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Abstract

Rational development and utilization of cli mate resources are essential for mitigating frost
disasters, particularly in high-altitude regions. This study investigates the spatiotempo-
ral characteristics of frost events in Qinghai Province to improve understanding of frost
evolution under climate change. Daily minimum temperature data from 51 meteorological
stations from 1961 to 2023 were analyzed to determine the first frost date (FFD), last frost
date (LFD), and frost-free period (FFP), along with their trends and influencing factors.
Results show that the mean FFD, LFD, and FFP were 5 October, 14 May, and 144 days,
respectively. Over the past six decades, LFD advanced, whereas FFD was delayed, leading
to a marked extension of FFP, with trends of 2.08, 2.87, and 4.68 days per decade, respec-
tively. These changes became more pronounced after the 1990s. Spatially, lower-altitude
regions exhibited later FFD, earlier LFD, and longer FFP, whereas higher-altitude regions
showed the opposite pattern. Correlation analysis indicates that frost characteristics are
most strongly influenced by altitude, followed by latitude and longitude. Overall, climate
warming has shortened the frost season and extended the growing period in Qinghai
Province. These findings provide a scientific basis for optimizing agricultural zoning,
adjusting cropping systems, and improving climate resilience in cold, high-altitude regions.

Keywords: first frost date; last frost date; frost-free period; spatiotemporal variations;
Qinghai Province

1. Introduction

In meteorology, frost is a weather phenomenon that occurs when the temperature
at or near the ground surface drops to approximately 0 °C, causing water vapor in the
surrounding air to condense and form white ice crystals on surfaces or objects. This type
of frost is generally harmless to crops [1]. In agriculture, however, frost refers to the
freezing injury of plants that occurs when the temperature of plant tissues falls below
0 °C during the growing season, leading to damage that is considered an agricultural
meteorological disaster [2]. However, plant temperature is difficult to measure directly.
Therefore, the daily minimum temperature or the daily minimum temperature at 0 cm
above the ground is typically used as a proxy, with frost damage considered to occur when
these temperatures fall below 0 °C. Frost seriously affects normal agricultural activities,
and severe frost damage causes an approximately 30% reduction in crop yield or even
complete crop failure [3].
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For agricultural purposes, the first date in autumn with a ground minimum tempera-
ture < 0 °C is defined as the first frost date (FFD), while the last such date in spring is the
last frost date (LFD). The number of days between them constitutes the frost period [4].
The frost-free period (FFP) is an important indicator of the amount of heat resources in a
region [5,6]. The length of the FFP is determined based on the FFD and LFD. Changes in
the FFP directly affect the probability and degree of crop damage. Therefore, analyzing
the climatic characteristics of FFD, LFD, and FFP is important for the agricultural sector in
combating crop damage.

According to the IPCC AR®6, each of the last four decades has been successively
warmer than any preceding decade since 1850. The global surface temperature during
the first two decades of the 21st century (2001-2020) was 0.99 °C higher than that during
1850-1900 [7]. Owing to climate warming, research on changes in frost dates and periods
has garnered widespread attention [8,9]. Numerous studies have confirmed that climate
warming influences the timing of the FFD and LFD, thereby altering the length of the frost
season [10-14].

Bonsal et al. [15] and Heino et al. [16] observed a decreasing trend in the number
of frost days in Canada and Northern Europe, respectively. Anandhi et al. [17] selected
six frost indices to study past and future frost changes in the Catskill Mountains of New
York City (USA). The results showed that the average frost day, last frost day, first frost
day, and length of the growing season exhibited decreasing, advancing, delaying, and
prolonging trends, respectively, in the past and future periods. Erlat and Tirkes [18]
found that frost days in most parts of Tiirkiye showed a substantial decreasing trend based
on the criterion of a daily minimum temperature < 0 °C. Easterling [19] used a daily
minimum temperature < 0 °C as the condition for frost occurrence. They found that the
number of frost days in the continental United States decreased at a rate of approximately
0.8 days per decade over the past 50 years. Similarly, in China, research indicates a national
pattern of delayed FFDs, advanced LFDs, prolonged FFPs, and a significant reduction in
frost days [20,21]. Analysis of variations in daily minimum temperature revealed that the
number of frost days in most parts of China showed a marked decreasing trend. Qian and
Lin [22] reported that the frost period in northern China has gradually shortened. The
same is true in Jilin [23], Gansu [24], the Huaihe River Basin [3], and the Loess Plateau [25]
in China. These results indicate that the number of frost days worldwide is decreasing to
varying degrees due to global warming.

The Qinghai-Tibet Plateau represents the upper altitudinal limit for cultivating multi-
ple crops in China and is characterized by a distinct farming boundary [26]. With climate
warming, the growing intensity of extreme weather conditions, coupled with frequent
human activities, has heightened uncertainty in local agricultural production. As a key
component of the Qinghai-Tibet Plateau, Qinghai Province provides an ideal setting for
investigating frost responses to climate change. Its high altitudinal gradient, high sen-
sitivity to climate change, fragile agroecological environment, and potentially distinct
response to global warming relative to lower-altitude regions make it a natural laboratory
for monitoring climate change on the plateau and elucidating the mechanisms underlying
frost dynamics.

Qinghai Province is located in the northeast Qinghai-Tibet Plateau, where the terrain is
high in the west and low in the east. The climate is primarily alpine and arid, representing
a typical plateau continental climate. Changes in frost have significant impacts in Qinghai
Province, particularly when the first frost occurs abnormally early, and the last frost is
significantly delayed. These anomalies can cause severe damage to vegetation during
the early and late stages of growth and development in spring and autumn. Currently,
only a few studies on frost have been conducted in Qinghai Province. Based on the
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meteorological data of 51 provincial meteorological stations collected from 1961 to 2023,
this study systematically and comprehensively analyzed the variation characteristics of
FFD, LFD, and FFP in Qinghai Province. The findings aim to support agricultural and
animal production practices in this region, enhance the capacity for frost-disaster prevention
and early warning, and provide a scientific basis for disaster prevention and mitigation
efforts by relevant agricultural departments.

2. Materials and Methods

2.1. Site Description

The study was conducted in Qinghai (89°35'-103°04’ E, 31°39'-39°19’ N), in the
northeastern part of the Qinghai-Tibet Plateau (Figure 1). The region is characterized
by an extended cold period, intense solar radiation, large diurnal temperature variations,
drought, low rainfall, and concentrated precipitation events. In Qinghai, the average annual
precipitation ranges from 18.0 to 742.1 mm, the average temperature ranges from —4.6 to
9.5 °C, and the annual solar radiation ranges from 5400 to 7600 MJ-m 2.
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Figure 1. Distribution of meteorological stations in the study area.

2.2. Meteorological Data

This study analyzed three key agroclimatic indices pertaining to the thermal grow-
ing season: FFD, LFD, and FFP. To maintain observational consistency, the analysis was
based on the daily minimum ground temperature (measured at 0 cm height above the
ground) dataset, spanning 1961 to 2023, obtained from 51 surface meteorological stations
across Qinghai Province. This dataset was provided and quality-controlled by the Qinghai
Meteorological Information Center.

The three indices were calculated according to the following standard agrometeoro-
logical definitions: FFD: The first day within a given calendar year (from 1 July onward)
on which the daily minimum temperature falls below 0 °C. LFD: The last day within a
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given calendar year (up to 30 June) on which the daily minimum temperature falls below
0 °C. FFP: The number of days between the LFD of the current spring and the FFD of the
following autumn. Specifically, it is calculated as FFP = FFD — LFD + 1 yr, where “yr”
can be defined as 365 days, ensuring that both dates pertain to the same thermal growing
season cycle.

2.3. Statistical Analysis
2.3.1. Trend-Free Prewhitening and Theil-Sen Slope Estimator

Trend-Free Prewhitening (TFPW) is a pre-whitening Mann—Kendall (MK) trend test
method used to address autocorrelation in the time series under analysis. The procedure in-
volves two steps: detrending and pre-whitening, which can effectively reduce the influence
of autocorrelation in the sequence on the test results and prevent distortion. The procedure
is described as follows [27]:

Yi=X;—p-t 1
Y=Y, —r-Y )
Y =Y +B-t 3)
Xj — Xj

ﬁ:A@mm(;_j{>1%n§jgigzm3 (4)

where Y; is the residual sequence after removing the trend; Y}’ is a white-noise-like se-
quence obtained after removing autocorrelation; and Y;” is the reconstructed sequence
obtained after TFPW processing. f§ is the estimated slope from the Theil-Sen estimator [28].
When f > 0, the time series indicates an increasing trend, whereas B < 0 indicates a de-
creasing trend. The trend rate is expressed in days per decade (d/10 a). r is the first-order
autocorrelation coefficient of Y;. It should be noted that if r is sufficiently small, Y; can
be considered an independent sequence and be directly used in the standard MK test
without preprocessing. Otherwise, the preprocessing steps in Equations (2) and (3) should
be applied before performing the MK test on Y;".

2.3.2. MK Test

The MK rank statistic is considered most appropriate for analyzing trends in cli-
matological time series [29]. In the present study, the MK test was used to analyze the
significance of the trends in FFD, LFD, and FFP. The test was used to determine whether
the trends in these three agroclimatic indices were statistically significant. The test statistics
were as follows:

S—1
v/ Var(S) (S = 0)

7= 0 (S=0), )
S+1
Var(S) (S < O)

where S = 27;11 Yitj4158M (M; — M;)

1<M] - M; > 0)
sgn(M]- - Mi) = 0<M] — Mi = O) (6)
—1(M]' —M; < 0)

n(n—1)(2n+5)
18 ’
where M; represents the FFD, LFD, or FFP in year j, and M; represents the values in year

Var(S) = (7)

i; n denotes the number of observations (63 years for the period 1961-2023). A positive
Z-value indicates an increasing trend, whereas a negative Z-value indicates a decreasing
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trend. Trends are considered statistically significant at the 95% and 99% confidence levels
(5% and 1% significance levels, respectively).

The MK test involves the computation of two complementary statistics: the forward
sequence (UFy) and the backward sequence (UBy). UFy (k =1, 2, ..., n) is computed
sequentially in the original chronological order as the standardized MK test statistic, with
UF; set to 0. UFy asymptotically follows a standard normal distribution. UBy is obtained by
applying the same procedure to the reversed time series and then multiplying the resulting
standardized statistic by —1. If the UF and UB curves intersect and the intersection point
lies within the critical bounds, the corresponding time point is identified as a potential
change point. Moreover, UF or UB values greater than 0 indicate an upward trend, whereas
those less than 0 indicate a downward trend. When either curve exceeds the critical lines,
the trend is considered statistically significant [30].

2.3.3. Pettitt Test

In contrast to the UF-UB procedure, the Pettitt test identifies the most probable change
point and provides its statistical significance (p-value), making the results more objective
and easier to interpret. This non-parametric method detects abrupt shifts in the mean
of a time series using a rank-based approach [31]. The method consists of three steps:
(i) computation of the statistic U; ;, (ii) derivation of K; , to identify the potential change
point, and (iii) assessment of statistical significance. The corresponding formulas are
presented in Equations (8)—(10).

Uty = Up—1,0 + Z?:l sgn(xy —x;) (t=2,3,...,n) (8)
Ki = max|Uy | (1<t<n) )
p = 2exp|—6K;,2/ (N? + N?)] (10)

when p < 0.05, the change point is considered statistically significant. This method is
robust to outliers and skewed distributions and provides a clear quantification of the
significance [31].

2.3.4. Partial Correlation Coefficient

Partial correlation coefficients were calculated to assess the relationship between frost
indices and altitude, longitude, and latitude at meteorological stations in Qinghai Province,
while controlling for the confounding effects among these geographical variables. Statistical
significance was set at p < 0.05. The formula is described as follows:

Flos = 712 — 7137123
T V(1 =rg?2) (1 —1s?)

where 715, 13, and ro3 represent the correlation coefficients among the three variables, and

(11)

7123 is the partial correlation coefficient between variables 1 and 2 after removing the effect
of variable 3.

2.3.5. Multiple Regression Analysis

Multiple regression analysis was performed to assess the relative contributions of
individual explanatory variables [32]:

Yr = a1xq +axo +azxz +b (12)
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First Frost Day (Mon/Day)

where Yr is the frost index (FFD, LFD, or FFP) predicted by the regression model; x1,
x2, and x3 represent altitude, longitude, and latitude, respectively; a1, a2, and a3 are the
corresponding regression coefficients; and b is the intercept.

2.3.6. Regression Interpolation

Regression interpolation was employed to develop statistical relationships between
the frost indices (FFD, LFD, and FFP) and the DEM. The derived relationships were
subsequently applied across Qinghai Province to produce continuous spatial surfaces with
a 30 m resolution.

3. Results
3.1. Temporal Trend Analysis

As shown in Figure 2, the average FFD in Qinghai Province during 1961-2023 occurred
on 5 October. The earliest FFD occurred on 24 September 1965, whereas the latest occurred
on 20 October 2016, with a significant delay of 2.08 d /10 a according to the linear regression
analysis. The average LFD was 14 May, ranging from 30 April 2020 (earliest) to 29 May
1961 (latest), and advanced significantly at 2.87 d/10 a. The average FFP was 144 days,
varying from 123 days (1961) to 170 days (2020), and increased significantly at 4.68 d/10 a.
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Figure 2. Annual variation in the (a) first frost date, (b) last frost date, and (c) frost-free period in
Qinghai Province from 1961 to 2023.

The trends in FFD, LFD, and FFP during 1961-1990 and 1991-2020 are consistent with
those observed over the full period (1961-2023) (Table 1): FFD was delayed, LFD advanced,
and FFP was prolonged. However, none of these trends were statistically significant during
1961-1990, whereas all were significant during 1991-2020, with rates of change markedly
exceeding those for the entire study period.
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Table 1. FFD, LFD, and FFP trends during each WMO reference period in Qinghai Province (d/10 a).

FFD LFD FFP
1961-1990 1.36 —1.46 2.09
1991-2020 3.73 % —3.60 ** 7.36 **
1961-2023 2.08 ** —2.87** 4.68 **

** indicates that the slope is significant at the 99% significance level. FFD, first frost date; LFD, last frost date; FFP,
frost-free period; WMO, World Meteorological Organization

Across the four functional areas of Qinghai Province (Table 2), the FFD was also
significantly delayed, the LFD advanced, and the FFP prolonged. The rates of FFD delay,
LFD advancement, and FFP prolongation were largest in the Qaidam Basin, at 2.74, 3.31,
and 5.98 d/10 a, respectively. In contrast, the delay rate of the FFD, the advancement rate
of the LFD, and the prolongation rate of the FFP in the Three-River Source Area were 1.66,
2.44, and 4.18 d/10 a, respectively, representing the lowest rates among these indices.

Table 2. FFD, LFD, and FFP trends in different functional areas of Qinghai Province from 1961 to
2023 (d/10 a).

East Agriculture . . Qilian Three-River
Area Qaidam Basin Mountains Source River
FFD 2.36 ** 2.74 ** 1.84 ** 1.66 **
LFD —2.87 ** —3.31 ** —2.49 ** —2.44 **
FFP 5.19 ** 5.98 ** 4471 ** 4,18 **

** indicates that the slope is significant at the 99% significance level. FFD, first frost date; LFD, last frost date; FFP,
frost-free period.

As indicated in Table 3, in Qinghai Province, the FFD from the 1960s to the 1990s
occurred earlier than those in the post-2000 period and earlier than the average over the
entire study period. The LFD from the 1960s to the 1980s occurred later than those after
the 1990s and later than the long-term average. The FFP in the 1990s was equal to the
1961-2023 average and subsequently exceeded it.

Table 3. Ten-year means of the FFD, LFD, and FFP in Qinghai Province and the four functional areas.

Area 1961-1970 1971-1980 1981-1990 1991-2000 2001-2010 2011-2023 1961-2023
b FFD 10/1 10/2 10/4 10/4 10/9 10/12 10/6
I?“‘S al LFD 5/20 5/19 5/18 5/13 5/11 5/7 5/14
rovince FFP 134 136 139 144 151 157 144
Eastern FFD 10/17 10/17 10/19 10/20 10/24 10/28 10/21
Agriculture LFD 4/26 4/26 4/24 4/21 4/18 4/12 4/21
Area FFP 173 174 178 182 188 199 183
FFD 9/28 9/30 10/4 10/7 10/11 10/11 10/6
Qaidam Basin  LFD 5/19 5/14 5/14 5/8 5/3 5/3 5/10
FFP 133 139 143 152 161 161 149
" FFD 9/18 9/20 9/21 9/21 9/27 9/28 9/23
MQ1 ian LFD 6/4 6/7 6/1 5/31 5/29 5/24 5/31
ountains FFP 106 105 111 113 121 127 115
Theee-Ri FFD 9/22 9/24 9/26 9/23 9/29 10/2 9/26
. ree-Rlyer LED 6/8 6/8 6/6 6/2 6/1 5/28 6/3
ource River FFP 106 108 111 113 120 127 115

FFD, first frost date; LFD, last frost date; FFP, frost-free period.
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In the Eastern Agricultural Area, the average FFD from 1961 to 2023 was 21 October,
which was later than the average FFD from the 1960s to the 1990s and earlier than the
average after the 2000s. The average LFD occurred on April 21, which was earlier than
the average from the 1960s to the 1980s. The average FFP during the study period was
183 days, which was longer than the average FFP from the 1960s to the 1990s.

In the Qaidam Basin Area, the average FFD during 1961-2023 occurred on 6 October,
which was later than the average FFD from the 1960s to the 1980s and earlier than the
average after the 1990s. The average LFD occurred on 10 May, which was earlier than the
average value from the 1960s to the 1980s and later than the average LFD after the 1990s.
The average FFP was 149 days, which was longer than the average from the 1960s to the
1980s and shorter than the value after the 1990s.

In the Qilian Mountain Area, the FFD occurred on 23 September, which was later than
the 1960s-1990s average and earlier than the average after the 2000s. The average LFD
occurred on 31 May, which was earlier than the 1960s-1980s average, similar to that of the
1990s, and later than the average after the 2000s. The average FFP was 115 days, which was
longer than the 1960s-1990s average.

In the Three-River Source River Area, the average FFD occurred on 26 September,
which was later than the 1960s-1990s average and earlier than the average after the 2000s.
The average LFD occurred on 3 June, which was earlier than the 1960s-1980s average and
later than the average after the 1990s. The average FFP was 115 days, which was longer
than the 1960s-1990s average.

3.2. Spatial Characteristics Analysis
3.2.1. Spatial Distribution Characteristics of Frost Dates

From 1961 to 2023, the spatial distribution of the FFD and LFD in Qinghai Province
gradually advanced from east to west, whereas FFP gradually shortened from east to west
(Figure 3). The FFD in Qinghai Province occurred between 5 September and 4 November.
The FFDs at the Minhe, Xunhua, Jianzha, Ping’an, and Ledu stations were the latest, occur-
ring after 28 October. The FFDs were earliest at six stations, including Wudaoliang, Tuole,
Qingshuihe, Yeniugou, Maduo, and Tuotuohe, occurring before 13 September (Figure 3a).
The LFD in Qinghai Province was between 27 March and 6 July, while the LFDs at the Wu-
daoliang, Tuotuohe, and Qingshuihe stations were the latest, occurring after 23 June. The
LFDs at the Minhe, Xunhua, and Jianzha stations were the earliest, occurring on 30 March
(Figure 3b). The average FFPs in Qinghai Province ranged from 61 and 222 days, while
those in Minhe, Xunhua, Jianzha, Ping’an, and Ledu exceeded 206 days. The FEFPs at the
Wudaoliang, Qingshuihe, and Tuotuohe stations were less than 80 days (Figure 3c).

3.2.2. Spatial Distribution Characteristics of Frost Trend

The spatial distribution of frost trends across the 51 stations in Qinghai Province from
1961 to 2023 is shown in Figure 4. The FFD showed a delayed trend, with a delay rates
ranging from 2.19 to 4.51 d/10 a. Approximately 61% of the stations showed a strongly
significant delayed trend (p < 0.01), while 20% showed a delayed trend significant at the
lower threshold of p < 0.05. Qinghai Lake 151, Mangai, and Tongde stations had the fastest
delay rates, higher than 4.37 d /10 a. Xining and Tuole had the slowest delay rates, below
0.29 d/10 a (Figure 4a).

The LFD exhibited an advancing trend, with advance rates ranging from 0.41 to
5.55d/10 a. Approximately 67% of the stations exhibited a strongly significant advancing
trend, while 22% displayed a significant advancing trend. The Mangai, Tongde, Qinghai
Lake 151, and Wudaoliang had the fastest advance rates, exceeding 4.17 d/10 a. Hua-
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long, Xining, Guinan, and Xinghai had the slowest advance rates, which were less than
0.96 d/10 a (Figure 4b).
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Figure 3. Spatial distribution of (a) FFD, (b) LFD, and (c) FFP trend coefficients in Qinghai Province
from 1961 to 2023. FFD, first frost date; LFD, last frost date; FFP, frost-free period.
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Figure 4. Spatial distribution of (a) FFD, (b) LFD, and (c) FFP period trends in Qinghai Province from
1961 to 2023. FFD, first frost date; LFD, last frost date; FFP, frost-free period.
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Statistic

The FFP extension rate ranged from 0.82 and 10.00 d/10 a, showing an increasing
trend. Among all stations, 82% displayed a strongly significant extension trend, while 4%
exhibited a significant extension trend (Figure 4c). The Xining and Xinghai had the slowest
extension, below 1.57 d/10 a, whereas the Qinghai Lake 151, Tongde, and Mangai had the
fastest extension rates, exceeding 8.40 d /10 a (Figure 4c).

3.3. Change Point Characteristics

The MK mutation test curves for the FFD, LFD, and FFP in Qinghai Province from
1961 to 2023 are shown in Figure 5. Over the past 63 years, the positive-sequence UF curve
of the FFD in Qinghai Province showed an overall upward trend, whereas the inverse-
sequence UB curve exhibited a downward trend. The two curves intersected in 1998, and
the FFD change point was determined to be 1998. The average FFD occurred on 1 October
before the change point and on 8 October after it, representing a delay of 7 days (Figure 5a).
The positive-sequence UF curve of the LFD showed an overall downward trend, whereas
the inverse-sequence UB curve displayed an upward trend. The two intersected in 2004,
and the LFD change point was determined to be 2004. The average LFD occurred on 17 May
before the change point and on 8 May after it, representing an advance of 9 days (Figure 5b).
The positive-sequence UF curve of the FFP showed an overall upward trend, whereas the
inverse-sequence UB curve showed a downward trend. The two intersected in 1999, and
the FFP change point was determined to be 1999. The average FFP was 139 days before
and 156 days after the change point, representing an extension of 17 days (Figure 5c).
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Figure 5. MK test curves of the (a) FFD, (b) LFD, and (c) FFP in Qinghai Province from 1961 to 2023.
FFD, first frost date; LFD, last frost date; FFP, frost-free period.

As indicated in Table 4, significant abrupt changes were detected in all three factors
based on the Pettitt test (p < 0.01). The FFD change-point year was 1997. The FFD was
delayed from 2 October before the change point to 10 October after it, corresponding to an
extension of 8 days. The rate of change increased from 1.25 d/10 a before the change point
to 2.5 d/10 a afterward. A significant change point in the LFD occurred in 1995, with the
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mean date advancing from 18 May to 9 May (a shift of 9 days), while the negative trend
steepened from —1.37 to —2.12 d/10 a. Correspondingly, the FFP experienced a significant
regime shift in 1995, increasing from 138 to 155 days (an increase of 17 days), with the trend
slope increasing from 2.60 to 4.88 d/10 a. Overall, the rates of change for all three variables
increased markedly before and after the change-point year, indicating that local thermal
conditions became more responsive to regional climate warming during the later period.

Table 4. FFD, LFD, and FFP change points in Qinghai Province from 1961 to 2023.

Change Mean Value Rate Before Mean Value Rate After Change
Point Before Change Change (d/10a) After Change  Change (d/10 a) Magnitude
FFD 1997 ** 2 October 1.25 ** 10 October 2.50 ** 8
LFD 1995 ** 18 May —1.37 ** 9 May —2.12** -9
FFP 1995 ** 138 2.60 ** 155 4.88 ** 17
** indicates that the slope is significant at the 99% significance level. FFD, first frost date; LFD, last frost date; FFP,
frost-free period.
3.4. Influencing Factors
The correlation and regression coefficients between the FFD, LFD, FFP, and the geo-
graphical factors in Qinghai Province from 1961 to 2023 are shown in Table 5. The FFD
showed significant positive correlations with longitude (r = 0.385) and latitude (r = 0.069).
Higher longitudes and latitudes were associated with later FFD occurrence. The FFD and
altitude exhibited a significant negative correlation, with the FFD gradually advancing
with increasing altitude. Specifically, for every 10 m increase in altitude, the FFD advanced
by 0.27 days (Table 6).
Table 5. Relationships between FFD, LFD, FFP, and geographical factors in Qinghai Province.
Longitude Latitude Altitude
Correlati FFD 0.385 ** 0.069 ** —0.687 **
Org ation LFD —0.394 ** —0.215 ** 0.811 **
coefficient FFP 0.413 ** 0.165 ** —0.807 **
** indicates that the slope is significant at the 99% significance level. FFD, first frost date; LFD, last frost date; FFP,
frost-free period; Lo, longitude; La, latitude; Al, altitude.
Table 6. Multiple regression analysis between the FFD, LFD, FFP, and geographical factors in
Qinghai Province.
Multiple R Anal VIF
ultiple Regression Analysis Durbin-Wat
P & y wrbm-ivatson Longitude Latitude Altitude
FFD  FFD = —0.66 x Lo — 5.49 x La — 0.03 x Al + 624.32 1.284 1.518 1.654 2.209
LFD LFD =1.29 x Lo + 6.61 x La + 0.04 x Al + 368.22 1.215 1.514 1.652 2.197
FFP  FFP =-1.94 x Lo — 12.11 x La — 0.07 x Al +992.29 0.960 1.514 1.651 2.196

LFD was significantly negatively correlated with longitude (r = —0.394) and latitude
(r = —0.215). Higher longitudes and latitudes were associated with earlier LFD occurrence.
A significant positive correlation was observed between LFD and altitude; as altitude
increased, the LFD was gradually delayed. For every 10 m increase in altitude, LFD was
delayed by 0.43 days.

FFP exhibited significant positive correlations with longitude (r = 0.413) and latitude
(r = 0.165). Higher longitudes and latitudes were associated with longer FFPs. The FFP
and altitude were significantly negatively correlated; the FFP gradually shortened with
increasing altitude. For every 10 m increase in altitude, the FFP decreased by 0.70 days.
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The regression diagnostics (Durbin—-Watson and VIF) presented in Table 6 indicate that
multicollinearity is not problematic (all VIFs < 2.21, well below the threshold of 10) and
that residual autocorrelation is negligible (Durbin-Watson values close to 2, ranging from
0.96 to 1.28), thereby supporting the reliability of these regression estimates. The latitudinal
and longitudinal influences on the FFD, LFD, and FFP were inconsistent with most research
results. The observed divergence is primarily attributable to the unique topography of
the region. The terrain in Qinghai is generally higher in the west and lower in the east,
with elevated areas surrounding the Central Depression to both the north and the south.
The western region features high and steep altitudes that descends eastward in a stepwise
manner. The eastern region, which serves as a transition zone between the Qinghai-Tibet
Plateau and Loess Plateau, is characterized by complex topography and diverse landforms.

4. Discussion

In the context of global warming, the FFD, LFD, and FFP have been significantly
delayed, advanced, and prolonged, respectively, in the Loess Plateau [33], Yellow River
Basin [34], North China [35], and Northern Xinjiang [36]. The present study found that the
changes in the FFD, LFD, and FFP in Qinghai Province during 1961-2023 were greater than
those in other regions, consistent with previous research results [37]. However, differences
still exist among the three factors, and the rates of change in the LFD and FFP are generally
greater than those in other regions [34-36,38]. The rate of change in the FFD is greater
than that of most regions and slightly lower than that of individual sites [25,34]. This
demonstrates that Qinghai, as an important part of the Qinghai-Tibet Plateau, is more
sensitive to climate change than other regions. Overall, the changes in the FFD, LFD,
and FFP were more beneficial than detrimental for agriculture and animal husbandry in
Qinghai Province. The delay in the FFD, the advance of the LFD, and the extension of
the FFP extended the crop-growing season, provided sufficient heat resources for regional
agricultural production, and were conducive to expanding suitable crop planting areas
and enhancing productivity. However, this phenomenon does not imply that climate
change will reduce frost damage. On the contrary, it increases crop exposure to frost. The
sensitivity of crop growth to frost varies with species and growth environment. After
climate warming, the crop planting boundary shifted northward, the area of late-maturing
varieties expanded, and multiple cropping indices increased. However, the heat demand of
crops remained tightly balanced. Simultaneously, climate change and changes in planting
structure have led to changes in the rhythm of crop growth and development, thereby
increasing the risk of frost damage [21].

Compared with other regions in China [3,35,39,40], the extension rate of the FFP in
Qinghai Province (4.68 d/10 a) exceeded that of the Loess Plateau (3.10 d/10 a), North
China (3.85d /10 a), Northeast China (4.08 d /10 a), and the Huaihe River Basin (4.38 d /10 a),
but remained lower than that of the Tibet region (8.40 d/10 a). The delay rate of FFD in
Qinghai (2.08 d/10 a) was lower than that in Tibet (5.1 d/10 a) and the Huaihe River
Basin (2.15 d/10 a), but higher than that in North China (1.50 d/10 a), Northeast China
(1.55 d/10 a), and the Loess Plateau (1.75 d/10 a). The advance rate of LFD in Qinghai
(2.87 d/10 a) was lower than that in Tibet (3.3 d/10 a), but higher than that in Northeast
China (2.50 d/10 a), the Huaihe River Basin (2.49 d/10 a), North China (2.32 d/10 a), and
the Loess Plateau (2.2 d/10 a). These regional disparities are primarily attributable to
the combined influence of multiple factors in Qinghai Province, which is located in the
northeastern transitional zone of the Qinghai-Tibet Plateau. First, with an average elevation
exceeding 3000 m, the high-altitude region is generally more sensitive to climate warming,
resulting in more pronounced changes in frost-related variables. This explains why the rates
of change in the FFD, LFD, and FFP in Qinghai are at the upper-middle level nationwide,
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yet still lower than those observed in the higher-altitude Tibet region. Second, Qinghai
has a typical continental climate, distinct from the eastern monsoon region influenced by
oceanic conditions. The diurnal and annual temperature ranges are relatively large, and
the underlying surface—dominated by alpine meadows, desert, and bare soil—has a high
albedo, which further amplifies the effects of climate warming on frost-related variables.

Notably, the advance rate of the LFD in Qinghai was faster than the delay rate of the
FFD. This asymmetry implies that spring warming exerts a stronger effect on advancing
the LFD than autumn cooling has on delaying the FFD, indicating that the acceleration of
spring temperature rise exceeds the deceleration of autumn cooling. From an agricultural
perspective, the earlier advance of LFD in spring is favorable for the sowing and emergence
of spring-sown crops; however, it also increases the risk of late spring coldness events,
as crops sown too early may suffer more severe losses if exposed to anomalously low
temperatures. The delayed onset of the FFD in autumn provides a longer growing period
for late-maturing varieties and multiple-cropping systems, but it may also disrupt the
traditional maturation and harvest schedules, leaving some crops vulnerable to early
frost damage.

The impacts of frost changes on agriculture vary depending on crop species, growth
stages, and planting regions. Major crops in Qinghai Province include spring wheat,
highland barley, spring rapeseed, potato, and broad bean, each with different sensitivities
and tolerances to frost. Although the overall trends identified in this study, namely, delayed
FFD, advanced LFD, and prolonged FFP, favor an extended crop growing season from the
perspective of annual heat resources, they do not necessarily imply a reduction in frost
damage. On the contrary, the earlier LFD may encourage earlier sowing, while the delayed
FFD may promote the adoption of late-maturing varieties. Under the combined influence of
these two factors, the probability of crops encountering frost during critical growth stages
may increase.

Frost changes also directly affect cropping systems and planting patterns in Qinghai
Province. The gradient effect identified in this study, namely, a shortening of the FFP by
0.5 days per 10 m increase in elevation, has practical agricultural implications. With climate
warming and the extension of the FFP, high-altitude areas that were previously unsuitable
for certain crops due to an excessively short FFP may gain new planting opportunities.
However, concurrently, the rates of FFD delay and LFD advance in these high-altitude
regions are relatively slow, implying that crops still face considerable frost risk. Prolonga-
tion of the FFP creates favorable thermal conditions for increasing the multiple-cropping
index and introducing high-value cash crops in the eastern agricultural zone of Qinghai
Province. Nevertheless, such agricultural expansion is accompanied by increased exposure
to climatic risk and should therefore be gradually implemented in practice.

Comparison of the rates of change in the FFD, LFD, and FFP in the four functional
areas revealed that the Qaidam Basin, characterized by a dry climate, exhibited the highest
rates of change. This was followed by the Eastern Agricultural Area, which has the
largest human disturbance. Climate and human factors jointly affected changes in the
FFD and LFD, with climate having the greater influence. Research indicates that these
variations are primarily attributable to topography, geographical location, and cold air
pathways [41]. Furthermore, the circulation index and level of urbanization also influence
these variations [42]. The Qinghai-Tibet Plateau represents the upper limit of farming
and multiple cropping. However, with increasing temperatures, the cultivated land area
and upper limit of the altitude suitable for crop growth on the Qinghai-Tibet Plateau
have increased [5,43,44]. Qinghai is located in the northeastern part of the Qinghai-Tibet
Plateau, where altitude is the key factor influencing the FFD, LFD, and FFP. Owing to the
pronounced terrain fluctuations in Qinghai, temperature varies significantly with increasing
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altitude. The second most influential factor is longitude, which spans a wide range (89-104°
E). In contrast, the latitude range is small (31-40° N), resulting in only a minor effect on
the FFD, LFD, and FFP. With the development of a warmer and more humid climate, the
crop production potential of the Qinghai Plateau is expected to improve. Consequently,
the planting range of plateau crops will expand to high latitudes, and the distribution of
suitable planting areas will shift accordingly.

Qinghai Province spans an elevation range from approximately 1620 m in the east
to about 6830 m in the west, providing a natural experimental setting for analyzing the
elevation dependence of frost variables. This study found that for every 10 m increase in
elevation, the FFD advanced by 0.18 days, the LFD was delayed by 0.32 days, and the FFP
shortened by 0.5 days—an elevation gradient effect that is rarely observable in low-altitude
regions nationwide. From the low-altitude Eastern Agricultural Zone to the high-altitude
Sanjiangyuan and Qilian Mountains, the FFP differs by nearly 70 days, and this substantial
spatial variation is predominantly controlled by elevation. Furthermore, the response rates
of frost variables to climate warming vary substantially along different elevation gradients.
Similar to findings in the Tibet region [40], the rate of FFP prolongation in Qinghai also
increases with elevation. This elevation-dependent response may be associated with the
more pronounced warming trend at higher altitudes, the feedback effects of snow cover
changes on surface albedo, and vertical differences in atmospheric boundary-layer structure.
In contrast, studies conducted in low-altitude regions such as the North China Plain and
the Huang-Huai-Hai Plain, which have relatively flat terrain, are unable to show this
important elevation gradient effect. Such elevation-dependent frost changes, however, are
not unique to the Qinghai-Tibet Plateau; similar altitudinal patterns have been documented
in other high-mountain regions, including the European Alps [45] and the Andes [46]. In
addition, the spatiotemporal variation characteristics of the FFD, LFD, and FFP, along
with the elevation gradient effects identified in this study, can provide a scientific basis for
developing differentiated frost disaster prevention strategies for different crops and across
different elevation zones.

An abrupt period of extreme climate events in China occurred from the 1980s to
the 1990s [47], during which the FFD, LFD, and FFP each experienced distinct change
points [34]. The Qinghai-Tibet Plateau experienced a sudden change from cold to warm
in 1987 [48]. However, the FFD, LFD, and FFP in Qinghai Province exhibited change
points in 1998, 2004, and 1999, respectively. After this change in climate state, the trends
of delayed FFD, advanced LFD, and prolonged FFP became evident. These change points
differ from those reported in other high-altitude regions. For instance, in the northern
Rocky Mountains, the timing of such transitions may be explained by season-dependent
interannual-to-interdecadal changes in atmospheric circulation associated with Pacific
Ocean sea surface temperatures [47]. In the eastern monsoon region of China, which is
also the major grain-producing area, frost changes are primarily controlled by factors
such as the intensity of the East Asian monsoon, land-sea thermal contrast, and the
subtropical high, resulting in a relatively stable climate system. In contrast, Qinghai
Province is situated at the convergence of the westerlies and the Indian monsoon, two
major circulation systems, rendering its climatic driving mechanisms considerably more
complex. The westerlies dominate the hydroclimatic processes in the northern and western
parts of Qinghai, modulating seasonal precipitation variability and the intensity of the
Indian summer monsoon through westerly-monsoon interactions. Meanwhile, the thermal
forcing of the plateau exerts a substantial seasonal influence on atmospheric circulation.
The combined effects of these multiple circulation systems make the driving mechanisms
of frost changes in Qinghai far more complex than those in the eastern monsoon region.
Moreover, surface processes such as seasonal freeze-thaw dynamics, snow cover, and
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surface albedo feedback respond to climate change in ways that are distinctive to plateau
environments. This complex driving mechanism, resulting from the combined influences
of westerly-monsoon interactions and plateau thermodynamic effects, represents a unique
perspective not captured in studies conducted in low-altitude regions. It also provides
important clues for understanding the differential responses of frost dynamics in high-
altitude areas under global warming.

These findings provide a scientific basis for adjusting crop planting boundaries and
optimizing agricultural layouts in high-altitude regions under climate change. However,
this study was limited by the lack of crop-specific frost sensitivity data and future cli-
mate scenario projections. Future research should incorporate crop growth models and
climate prediction data to quantitatively assess frost risk dynamics and inform adaptive
agricultural strategies.

It should be acknowledged that this study has three main limitations. First, the adop-
tion of a single 0 °C frost threshold does not capture the differential sensitivity of various
crop species and growth stages to sub-zero temperatures. Second, the agricultural implica-
tions are derived solely from meteorological observations, without direct measurements
of actual crop damage or yield losses. Third, the uneven distribution of weather stations
across Qinghai Province may introduce spatial biases. Nevertheless, our results provide
a preliminary assessment of frost regime changes and underscore the need for future
integrated studies that combine climate, crop, and socio-economic data.

5. Conclusions

This study demonstrated that the FFD, LFD, and FFP in Qinghai Province occurred
on 5 October, 14 May, and lasted 144 days, respectively. The FFD, LFD, and FFP in
Qinghai Province and each region showed significant delay, advance, and extension trends,
respectively, reflecting climate warming in Qinghai. From low to high altitudes, the
FFD, LFD, and FFP gradually advanced, delayed, and shortened, respectively. Lower
(higher) altitudes were associated with earlier (later) FFDs, later (earlier) LFDs, and longer
(shorter) FFPs. Specifically, the FFD, LFD, and FFP in the Three-River Source Area and
Qilian Mountain areas occurred earlier and later, respectively, and were shorter than
those in the Qaidam Basin and the Eastern Agricultural Area. Over the past 63 years, the
51 meteorological stations in Qinghai recorded delays in the FFD, advances in the LFD,
and extensions in the FFP. The FFD, LFD, and FFP in Qinghai Province experienced change
points in 1998, 2004, and 1999, respectively. Following these change points, the FFD, LFD,
and FFP showed significant delay, advance, and extension trends, respectively.

These findings inform adaptive agricultural strategies in high-altitude regions, though
future research should integrate crop growth models with climate projections to address the
current limitations in crop-specific frost sensitivity data and quantitative risk assessment.
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