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Abstract
Due to frequent drought events in Ordos, local economic development has been
severely affected. Investigating the spatiotemporal evolution characteristics of
drought in Ordos is essential for drought resistance and disaster mitigation
efforts. This study employs monthly precipitation data from 85 grid points
in Ordos from 1961 to 2020, utilizes run theory to analyze the applicability of
the Standardized Precipitation Index (SPI) and Precipitation Anomaly Percent-
age (Pa) index in this region, and further adopts inverse distance interpolation
and other methods to analyze the spatiotemporal evolution characteristics of
drought. The results indicate: (1) The Pa index exhibits strong sensitivity and
accuracy in describing drought in Ordos. (2) Drought shows high interannual
variation frequency, with summer drought having the highest occurrence fre-
quency at 16.7% and winter drought the lowest at 13.3%; furthermore, drought
occurrence rate gradually decreases as drought severity level increases. (3) The
western part of Ordos is more prone to severe drought than the eastern part, with
the probability of being unaffected by drought gradually increasing from 42%
to 75%. (4) Drought conditions in spring and summer have the greatest impact
on annual drought conditions, while drought situations in autumn and winter
show improvement, with winter demonstrating more pronounced improvement.

Full Text
Abstract
Due to the frequent occurrence of drought events in Ordos, local economic de-
velopment has been seriously affected. Studying the spatiotemporal evolution
characteristics of drought in this region is essential for effective drought resis-
tance and disaster mitigation. This study utilized monthly precipitation data
from 85 grid points in Ordos from 1961 to 2020. Using run theory, we analyzed
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the applicability of the Standardized Precipitation Index (SPI) and Precipi-
tation Anomaly Percentage (Pa) in the region, and further employed inverse
distance interpolation to examine drought spatiotemporal evolution characteris-
tics. The results indicate: (1) The Pa index exhibits strong sensitivity and accu-
racy for drought characterization. (2) Interannual drought variation shows high
frequency, with summer drought occurring most frequently at 16.7%; drought
incidence gradually decreases as drought severity increases. (3) The western
part of Ordos is more prone to severe drought than the eastern part, with the
probability of being unaffected by drought gradually increasing from west to
east. (4) Drought conditions in spring and summer have the greatest impact on
annual drought patterns, while drought conditions in autumn and winter show
improvement, with winter showing more obvious improvement.

Keywords: gridded dataset; drought characteristic; run theory; standardized
precipitation index; precipitation anomaly percentage

Introduction
Drought is one of the natural disasters causing the greatest losses to agriculture
and animal husbandry worldwide. It is estimated that annual global economic
losses from drought far exceed those from other meteorological disasters [?]. As
the economy develops rapidly, population grows, and climate changes, the af-
fected areas of drought are also changing. Drought characteristics are typically
described using drought indices, which convert one or more meteorological vari-
ables such as precipitation and evapotranspiration into a single numerical value
to represent drought intensity and magnitude [?].

With increasingly sophisticated research on drought indices, numerous studies
have used different drought indices to analyze spatiotemporal evolution charac-
teristics of drought worldwide, thereby revealing drought occurrence patterns
and impacts [?]. For example, in Inner Mongolia, Wu et al. [?] used the Pre-
cipitation Anomaly Percentage (Pa) to study spatiotemporal distribution char-
acteristics of precipitation and drought, concluding that precipitation is the
main factor causing meteorological drought in Inner Mongolia. Xie et al. [?]
used the Standardized Precipitation Evapotranspiration Index (SPEI) to study
drought characteristics in Inner Mongolia at different time scales, finding that
drought conditions in central and western Inner Mongolia are gradually intensi-
fying. Zhang et al. [?] used standardized precipitation indices at different time
scales to study drought characteristics in Damao Grassland, discovering that
the sensitivity of SPI to precipitation identification decreases as the time scale
increases. These studies demonstrate that both Pa and SPI indices are suitable
for drought research in Inner Mongolia, but their applicability to other regions
requires further investigation. Therefore, this paper selects the Pa index to
analyze drought spatiotemporal evolution characteristics in Ordos.

McKee et al. [?] proposed the Standardized Precipitation Index (SPI), which
requires only precipitation data and can identify drought at multiple time scales,
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including drought onset, termination, intensity, and magnitude. Currently, over
100 drought indices have been applied to drought characteristic analysis, drought
prediction, emergency planning, and impact assessment [?]. Drought is classified
into meteorological drought, agricultural drought, hydrological drought, and so-
cioeconomic drought based on impact type. Meteorological drought occurs due
to persistent abnormal dry weather causing water shortage and severe hydro-
logical imbalance. Consequently, meteorological drought indices are typically
calculated based on precipitation data, such as Precipitation Anomaly Percent-
age and Standardized Precipitation Index.

Run Theory is a method for analyzing time series that has been widely applied
to drought event identification [?]. Wang et al. [?] used run theory to extract
drought duration and intensity on the Loess Plateau of northern Shaanxi. Zuo
et al. [?] used run theory to isolate drought events, frequency, duration, and in-
tensity in southwestern China from SPI sequences. These studies demonstrate
that run theory is effective for separating drought characteristics. However, in
drought research on Inner Mongolia, effective application of run theory is still
lacking. Therefore, this paper employs run theory to isolate drought character-
istics from SPI3, SPI12, and Pa sequences in Ordos.

Based on monthly precipitation data from 85 grid points in Ordos, this study
first evaluates the applicability of SPI3, SPI12, and Pa sequences using run the-
ory. It then analyzes spatiotemporal evolution and variation of drought in Ordos
over the past 60 years using inverse distance interpolation and other methods,
providing references for understanding climate change patterns, drought moni-
toring and forecasting, and drought risk assessment.

1. Materials and Methods
1.1 Study Area

Ordos is located in southwestern Inner Mongolia, adjacent to Shanxi, Shaanxi,
and Ningxia provinces, in the hinterland of the Ordos Plateau. Its geographic co-
ordinates are 37°35�24�–40°51�40�N, 106°42�40�–111°27�20�E, with a north-south
width of about 340 km and an east-west length of about 400 km. The region
has a typical temperate arid and semi-arid continental climate with large sea-
sonal temperature variations. The multi-year average temperature is 6.2 °C,
with a daily minimum temperature of -31.4 °C. The multi-year average pre-
cipitation is 348.3 mm, with uneven spatiotemporal distribution—precipitation
gradually decreases from southeast to northwest, and is concentrated in June–
September, accounting for 70–80% of annual precipitation. Ordos is a typical
farming-pastoral ecotone with a fragile ecological environment; drought and low
rainfall are the most basic climate characteristics.

The terrain is undulating, generally higher in the northwest and lower in the
southeast, with complex topography and diverse landforms. Desert and sandy
land account for 28.81% of the total area, hilly mountainous areas account for
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18.91%, and plains account for only 4.33%, mostly concentrated in the northern
Yellow River alluvial plain.

1.2 Data Sources

1.2.1 Grid Data Monthly precipitation data from 85 grid points in Ordos
were selected for analysis. Station precipitation data were obtained from the
China Meteorological Administration’s National Meteorological Information
Center’s China Surface Climate Data Daily Dataset and monthly precipitation
data provided by Shaanxi Meteorological Information Center, with a spatial
resolution of 0.5°$×$0.5°. The geographic locations are shown in [Figure 1: see
original paper]. Before use, the grid point data were processed through data
collection and classification, forming continuous precipitation time series from
1961 to 2020.

To verify the reliability of grid data, Dong Sheng and Otuq Qin meteorological
stations were selected for comparison. Daily observation data from 1961–2020
and monthly observation data from 1961–2020 were integrated. Actual observed
data from the two stations were compared with data from the nearest grid
points. Correlation analysis showed that correlations between grid data and
observed data were significant at the 0.01 level, confirming that the grid data
are authentic, valid, and meet the scientific requirements of this study.

1.2.2 Historical Drought Disaster Data According to drought records
in the China Meteorological Disaster Canon (Inner Mongolia Volume), Ordos
experienced 23 drought disasters from 1961 to 2020, including 5 severe and
catastrophic droughts, and 18 moderate and mild droughts. Specifically, spring
1962 had extremely low precipitation; spring 1965 experienced severe spring
drought with the smallest precipitation on record in most areas, and Otuq Qin
Banner was dry throughout the year; summer 1972 had reduced June–July
precipitation, with severe disasters in eastern Ordos; spring 1980 had drought
in most areas, which continued into summer with less rainfall, causing severe
damage in western pastoral areas; several droughts also occurred after 2000.
Detailed drought occurrence times in Ordos are shown in and .

1.3 Drought Indices

1.3.1 Standardized Precipitation Index (SPI) The Standardized Precip-
itation Index (SPI) was proposed by McKee et al. [?] and offers simple, rapid
calculation and multi-time scale analysis capabilities. The calculation principle
assumes that precipitation over a certain time scale follows a Gamma distribu-
tion. The corresponding cumulative probability function is derived and then
transformed into a standard normal distribution. After transformation, the SPI
value for a sample is the value on the x-axis of the standard normal distribution
corresponding to the cumulative probability of that sample’s precipitation.
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Assuming precipitation in a certain period is 𝑥, the Gamma distribution prob-
ability density function is:

𝑔(𝑥) = 1
𝛽𝛾Γ(𝛾)𝑥𝛾−1𝑒−𝑥/𝛽, 𝑥 > 0

where 𝛽 and 𝛾 are scale and shape parameters, respectively, and Γ(𝛾) is the
Gamma function. The cumulative probability for a determined time scale is:

𝐺(𝑥) = ∫
𝑥

0
𝑔(𝑥)𝑑𝑥

Since the Gamma function is undefined at 𝑥 = 0, the probability of zero precip-
itation events is calculated as:

𝑃(𝑥 = 0) = 𝑚
𝑛

where 𝑚 is the number of samples with zero precipitation and 𝑛 is the total
number of samples.

The cumulative probability distribution is then normalized. Substituting the
probability value 𝑃 into the standardized normal distribution function yields:

𝑍 = 𝑆𝑃𝐼 = − (𝑡 − 𝑐0 + 𝑐1𝑡 + 𝑐2𝑡2

1 + 𝑑1𝑡 + 𝑑2𝑡2 + 𝑑3𝑡3 )

where 𝑡 = √ln 1
𝑃 2 , and coefficients are: 𝑐0 = 2.515517, 𝑐1 = 0.802853, 𝑐2 =

0.010328, 𝑑1 = 1.432788, 𝑑2 = 0.189269, 𝑑3 = 0.001308.

The 𝑍 value is the Standardized Precipitation Index (SPI). Drought classifica-
tion based on SPI values is shown in .

1.3.2 Precipitation Anomaly Percentage (Pa) Precipitation Anomaly
Percentage (Pa) refers to the percentage relative deviation of precipitation in
a certain period compared to the average precipitation in the same period. It
evaluates precipitation anomalies and deviation from normal patterns. Pa is
calculated as:

𝑃𝑎 = 𝑃 − ̄𝑃
̄𝑃 × 100%

where 𝑃 is precipitation in a certain period (mm), and ̄𝑃 is the average precip-
itation in the same period (mm), calculated as:
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̄𝑃 = 1
𝑛

𝑛
∑
𝑖=1

𝑃𝑖

where 𝑛 generally takes 30 years, and 𝑃𝑖 is precipitation on day 𝑖 (month or
year). Drought classification based on Pa values is shown in .

1.4 Run Theory

Run Theory is a method for analyzing time series by identifying the number
of consecutive occurrences of similar events to measure the intensity of specific
events in a sequence. For example, in precipitation analysis, the monthly pre-
cipitation series is treated as a discrete time series, and the multi-year average
precipitation ̄𝑃 is calculated. According to Run Theory, if a month’s precipita-
tion 𝑥𝑖 is less than ̄𝑃 (𝑥𝑖 − ̄𝑃 is negative), it represents a dry month; conversely,
if 𝑥𝑖 − ̄𝑃 is positive, it represents a wet month. When negative deviations occur
consecutively, a series of drought events appears, called a negative run. When
positive deviations occur consecutively, it is called a positive run. The number
of runs indicates event frequency, while run duration indicates event persistence.

The sum of 𝑚 consecutive negative (positive) deviation terms is called a negative
(positive) run sum 𝑆. In a drought event, the time span 𝑑 between 𝑥𝑖 − ̄𝑃 mo-
ments represents the event duration, while the negative run value 𝑆 represents
drought intensity. [Figure 3: see original paper] shows a schematic diagram of
Run Theory, where the horizontal axis represents drought index values and the
vertical axis represents time.

Based on Run Theory and drought classification, three thresholds are set: for
SPI, 𝑆1 = −0.3, 𝑆2 = −0.5; for Pa, 𝑆1 = −20, 𝑆2 = −40. When 𝑆1 < index < 0,
it indicates a possible drought event; when index ≤ 𝑆2, it is recorded as a
drought event. When two drought events are separated by only one month and
that month’s index is between 𝑆1 and 𝑆2, the two events can be merged into
one, with combined duration 𝑑 = 𝑑1 + 𝑑2 + 1, where 𝑑1 and 𝑑2 are the durations
of the first and second events, respectively.

1.5 Wavelet Analysis

Morlet et al. [?] proposed an analysis tool with time-frequency multi-resolution
capabilities, named wavelet analysis. Wavelet analysis has good localization
properties in both time and frequency domains and is a powerful data analysis
tool [?]. A notable feature is multi-frequency analysis, making it effective for
image fusion, denoising, and edge feature extraction.

Wavelet analysis, developed from Fourier transform, uses a family of wavelet
functions to represent or approximate a signal. In practice, it is mainly used for
denoising, filtering, detecting abrupt change points, identifying periodic com-
ponents, and multi-time scale analysis. Wavelet transform includes Discrete
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Wavelet Transform (DWT) and Continuous Wavelet Transform (CWT), com-
monly used to extract time-domain and frequency-domain features.

The wavelet function (mother wavelet) is defined as:

𝜓𝑎,𝑏(𝑡) = |𝑎|−1/2𝜓 (𝑡 − 𝑏
𝑎 )

where 𝑎 is the scaling factor and 𝑏 is the translation factor. The key to
wavelet analysis is selecting the mother wavelet. Common wavelets include
Haar, Daubechies, and Morlet wavelets. This study uses the Morlet wavelet for
periodic drought analysis. The Morlet wavelet expression is:

𝜓(𝑡) = exp(𝑖𝜔0𝑡) exp (−𝑡2

2 )

For a given sub-wavelet function 𝑓(𝑡), the continuous wavelet transform is:

𝑊𝑓(𝑎, 𝑏) = ⟨𝑓(𝑡), 𝜓𝑎,𝑏(𝑡)⟩ = |𝑎|−1/2 ∫
+∞

−∞
𝑓(𝑡)𝜓∗ (𝑡 − 𝑏

𝑎 ) 𝑑𝑡

where 𝜓∗ is the complex conjugate of 𝜓, and 𝑊𝑓(𝑎, 𝑏) is the wavelet coefficient.

Using continuous wavelet transform for drought periodicity analysis, wavelet co-
efficients are obtained through continuous scaling and translation. The wavelet
variance is calculated by integrating the squared wavelet coefficients over time:

Var(𝑎) = ∫
+∞

−∞
|𝑊𝑓(𝑎, 𝑏)|2𝑑𝑏

Finally, by analyzing and comparing wavelet variances, the main periods of
meteorological drought in Ordos are determined.

2. Results
2.1 Applicability of Drought Indices

To compare average annual drought duration and average duration per drought
event at different time scales, run theory was applied to SPI3, SPI12, and Pa
sequences from 1961–2020. The annual average drought duration and annual
average duration per event were calculated.

[Figure 4: see original paper] shows that drought frequency calculated by the
three methods follows similar trends, but with regional differences. SPI3 has
the highest frequency (15.7 times per grid point), followed by Pa (12.3 times),
while SPI12 has the lowest (8.7 times). [Figure 5: see original paper] shows
that except for SPI3’s large fluctuations, SPI12’s annual average drought
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duration is generally higher than other indices, with Pa and SPI3 showing similar
fluctuation ranges. In terms of trends, Pa and SPI3 show higher similarity. For
extreme drought years, SPI12 and Pa share the same longest drought duration
year (1965), with durations of 11.2 and 8.7 months, respectively. SPI3’s longest
drought year is 1980 (7.3 months), while Pa’s longest drought year is 2000 (6.8
months). The shortest drought years for SPI12 and Pa are both 1967, with
durations of 1.3 and 0.8 months, respectively, while SPI3’s shortest drought
years are 1978 and 1992.

[Figure 6: see original paper] shows that the average duration per drought event
follows similar trends with distinct fluctuation ranges, ordered from high to low
as: SPI12 > Pa > SPI3. This indicates that SPI12 has the longest drought
events but lowest frequency, while SPI3 has the shortest events but highest
frequency, showing poor continuity. Pa shows moderate continuity.

Historical drought identification accuracy was evaluated by comparing moni-
tored drought grades with actual drought conditions from . The results show
that Pa has the highest drought frequency and annual average duration, with
moderate average duration per event, matching actual drought conditions well.
SPI12 has the lowest accuracy, while SPI3 shows varying errors. Overall, Pa
demonstrates higher sensitivity and accuracy than SPI indices at different time
scales. Therefore, the Pa index was selected for spatiotemporal drought evolu-
tion analysis in Ordos.

2.2 Temporal Evolution of Drought

Due to large interannual precipitation variation and uneven spatiotemporal dis-
tribution, Ordos has experienced multiple droughts of varying severity. shows
drought identification by different indices. The most droughts occurred in 1961–
1970 (9 times), with 1965 being an extreme spring drought year.

Drought frequency by season shows that summer drought occurred in 10 years
(16.67%), with dispersed occurrence but high frequency, though generally low
severity. Spring drought occurred in 9 years (15.00%), with concentrated oc-
currence in 1961–1970. Autumn drought occurred in 9 years (15.00%), with
higher severity. Winter drought occurred in 8 years (13.30%), with the lowest
frequency but highest severity. Continuous seasonal droughts were common, in-
cluding summer-autumn drought in 1962, autumn-winter drought in 1965, and
summer-autumn-winter drought in 1980.

[Figure 7: see original paper] shows Pa values from 1961–2020. Based on annual-
scale Pa drought classification, 17 years experienced drought (28.3%), including
11 light drought years (18.3%) and 6 moderate or higher drought years (10.0%).
This indicates that interannual drought variation in Ordos is characterized by
high frequency, low intensity, and strong continuity.

Wavelet analysis of annual-scale Pa values reveals three main periods: 3–5 years,
8–12 years, and 18–22 years, corresponding to peaks in [Figure 8: see original pa-
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per]. Wavelet coefficient plots at these time scales ([Figure 9: see original paper])
show that all have periodicity, though cycles and patterns differ. Combined with
historical drought timing, drought occurrence in Ordos shows periodic behavior.

2.3 Spatial Evolution of Drought

Spatial analysis shows that central-western Ordos has the highest drought prob-
ability, decreasing gradually outward. Light drought probability is highest in
the southwest and east ([Figure 10a: see original paper]). Moderate drought is
more likely in central-western and northern regions ([Figure 10b: see original pa-
per]). Severe drought is most frequent in southwestern areas ([Figure 10c: see
original paper]), while extreme drought affects the northwestern region most,
decreasing from northwest to southeast ([Figure 10d: see original paper]).

Overall, light and moderate drought probabilities are relatively high, decreasing
with drought severity. Except for light drought, which occurs more in eastern
Ordos, moderate, severe, and extreme drought probabilities are highest in west-
ern Ordos, indicating the west is more susceptible to higher-grade drought. The
probability of being unaffected by drought also follows this pattern, increasing
from west (40%) to east (75%).

Linear regression of annual Pa values at each station, interpolated using Krig-
ing, shows change rate distributions ([Figure 11: see original paper]). Annual
change rates show decreasing trends in western and central regions (minimum
-0.8%/year), indicating worsening drought, while other areas show increasing
trends, especially in southeastern Ordos (maximum +0.6%/year), indicating
improving conditions.

Seasonal analysis reveals that spring Pa change rates show a stepwise increase
from south to north, with most areas increasing (maximum +0.9%/year) and
only southern areas decreasing slightly (-0.1%/year), indicating reduced spring
drought severity except in the south. Summer shows a clear stepwise pattern,
but with most areas decreasing (minimum -0.7%/year) in western, eastern, and
central-northern regions, indicating worsening summer drought, while central-
southern areas improve. Autumn shows overall increasing trends, with faster
improvement from south to north (maximum +1.2%/year). Winter shows simi-
lar increasing trends but more pronounced (maximum +1.5%/year), indicating
more obvious winter drought improvement, with a pattern of low change in
western and eastern areas but high change in central and southwestern areas.

3. Discussion
This study found significant differences between Pa and SPI indices in identi-
fying drought frequency and characteristics. As time scale increases, drought
frequency decreases while drought duration increases. SPI12 shows the largest
fluctuations, indicating the strongest randomness, while SPI’s sensitivity de-
creases with increasing time scale. Pa shows higher sensitivity and accuracy, and
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better matches actual drought disasters, making it suitable for spatiotemporal
drought evolution analysis in Ordos.

Future research could consider using Copula functions to jointly analyze drought
intensity and duration [?]. The drought evolution characteristics obtained in this
study are consistent with previous research [?], indicating high credibility and
providing a scientific basis for drought management decisions.

4. Conclusions
Based on monthly precipitation data from 85 grid points in Ordos from 1961–
2020, this study used SPI and Pa indices at different time scales to analyze
drought spatiotemporal evolution characteristics. The main conclusions are:

(1) The Pa index shows high sensitivity and accuracy for drought descrip-
tion in Ordos. In terms of temporal evolution, drought occurred in 17
years (28.3%) from 1961–2020, with light drought most frequent (18.3%),
followed by moderate drought (10.0%). Summer drought frequency is
highest (16.7%), while winter drought frequency is lowest (13.3%). Inter-
annual drought variation is characterized by high frequency, low intensity,
and strong continuity, with periodic patterns. Seasonal variation shows
summer drought is most frequent but least severe, winter drought is least
frequent but most severe, and autumn drought is more severe than spring
drought.

(2) In terms of spatial evolution, western Ordos is more prone to higher-
grade drought than eastern Ordos. The probability of being unaffected by
drought increases from west to east (from 40% to 75%). Annual, spring,
and summer Pa change rates mostly decrease with local increases, indi-
cating that spring and summer drought conditions most affect annual
patterns. Autumn and winter Pa change rates increase, with winter in-
crease (maximum +1.5%/year) more obvious than autumn (maximum
+1.2%/year), indicating improving drought conditions in autumn and win-
ter, with more obvious winter improvement.
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