions in this region can meet the normal
growth and development of cotton, and considering the rational utilization of heat resources in
Xinjiang and improving cotton quality, it is suggested to plant early-maturing or extra-early-
maturing cotton in this zone.

(4) Unsuitable zone for cotton mechanized planting in Xinjiang

The Unsuitable zone has an average sunshine duration of 2600 hours, but the growing season
length is less than 180 days, with sum of active temperature above 10°C between 3300 and 3700°C in
April-May, which cannot meet the heat requirements for cotton growth, and it is prone to spring frost
damage. It is recommended to plant other cash crops in this region.
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Figure 9. Machine cotton planting distribution map in Xinjiang.
Table 5. Machine cotton planting area and proportion in Xinjiang.
Regionalization Area (x10°km?) Proportions of the total area (%)
Most suitable zone 3.92 18.0
Suitable zone 13.66 63.6
Less suitable zone 2.00 8.3
Unsuitable zone 2.17 10.1

2.2.2. Changes in the Zoning of Machine-Picked Cotton under Mulching-Induced Warming
Mechanism

The widespread application of mulching film cotton planting technology in the early 1990s has
had a significant impact on the entire cotton-growing region of Xinjiang. This article qualitatively
analyzes the changes in the zoning area of different suitable zones for cotton and the sowing area
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between 1990 and 2020, based on cotton zoning indicators and temperature compensation values for
mulching film. The aim is to explore the influence of mulching film technology on the zoning area
for cotton.

Based on the Xinjiang Statistical Yearbook and the Xinjiang Corps Statistical Yearbook, the
average sowing area for different suitable zones for cotton between 1981 and 1989, as well as between
1990 and 2020, was calculated. Table 6 shows the changes in the sowing area for different suitable
zones in Xinjiang before and after 1990. After 1990, the sowing area for the most suitable zone,
suitable zone, moderately suitable zone, and unsuitable zone increased by 2.23x10% km?, 2.75x10% km?,
-0.21x10% km?, and -0.13x10° km? respectively. Among them, the area of the most suitable zone and
suitable zone increased by 160.4% and 25.2% respectively, while the area of the moderately suitable
zone and unsuitable zone decreased by 10.5% and 5.7% respectively.

Based on the zoning indicators and the temperature increase effect of mulching film, the average
zoning area and sowing area for different suitable zones for mechanized cotton planting between
1990 and 2020 were analyzed(Table 7). During this period, there was no significant difference
between the sowing area and zoning area for the most suitable zone. The zoning areas for the suitable
zone, moderately suitable zone, and unsuitable zone expanded by 2.15x10% km?, -0.26x103 km?, and -
0.17x10% km? respectively, compared to the corresponding planting areas. Specifically, the zoning area
for the suitable zone increased by 15.7% compared to the sowing area, while the zoning areas for the
moderately suitable zone and unsuitable zone decreased by 14.5% and 7.8% respectively compared
to the sowing area.

Table 6. Change of each cotton planting region in Xinjiang from 1981-2020.

Regionalization Area/(x10°km?) Percentage of
1981-1989 1990-2020 Increasing area increasing area(%)
Most suitable zone 1.39 3.92 2.23 160.4
Suitable zone 10.91 13.66 2.75 25.2
Less suitable zone 2.00 1.79 -0.21 -10.5
Unsuitable zone 2.30 2.17 -0.13 -5.7

Note: The "-" in front of a number represents subtraction.

Table 7. Change of each Machine cotton planting region in Xinjiang from 1990-2020.

Area/(x10°km?)
Regionalization Plastic mulching on Percentage of
g 1990-2020 | [aste muiching o Increasing area increasing area(%)
increasing temperature

Most suitable zone 3.92 3.92 0 0.0
Suitable zone 13.66 15.81 2.15 15.7
Less suitable zone 1.79 1.53 -0.26 -14.5
Unsuitable zone 2.17 2.00 -0.17 -7.8

3. Discussion and Conclusion

The Xinjiang region is influenced by its unique topography of "three mountains and two basins,"
resulting in a spatial distribution pattern of heat resources (sum of active temperature>10°C, average
temperature in July, and length of the growing season) that is generally more abundant in the
southern part of Xinjiang, and in the plains and basins rather than the mountainous areas. The latest
spraying time for defoliant and the occurrence of the first frost reflect a spatial distribution
characteristic of "earlier in northern Xinjiang and in mountainous areas compared to plains and
basins."

The study also found that, due to global climate warming, the last frost dates in most areas of
Xinjiang have advanced between 1981 and 2020. The sum of active temperature >10°C during the
entire cotton growth period, as well as the duration of emergence and flowering stages in April-May
and the length of the growing season, have also increased. Additionally, sum of active temperature
and average temperature in July have increased, leading to an expansion of the suitable cotton
planting areas. These findings are consistent with previous research conclusions.
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With the warming climate, the heat resources in Xinjiang have improved, resulting in an
increasing cultivated area for the most suitable cotton zone (variety: mid-maturity cotton) and the
suitable cotton zone (variety: mid-early maturity cotton), while the area for the unsuitable cotton zone
(variety: extra early maturity cotton) has decreased. Similar conclusions were drawn by Li et al.
(2015), who also noted a decreasing trend for the moderately suitable cotton zone (variety: early
maturity cotton) and the unsuitable cotton zone. The observed increase in the cultivated area for the
suitable cotton zone and a decrease in the area for the moderately suitable cotton zone and unsuitable
cotton zone in this study are consistent with the changes in cotton zoning reported by Mai et al. [14].
The study also found that compared to the period of 1981-1989, the sowing area for the most suitable
cotton zone increased by 160.43% and the sowing area for the suitable cotton zone increased by
25.21% during the period of 1990-2020. Meanwhile, the sowing area for the moderately suitable cotton
zone and unsuitable cotton zone decreased by 10.50% and 5.65% respectively. Overall, the total
sowing area increased by 169.49% during the period. It is worth noting that in addition to the
increasing heat resources in Xinjiang after 1990, the rapid development of the cotton industry and the
construction of cotton infrastructure and investment in the cotton fields play a significant role in the
expansion of the sowing area (China Historical Review, 2021; Xinjiang Statistical Yearbook, 2023) [34-
35]. However, stimulated by market demand and policies, the moderately suitable cotton zone and
risky cotton zone also expanded rapidly, leading to poor cotton yields and lower profitability,
affecting the overall benefits of the Xinjiang cotton region [36]. Particularly, since China's accession
to the World Trade Organization (WTO) in 2001, there has been blind and unreasonable expansion
of cotton planting zones, which has posed severe challenges and impacts on the imported cotton and
international market for Xinjiang cotton.

It is worth noting that the extensive use of mulching film technology in the 1990s  [33]may have
limited but significant positive effects on the expansion of mechanized cotton planting zones. To
better demonstrate the impact of mulching film's temperature increase effect on zoning and sowing
areas, we compared the zoning results from 1990-2020 with the actual sowing areas. It was found that
under the mechanism of mulching film's temperature increase effect, the cotton plantable area in the
moderately suitable zone and unsuitable zone decreased, while the plantable area in the suitable
cotton zone increased. This trend is similar to the changing trend of the plantable area in cotton zones
under the background of climate warming studied by Shkolnik et al. [12] and Li et al. (2015)
(comparing 1990-2015 with 1960-1989). However, for the mid-maturity cotton zone, which has the
highest heat demand, the planting boundary and plantable area remain unaffected by the mulching
film's temperature increase effect. This is possibly because the temperature compensation effect of
mulching film primarily affects the early stages of cotton growth (seedling and budding stages), and
there is an upper limit to the compensation of effective air temperature [28]. Despite the mulching
film's temperature increase effect, the most suitable cotton zone has abundant heat resources, but it
is not enough to expand the plantable area. Furthermore, the results of the study lead to two key
conclusions: (1) the zoning area for the suitable cotton zone (15.81x10% km?) is greater than the sowing
area (13.66x10° km?), indicating that climate warming and the widespread application of mulching
film technology have provided untapped potential for the expansion of mechanized cotton
production in Xinjiang; and (2) the zoning areas for the moderately suitable cotton zone and
unsuitable cotton zone (1.53x10° km? and 2.00x10% km?, respectively) are smaller than the sowing
areas (1.79x10° km? and 2.17x10° km?, respectively), indicating the current expansion of mechanized
cotton planting zones in the moderately suitable and unsuitable zones may be unreasonable and
should be reduced.

In terms of zoning indicators, this study considered the characteristics of heat demand during
the entire cotton growth period in Xinjiang for mechanized cotton planting. The indicators included
the last frost date (related to cotton emergence), April-May sum of active temperature (related to
cotton budding stage), average temperature in July (related to cotton flowering), the latest spraying
time for defoliant (related to cotton quality), the length of the growing season (related to the length
of the cotton growth period), and sum of active temperature of 210°C (related to cotton maturity and
the suitability of heat resources for planting). These indicators can meet the requirements for local
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cotton zoning in Xinjiang. Additionally, considering the impact of the mulching film's temperature
increase effect on the suitable habitat for mechanized cotton, the mulching film temperature increase
formula referred to the research results of Xiao et al. [33]. Through trial calculations based on daily
average temperatures during the seedling and budding stages of field-grown cotton and the duration
of these stages, the formula estimates the number of days of seedling and budding stages for
mulching film cotton and calculates the compensation value for effective air temperature. The
formula takes into account the influence of temperature changes on soil temperature and has been
validated through multiple years and trial sites [37]. However, to ensure the timeliness and accuracy
of the formula, further validation with experimental data is needed in the future.

It should be noted that the cultivation and distribution of cotton are not only influenced by
climate factors mainly related to heat conditions but also closely related to soil, irrigation conditions,
planting techniques, production costs, and market conditions [38-39]. Therefore, based on this
research, it is crucial to comprehensively consider the integrated impact of natural, social, and
economic factors on cotton production in order to develop more suitable cotton planting zoning and
development plans that align with local agricultural production realities. This will be one of the key
areas of future research on the development of the cotton industry in Xinjiang.

4. Conclusions

Based on the heat demand characteristics of machine-picked cotton, the study utilized grid-
based calculations to analyze the spatiotemporal variations of heat resources in Xinjiang, China from
1981 to 2020, including sum of active temperature >10°C, growing season length, average
temperature in July, frost-free period, sum of active temperature>10°C in April-May, and latest date
of defoliant application. The study explored the temporal and spatial changes of agricultural heat
resources in Xinjiang under the background of climate warming and the impact of mulching
technology on the suitable areas and planting areas of machine-picked cotton. The following main
conclusions were drawn:

(1) The heat resources in Xinjiang exhibited a spatial distribution pattern of "more in the southern
part than the northern part, and more in the plains and basins than in the mountains". The latest date
of defoliant application and occurrence of frost-free period showed a spatial distribution pattern of
"earlier in northern Xinjiang than southern Xinjiang, and earlier in mountain areas than plains and
basins". Under global climate warming, the frost-free period in most parts of Xinjiang advanced, the
latest date of defoliant application postponed, and the growing season lengthened during 1981-2020.
In addition, the cumulative 210°C temperature in April-May, sum of active temperature=10°C during
the entire growth period, and average temperature in July significantly increased.

(2) Compared with the period of 1981-1989, there were varying trends in the planting areas of
different suitable regions during 1990-2020. In the context of climate warming, stimulated by market
demand and policy guidance, the planting area of machine-picked cotton in the most suitable region
in Xinjiang increased by 160.43%, the area in the suitable region increased by 25.21%, while the areas
in the moderately suitable and unsuitable regions decreased to different degrees. As a result, the total
planting area increased by 169.49%. However, there are hidden risks of unreasonable regional
planning and blind expansion.

(3) Mulching technology has a limited but positive effect on the expansion of suitable areas for
machine-picked cotton in Xinjiang. From 1991 to 2020, the warming effect of plastic film had little
impact on the cultivable area in the most suitable cotton region, and the cultivable area in the suitable
region expanded by 25% compared to the planting area. On the other hand, the cultivable areas in
the moderately suitable and unsuitable regions decreased by 14.5% and 7.8%, respectively. This
indicates that climate warming and the widespread use of mulching technology still provide
untapped potential for the most suitable areas of machine-picked cotton in Xinjiang, bringing
opportunities for expanding cotton production. However, it also highlights the need to reduce the
planting area of machine-picked cotton in the moderately suitable and unsuitable regions, as the
current regional planning still involves irrational expansion.
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