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Abstract
Changes in the precipitation-temperature relationship exert substantial influ-
ences on water resources, vegetation, agricultural production, and other aspects;
however, research outcomes regarding their relationship and spatiotemporal vari-
ability across large-scale, multiple climate-type regions remain relatively limited.
Based on monthly precipitation and temperature data from 357 meteorological
stations in northern China and its surrounding areas from 1951 to 2018, this
study qualitatively and quantitatively reveals the relationship between seasonal
precipitation and temperature in northern China and its spatiotemporal vari-
ability. Results indicate that the correlation between summer precipitation and
temperature is the strongest, followed by autumn and winter, and weakest in
spring; precipitation in each season is predominantly negatively correlated with
mean temperature and mean maximum temperature, but mainly positively cor-
related with mean minimum temperature. The relationship can be primarily
categorized into four types: warm-dry, warm-wet, cold-dry, and cold-wet. In
the 1950s, the precipitation-temperature relationship was dominated by cold-
dry and cold-wet types; beginning in the 1960s, the coverage of cold-dry and
cold-wet relationships gradually shrank westward, while warm-dry and warm-
wet types became dominant in Northeast China, North China, and other regions.
After the 1970s, warm-dry and warm-wet relationships have become predomi-
nant throughout the study area and persist to the present; however, small areas
such as Northeast China and North China have experienced a re-emergence of
cold-dry and cold-wet relationships since the 21st century, with winter showing
the largest coverage. This study enriches research on precipitation-temperature
relationships and provides references for regional ecological environment im-
provement and water resource management.
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Full Text
Preamble
The relationship between precipitation and temperature and its temporal evo-
lution significantly influence water resources, agricultural production, and veg-
etation dynamics. However, comprehensive understanding of their relationship
and spatiotemporal variability across large regions with diverse climate types
remains limited. This study addresses this gap by analyzing seasonal precipi-
tation and temperature data from 357 meteorological stations across northern
China and its surrounding regions. Using both qualitative and quantitative
approaches, we reveal the relationship patterns between seasonal precipitation
and temperature and their spatiotemporal variability in northern China.

Our results demonstrate that summer precipitation exhibits the strongest corre-
lation with temperature, followed by autumn and winter, while spring shows the
weakest correlation. Precipitation is predominantly negatively correlated with
average temperature and average maximum temperature across all seasons, but
positively correlated with average minimum temperature. The precipitation-
temperature relationship can be classified into four primary types: warm-dry,
warm-wet, cold-dry, and cold-wet. During the 1950s, cold-dry and cold-wet
relationships dominated most of the study area. Beginning in the 1960s, the
spatial extent of these cold-type relationships gradually contracted westward,
while warm-dry and warm-wet relationships became predominant in northeast-
ern and northern China. After the 1970s, warm-dry and warm-wet relationships
have dominated the entire region up to the present, although small areas in
northeastern and northern China experienced a re-emergence of cold-dry and
cold-wet relationships after 2000, with winter showing the largest coverage. This
research enriches the understanding of precipitation-temperature relationships
and provides valuable references for regional ecological restoration and water
resource management.

Keywords: precipitation; temperature; seasonal relationship; spatiotemporal
variability; northern China

1.1 Study Area Overview
Northern China (31°09�–53°33�N, 73°40�–135°02�E) spans approximately
531$×10^{4}$ km2 and includes Beijing, Tianjin, Hebei, Shanxi, Inner
Mongolia, Liaoning, Jilin, Heilongjiang, Shandong, Henan, Shaanxi, Gansu,
Qinghai, Ningxia, and Xinjiang—encompassing 15 provinces, municipalities,
and autonomous regions. The region extends across three topographic steps
from west to east, with substantial elevation differences and diverse landforms
including mountains, hills, basins, plains, and deserts. Climate types vary
significantly, comprising temperate monsoon, temperate continental, and
plateau mountain climates. Annual precipitation ranges from 50 to 1200 mm,
while annual average temperatures range from -13 to 23 °C.
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1.2 Data Sources
This study utilizes monthly data for precipitation, average minimum tempera-
ture, average temperature, and average maximum temperature from 357 meteo-
rological stations in northern China and surrounding areas, covering the period
from station establishment through 2018. Data were obtained from the China
Meteorological Administration’s National Meteorological Information Center
(http://data.cma.cn/). Quality control procedures confirmed that all meteoro-
logical data lack significant abrupt changes or random variations, ensuring they
reliably represent regional climate conditions. Missing data were interpolated
using the random forest model approach. The final dataset comprises uniformly
processed time series for all temperature variables.

1.3 Data Processing
Correlation analysis was employed to assess the “closeness”and “symmetry”
of precipitation-temperature relationships. The correlation coefficient was cal-
culated as:

𝜌𝑥𝑦 = ∑𝑛
𝑖=1(𝑥𝑖 − ̄𝑥)(𝑦𝑖 − ̄𝑦)

√∑𝑛
𝑖=1(𝑥𝑖 − ̄𝑥)2 ∑𝑛

𝑖=1(𝑦𝑖 − ̄𝑦)2

where 𝜌𝑥𝑦 represents the correlation coefficient between precipitation and tem-
perature; 𝑥𝑖 and 𝑦𝑖 denote seasonal values of precipitation and temperature in
year 𝑖; ̄𝑥 and ̄𝑦 are multi-year averages; and 𝑛 is the number of years in the
calculation period.

Climate tendency rates were analyzed using 10-year moving average sequences.
The climate tendency rate formula is:

𝜃 = ∑𝑛
𝑖=1 𝑖𝑐𝑖 − ∑𝑛

𝑖=1 𝑖 ∑𝑛
𝑖=1 𝑐𝑖

∑𝑛
𝑖=1 𝑖2 − (∑𝑛

𝑖=1 𝑖)2

where 𝜃 is the climate tendency rate (°C・decade−1 or mm・decade−1), and 𝑐𝑖
represents seasonal values.

Relationship types were determined based on the signs of precipitation and tem-
perature tendency rates. Years when the precipitation tendency rate changed
sign served as nodes dividing the entire period into shorter sub-periods. The
classification process is illustrated in [Figure 2: see original paper]. For spatial
analysis of relationship occurrence times and durations, Kriging interpolation
was performed using ArcGIS.
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2.1 Correlation Between Precipitation and Three Temper-
ature Types
The correlation patterns vary seasonally and spatially. In spring, precipita-
tion shows stronger positive correlation with average minimum temperature in
central and western Inner Mongolia extending to Qinghai, weakening in other di-
rections. Correlations with average and maximum temperatures are stronger in
southern North China, weakening toward the northeast and northwest. Summer
precipitation exhibits stronger correlations with average minimum temperature
in high-altitude regions of Qinghai and central Inner Mongolia, weakening with
decreasing elevation. Correlations with average and maximum temperatures are
weakest in Qinghai, strengthening toward the northeast and northwest. Autumn
precipitation shows the strongest positive correlation with minimum tempera-
ture at the intersection of Shaanxi, Gansu, and Ningxia, weakening eastward
and westward. Winter precipitation correlations with minimum and average
temperatures weaken from west to east, while correlations with maximum tem-
perature decrease with latitude.

2.2 Precipitation-Temperature Relationship Types
Based on the classification framework, four relationship types were iden-
tified: warm-wet, cold-dry, warm-dry, and cold-wet. When a relationship
type appeared intermittently at a station, the longest continuous occur-
rence period was used to define its occurrence time, while total cumulative
duration was calculated across the entire time series. Abbreviations were
defined as follows: T for occurrence time, D for duration, Sp/Su/Au/Wi
for spring/summer/autumn/winter, and Tmin/Tavg/Tmax for average mini-
mum/average/maximum temperature. For example, T-Sp-Tmin represents the
occurrence time of relationship types between spring precipitation and average
minimum temperature.

2.3.1 Warm-Dry Type
[Figure 5: see original paper] shows the spatial distribution of occurrence times
and durations for warm-dry relationships. Nearly all stations exhibited warm-
dry relationships, with only a few exceptions. The highest proportion of stations
without this relationship occurred in autumn between precipitation and average
minimum temperature. Occurrence times were concentrated in the 1970s–1990s,
with average temperature showing the earliest occurrence, followed by average
minimum temperature, and average maximum temperature the latest. Dura-
tions ranged from 10–35 years, with average temperature showing the longest
persistence (20–35 years), followed by average maximum temperature, and aver-
age minimum temperature the shortest. Spatially, occurrence times were gener-
ally later in western Inner Mongolia to Qinghai, becoming earlier eastward and
westward. Durations shortened with decreasing latitude in spring and summer,
but showed the opposite pattern in autumn and winter.
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2.3.2 Warm-Wet Type
[Figure 6: see original paper] illustrates the spatial patterns for warm-wet rela-
tionships. The number of stations lacking warm-wet relationships ranged from
55 to 179, with the highest proportion (16.2%) occurring in autumn between pre-
cipitation and average minimum temperature, primarily in southeastern Gansu
and southern Liaoning. Occurrence times were concentrated in the 1970s–1990s,
with average minimum temperature showing earliest occurrence, followed by av-
erage temperature, and average maximum temperature the latest. Durations
ranged from 20–30 years, decreasing sequentially from average minimum to av-
erage maximum temperature. Spatially, occurrence times were later in western
Inner Mongolia to Qinghai, becoming earlier eastward and westward. Dura-
tions shortened with decreasing latitude in spring and summer, but lengthened
in autumn and winter.

2.3.3 Cold-Dry Type
[Figure 7: see original paper] presents the spatial distribution for cold-dry rela-
tionships. The number of stations without cold-dry relationships ranged from
32 to 136, with the highest proportion in summer between precipitation and
average temperature (38.1%), mainly in northern Xinjiang and central Inner
Mongolia. Occurrence times were concentrated in the 1950s–1960s, with av-
erage maximum temperature showing earliest occurrence, followed by average
minimum temperature, and average temperature the latest. Durations ranged
from 0–20 years, with average minimum temperature showing the longest per-
sistence, followed by average maximum temperature, and average temperature
the shortest. Spatially, occurrence times were generally earlier in the east and
later in the west. Durations lengthened with decreasing latitude for cold-dry
relationships, while cold-wet relationships showed the opposite pattern.

2.3.4 Cold-Wet Type
[Figure 8: see original paper] shows the patterns for cold-wet relationships. The
number of stations lacking cold-wet relationships ranged from 55 to 179, with the
highest proportion in spring between precipitation and average minimum tem-
perature (38.1%). Occurrence times were concentrated in the 1950s–1960s, with
average minimum temperature showing earliest occurrence, followed by average
maximum temperature, and average temperature the latest. Durations ranged
from 0–20 years, increasing sequentially from average minimum to average max-
imum temperature. Spatially, occurrence times showed no clear pattern, while
durations were shortest at the border between Inner Mongolia and Xinjiang,
lengthening eastward and westward.

2.3.5 Interdecadal Spatiotemporal Evolution
[Figure 9: see original paper] displays the decadal evolution of sea-
sonal precipitation-temperature relationships. In the 1950s–1960s, spring
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precipitation-temperature relationships were predominantly cold-dry and
cold-wet, with warm-wet relationships emerging in the 1960s and persisting
through the 1990s. After 2000, warm-dry and warm-wet relationships dom-
inated, except in Xinjiang and Qinghai where warm-wet patterns persisted.
Summer relationships were primarily warm-dry from the 1950s–1990s, shifting
to warm-wet after 2000, with northeastern areas trending toward cold-dry.
Autumn relationships were dominated by cold-dry and cold-wet types in the
1950s–1960s, transitioning to warm-dry and warm-wet after the 1970s. Winter
relationships shifted from cold-dry and cold-wet dominance in the 1950s to
warm-dry and warm-wet after the 1970s, with some re-emergence of cold types
in the northeast after 2000.

Overall, the precipitation-temperature relationship has transitioned from cold-
dry and cold-wet dominance to warm-dry and warm-wet dominance, though this
evolution varies by season and region. Northwestern China maintained cold-type
relationships longer than other regions, while northeastern and northern China
transitioned earlier. The timing of these transitions also differed, with spring
and winter changes occurring earlier than summer and autumn transformations.

3 Discussion
Precipitation shows predominantly positive correlations with average minimum
temperature but negative correlations with average and maximum temperatures
across all seasons [Figure 10: see original paper]. These findings align with
studies from South Korea, the United Kingdom, the United States, and Japan,
as well as regional studies from Inner Mongolia and the Horqin Sandy Land. The
correlation strength and sign appear related to latitude, altitude, and climate
type, with stronger correlations in areas south of 35°N and positive correlations
more common in plateau mountain climates.

The four relationship types identified—warm-dry, warm-wet, cold-dry, and cold-
wet—show distinct spatiotemporal patterns. Cold-type relationships emerged
earlier in the east and later in the west, while warm-type relationships appeared
later in western Inner Mongolia to Qinghai, becoming earlier eastward and west-
ward. Duration patterns varied by season and relationship type. After 2000,
cold-dry and cold-wet relationships re-emerged in parts of northeastern and
northern China, particularly in winter, possibly related to the warming hiatus
phenomenon observed in some regions.

These patterns are influenced by multiple factors. Precipitation and tempera-
ture variations in China correspond with ENSO and Pacific Decadal Oscillation
(PDO) patterns and are closely linked to interdecadal monsoon variations. Hu-
man activities affect land cover, altering Earth’s energy balance and potentially
causing warming and drying trends. Aerosols also contribute by absorbing solar
radiation and modifying cloud properties. However, this study has limitations
due to finite data length, occasional missing values, and uneven station distri-
bution, introducing some uncertainty. Despite these constraints, the findings
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provide valuable insights for ecological improvement, agricultural development,
and water resource management in northern China.

4 Conclusions
This study systematically analyzed the relationship between seasonal precipi-
tation and temperature in northern China, revealing their spatiotemporal vari-
ability and interdecadal evolution. The main conclusions are:

1) Summer precipitation shows the strongest correlation with temperature,
particularly with average maximum temperature, followed by autumn and
winter, with spring showing the weakest correlation. Precipitation is pre-
dominantly positively correlated with average minimum temperature but
negatively correlated with average and maximum temperatures across all
seasons.

2) Four relationship types were identified: warm-dry, warm-wet, cold-dry,
and cold-wet. Cold-type relationships emerged primarily in the 1950s–
1960s, with occurrence times becoming later from east to west. Their
durations ranged from 0–20 years, with cold-dry relationships shortening
and cold-wet relationships lengthening with decreasing latitude. Warm-
type relationships emerged mainly in the 1970s–1990s, appearing later in
western Inner Mongolia to Qinghai and earlier eastward and westward.
Their durations ranged from 20–40 years, with warm-type relationships
in spring and summer shortening with decreasing latitude, while autumn
and winter showed the opposite pattern.

3) In the 1950s–1960s, cold-dry and cold-wet relationships dominated the
study area. Beginning in the 1960s, their spatial extent contracted west-
ward as warm-dry and warm-wet relationships became predominant in
northeastern and northern China. After the 1970s, warm-dry and warm-
wet relationships have dominated the entire region, though small areas in
the northeast and north experienced a re-emergence of cold-type relation-
ships after 2000, with winter showing the largest spatial coverage.
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