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Abstract

Under the context of global climate change, varying degrees of drought have
occurred in various climate zones of Inner Mongolia, which may bring certain
disaster losses to local agriculture and animal husbandry. To clarify the drought
characteristics during the main crop growing season (May-September) in Inner
Mongolia and their response to climate factors, the entire Inner Mongolia region
was divided into five climate zones. Monthly meteorological observation data
from 46 meteorological stations in Inner Mongolia from 1981-2012 and from 20
meteorological stations from 2014-2020 were selected to calculate the multi-scale
Standardized Precipitation Evaporation Index (SPEI) and reveal its drought
characteristic patterns. Using the monthly scale as an example, the timing and
regions of high drought incidence during the crop growth period in each climate
zone were identified, the dominant meteorological factors of drought were de-
termined, and the applicability of regression models was verified. The results
show that: (1) In terms of temporal variation, drought conditions were rela-
tively severe from 1998-2008, while drought severity was lighter in other years;
(2) Within the crop growing season, drought area and severity were greatest
in May; the probability of moderate drought occurrence in the extremely arid
climate zone of the west was 37% higher than that in the humid and semi-humid
climate zones of the east, while severe drought mainly occurred in the humid
and semi-humid climate zones of the east; (3) The dominant meteorological
factors of drought in the same month varied across climate zones, with precipi-
tation and minimum temperature being the most important influencing factors
of drought during the crop growing season; (4) The estimation models for each
climate zone exhibited relatively high accuracy, with errors within a reasonable
range; therefore, regression models can be used to estimate monthly SPEI un-
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der limited meteorological data conditions. The research results can provide a
scientific basis for scientifically assessing drought characteristics during the crop
growing season in Inner Mongolia and formulating reasonable drought response
measures.
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Abstract

Under global climate change, varying degrees of drought have occurred in differ-
ent climatic zones of Inner Mongolia, potentially causing disaster losses to local
agriculture and animal husbandry. To clarify the drought characteristics during
the main crop growing season (May-September) and their response to climatic
factors, this study divided Inner Mongolia into five climatic zones and selected
monthly meteorological observation data from 46 meteorological stations across
the region from 1981 to 2012. The Standardized Precipitation Evapotranspira-
tion Index (SPEI) was calculated at multiple time scales to reveal drought char-
acteristics. Using the monthly scale as an example, we identified the timing and
regions of high drought incidence during the crop growing season in each climatic
zone, determined the dominant meteorological factors driving drought, and val-
idated the applicability of regression models. Results showed that: (1) The
drought area and severity were most extensive during the crop growing season.
Drought conditions were more severe from 1998 to 2008, while other years expe-
rienced relatively mild drought. (2) From a temporal perspective, May showed
the most severe drought conditions. The probability of moderate drought in
the hyper-arid climate zone of western Inner Mongolia was 37% higher than in
the humid and semi-humid zones of the east, while extreme drought occurred
mainly in the eastern humid and semi-humid climate zones. (3) The dominant
meteorological factors driving drought varied by month and climate zone, with
precipitation and minimum temperature being the most important factors af-
fecting drought during the crop growing season. (4) The regression models for
each climate zone demonstrated high accuracy with errors within reasonable
ranges, indicating that these models can estimate monthly SPEI values when
meteorological data are limited. These findings provide a scientific basis for eval-
uating drought characteristics during the crop growing season in Inner Mongolia
and formulating reasonable drought response measures.
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Introduction

Global warming directly alters water balance and surface moisture conditions,
indirectly triggering meteorological disasters that cause crop yield reductions
and ecological degradation. This phenomenon is particularly evident in northern
China. Traditional drought indices such as the Standardized Precipitation Index
(SPI) and Precipitation Anomaly Percentage only consider precipitation, which
has limitations since precipitation is not the sole factor influencing drought. The
Palmer Drought Severity Index (PDSI) reduces complex drought phenomena
to a single cause and fails to reflect drought mechanisms accurately. While
some studies have used these methods to evaluate drought conditions in China,
including Inner Mongolia, they are primarily suitable for long-term drought
assessment and struggle with short-term drought evaluation.

The Standardized Precipitation Evapotranspiration Index (SPEI) offers advan-
tages by incorporating both precipitation and evapotranspiration, enabling rea-
sonable drought assessment across multiple time scales. Research demonstrates
that SPEI based on the Penman-Monteith formula can reasonably describe dry-
wet variation characteristics in northern China. Previous studies have analyzed
drought spatiotemporal patterns in Inner Mongolia using SPEI, but most have
focused on either specific locations or the entire region, with limited attention
to drought characteristics and meteorological driving factors during the crop
growing season across different climate zones. Clarifying these relationships is
crucial for guiding actual agricultural and pastoral production.

This study analyzes drought characteristics and their driving factors during the
crop growing season across different climatic zones of Inner Mongolia based on
meteorological data from 1981 to 2020 using SPEI. We validate the regression
models using 2014-2020 data to identify the timing and specific regions of high
drought incidence, revealing drought patterns and mechanisms to provide prac-
tical guidance for formulating drought response measures.

1. Materials and Methods

1.1 Study Area Overview and Data Processing

Inner Mongolia is located in northern China, covering 1.183 million km?, approx-
imately one-eighth of China’s total land area. The region spans multiple climate
zones with varying drought characteristics and influencing factors. According to
the United Nations Convention to Combat Desertification’ s global aridity index,
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Inner Mongolia is divided into five climatic zones from west to east: hyper-arid,
arid, semi-arid, dry semi-humid, and humid/semi-humid zones.

The study utilized daily meteorological data from 46 stations from 1981 to 2012,
including average temperature, maximum temperature, minimum temperature,
average wind speed, average air pressure, sunshine hours, average relative hu-
midity, and precipitation. [Figure 1: see original paper| shows the distribution
of all meteorological stations. Due to data discontinuities at Jikede, Alxa Right
Banner, Hangjin Rear Banner, and Yijinhuoluo Banner stations, drought anal-
ysis for 1981-2012 used data from 42 stations. For model validation from 2014
to 2020, data from 20 evenly distributed stations were used.

1.2.1 Standardized Precipitation Evapotranspiration Index (SPEI)
The SPEI calculation involves several steps:

Step 1: Calculate potential evapotranspiration (PET) using the Penman-
Monteith formula:

0.408A(R,, — G) + 77292 uy (e, —e,)

PET =
A+ ~(1 + 0.34us,)

where R,, is net radiation at the crop surface (MJ+m2+d™!), G is soil heat
flux density (MJ+m~2-d™!), T is mean air temperature (°C), u, is wind speed
at 2 m height (m-s™1), e, is saturation vapor pressure (kPa), e, is actual vapor
pressure (kPa), A is the slope of the vapor pressure curve (kPa«°C™1), and ~
is the psychrometric constant (kPa - °C™1).

Step 2: Calculate climatic water balance as the difference between monthly
precipitation and evapotranspiration:

D, =P,— PET,
where i is the monthly sequence in the study period, P, is precipitation (mm),
and PET, is potential evapotranspiration (mm).
Step 3: Establish water surplus/deficit at different time scales:

k—1
Df} = Z(Pn—z - PETn—i)

=0

where k is the monthly time scale and n is the calculation frequency.

Step 4: Calculate probability weighted moments, probability density
function parameters, and cumulative probability. Details are provided
in Li Weiguang et al. [citation].

chinarxiv.org/items/chinaxiv-202212.00159 Machine Translation


https://chinarxiv.org/items/chinaxiv-202212.00159

ChinaRxiv [$X]

Step 5: Normalize the SPEI series to obtain the final SPEI values:

2
Co + i + Cow

SPEI =W — .
L+dyy + d2y + doy

where W = /—2In(P) for P < 0.5, and P = 1 — F(x). Constants are ¢, =
2515517, ¢, = 0.802853, ¢, = 0.010328, d, = 1.432788, d, = 0.189269, and
ds = 0.001308.

1.2.2 Drought Classification Standards

SPEI has multi-time scale characteristics. This study calculated SPEI at 1-,
3-, 6-, and 12-month scales for 42 stations. Drought classification follows the
standards shown in .

SPEI drought rating criteria | SPEI Value | Drought Category | |——|———
| | >-0.5| No drought | | -1.0 < SPEI < -0.5 | Mild drought | | -1.5 < SPEI
< -1.0 | Moderate drought | | -2.0 < SPEI < -1.5 | Severe drought | | < -2.0 |
Extreme drought |

1.2.3 Extraction of Drought Characteristics and Regression Model
Validation

The main crop growing season in Inner Mongolia is May-September. This study
analyzed drought characteristics using monthly SPEI-1 values, which reflect
current month conditions without excessive influence from non-growing season
precipitation.

Multiple linear regression was used to establish stepwise linear regression models
between SPEI-1 and meteorological factors (precipitation, temperature, relative
humidity, sunshine hours, wind speed, air pressure) to identify dominant factors
and their path coefficients. Models were validated using 2014-2020 data through
error analysis, including Mean Relative Error (MRE), Root Mean Squared Error
(RMSE), Nash-Sutcliffe Efficiency Coefficient (NSE), and Regression Coefficient

(b):

P =0
0.

K2

x 100%

1 N
MRE:N;

N
" (0, —P)?
NsE =1 2z j>2
thl(Oi_O)
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where N is the number of observations, P; and O, are predicted and observed
values, and O is the mean observed value. Model performance improves as R?
and b approach 1, MRE and RMSE approach 0, and NSE approaches 1. Models

with NSE > 0.5 are considered feasible.

2. Results

2.1 Multi-Time Scale Drought Characteristics in Inner Mongolia
(1981-2020)

[Figure 2: see original paper] shows SPEI variations at different time scales.
At short time scales (SPEI-1, SPEI-3), SPEI fluctuates significantly, reflecting
short-term water balance changes. At longer time scales (SPEI-6, SPEI-12),
fluctuations are smoother with more apparent lag effects. From 1981-2020,
drought was more severe during 1998-2008, with drought events occurring an-
nually, primarily concentrated in May-September, overlapping with the main
crop growing season. The region experienced a drought transition from mild to
severe and back to mild, particularly in 1999-2002 when drought severity was
most pronounced with overall SPEI values lower than other periods.

2.2 Drought Characteristics During the Main Crop Growing Season

[Figure 3: see original paper| shows interannual variations in monthly average
SPEI-1 during the growing season. Among 40 years, 21 years showed drought
conditions (SPEI-1 < -0.5). Severe and extreme droughts occurred in 1981, 1986,
1989, 1992, 1999-2002, and 2007. May is the critical period for crop emergence
and jointing; drought during this stage significantly impacts yield reduction.

[Figure 4: see original paper| shows the average percentage of drought area
during the growing season. Drought area and severity peaked in May, gradu-
ally decreasing thereafter. The probability of no drought was 31.2%, mainly in
eastern and central-eastern humid regions. Mild drought occurred with 36.7%
probability in central, central-western, and western regions. Moderate drought
probability was 21.6% in hyper-arid zones—37% higher than in humid/semi-
humid zones. Severe drought probability was 7.5% across all regions, while
extreme drought paradoxically occurred more frequently in eastern humid re-
gions (3.0% probability).

[Figure 5: see original paper] shows average drought area percentages by cli-
mate zone. The hyper-arid zone had the highest drought probability, followed
by arid, semi-arid, dry semi-humid, and humid/semi-humid zones. [Figure 6:
see original paper| shows monthly precipitation and potential evapotranspira-
tion. Although precipitation peaked in July, evapotranspiration also reached
its annual maximum, resulting in severe water deficits. Monthly precipitation
was consistently lower than evapotranspiration throughout the growing season,
causing persistent drought conditions.
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[Figure 7: see original paper] shows spatial distribution of drought frequency.
Key drought-prone areas include Alxa in western Inner Mongolia, Hetao Irriga-
tion District, Baotou, Zurihe, Abag Banner, and Hulunbuir in the east. Drought
frequency decreased from west to east. Temporally, drought was most severe
during early crop growth stages (May-June).

2.3 Dominant Meteorological Factors Driving Drought During the
Growing Season

Kolmogorov-Smirnov tests confirmed that SPEI-1 values followed normal dis-
tributions across all climate zones and periods (), enabling regression analysis.
Stepwise linear regression between SPEI-1 and meteorological factors yielded
high determination coefficients ().

Overall, precipitation and minimum temperature were the primary factors af-
fecting SPEI-1. However, dominant factors varied by month and climate zone

0

¢ May: Minimum temperature and precipitation

e June: Minimum temperature, wind speed, and air pressure

e July: Wind speed, relative humidity, and sunshine hours

e August: Minimum temperature

e September: Minimum temperature, wind speed, and relative humidity

e Growing season average: Relative humidity, minimum temperature,
and sunshine hours

Standardized coefficients revealed that minimum temperature had greater in-
fluence than other temperature variables. While precipitation and relative hu-
midity were crucial, their high correlation prevented simultaneous inclusion in
models.

2.4 Validation of Regression Models for Each Climate Zone

Models were validated using 2014-2020 data. [Figure 8: see original paper]
shows predicted versus calculated SPEI-1 values, which distributed evenly
around the 1:1 line, indicating high model precision. Error analysis () showed:

¢ Moist/semi-humid zone: MRE = -0.1%, RMSE = 0.15, NSE = 0.98
¢ Dry semi-humid zone: MRE = -0.4%, RMSE = 0.17, NSE = 0.97

¢ Semi-arid zone: MRE = 0.2%, RMSE = 0.16, NSE = 0.97

e Arid zone: MRE = 0.3%, RMSE = 0.18, NSE = 0.96

e Hyper-arid zone: MRE = 0.1%, RMSE = 0.19, NSE = 0.95

All climate zone models showed high accuracy, while the regional average model
performed less precisely (NSE = 0.89). May and growing season average models
had lower accuracy than other months due to more severe and complex drought
conditions.
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3. Discussion

This study reveals that rising temperatures directly impact drought during the
crop growing season. Consistent with Huang et al. [citation], climate change has
caused both decreased precipitation and increased evapotranspiration in Inner
Mongolia, particularly in central and eastern regions where extreme drought
probability is higher. The region shows a decreasing precipitation trend, espe-
cially in central-eastern areas, affecting water resources.

Previous research on drought drivers in Inner Mongolia has focused on large-
scale analysis, lacking precision for agricultural guidance. This study demon-
strates that dominant meteorological factors vary by month and climate zone,
enabling more accurate local agricultural guidance. The high correlation be-
tween precipitation and relative humidity required variable removal during re-
gression, which is a methodological consideration.

The study focuses on meteorological drought and its relationship with climatic
factors to provide a basis for agricultural drought prevention and irrigation
planning. Future research should integrate meteorological drought with soil
drought to better guide agricultural production.

4. Conclusions

1. Interannual variation: Inner Mongolia experienced a drought transition
from mild to severe (1998-2008) and back to mild. Drought was most
severe during 1999-2002.

2. Temporal patterns: May showed the largest drought area and severity
during the crop growing season. The probability of moderate drought in
hyper-arid zones was 37% higher than in humid/semi-humid zones. Ex-
treme drought probability was 3.0%, paradoxically higher in eastern humid
regions.

3. Dominant factors: Precipitation and minimum temperature were the
primary drought drivers, though specific factors varied by month and cli-
mate zone. Minimum temperature was the most consistent influential
factor across zones.

4. Model performance: Regression models for each climate zone demon-
strated high accuracy (NSE > 0.95) and can estimate monthly SPEI with
limited meteorological data, providing theoretical support for drought
analysis when data are incomplete.
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