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Abstract

Using daily minimum temperature observations from 37 surface meteorological
stations in Northern Xinjiang from 1961 to 2017, combined with conventional
meteorological statistical methods, the spatiotemporal evolution characteristics
of first frost date, last frost date, and frost period in the Northern Xinjiang
region were analyzed. The results show that: (1) The average first frost date in
Northern Xinjiang was delayed at a rate of 2.2 d - (10a)~!; the average last frost
date advanced at a rate of 1.7 d + (10a)~!; the average frost period shortened at
a rate of 3.9 d + (10a)~!; the main periods of first frost date, last frost date, and
frost period were all approximately 2 a. (2) Regions in Northern Xinjiang with
larger (smaller) frost period shortening trends corresponded well to stronger
(weaker) delays in first frost date and advances in last frost date; the most
significant shortening trends in frost period occurred in Ili Prefecture, northern
Tacheng Prefecture, and the northeastern Eastern Tianshan Mountains, the
area from Bortala Prefecture to the northern slope of the Tianshan Mountains
was intermediate, and Altay Prefecture showed the weakest shortening trend in
frost period. (3) In most areas of Northern Xinjiang, the trend of first frost date
change had a good correlation with altitude; the delay rate of first frost date
decreased with increasing altitude, with a vertical lapse rate of -0.077 d - (a -
km)~!; autumn climate warming was the main reason for the delay of first frost
date, while climate warming in both spring and autumn affected the shortening
of frost period, with autumn having a greater impact.
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Abstract: Using daily minimum temperature observations from 37 surface
meteorological stations in northern Xinjiang (1961-2017) combined with con-
ventional meteorological statistical methods, this study analyzes the temporal
and spatial evolution characteristics of first frost dates, last frost dates, and
frost periods in the region. The results show that: (1) The average first frost
date in northern Xinjiang is delayed at a rate of 2.2 d « (10a)~! (significant at
the 99.9% level). The average last frost date is advanced at a rate of 1.7 d -
(10a)~1, and the average frost period is shortened at a rate of 3.9 d+(10a)~t. The
principal change cycle for first frost dates, last frost dates, and frost periods is
approximately two years. (2) Regions with larger frost period shortening trends
correspond well with stronger delays in first frost dates and advances in last frost
dates. The most significant shortening trends occur in Ili Prefecture, northern
Tacheng Prefecture, and the northeastern part of the eastern Tianshan Moun-
tains. The narrow zone extending from Bortala Mongol Autonomous Prefecture
to the northern slope of the Tianshan Mountains shows moderate shortening
trends, while Altay Prefecture exhibits the weakest trend. (3) The temporal
variation trend of first frost dates across most of northern Xinjiang correlates
strongly with altitude (significant at the 95% level). The delay rate of first frost
dates decreases with increasing altitude, with a vertical lapse rate of -0.077 d -
(100m)~*. Autumn warming is the primary cause of delayed first frost dates,
while both spring and autumn warming affect frost period shortening, with
autumn warming having a greater impact.

Keywords: first/last frost date; frost period; temporal and spatial variation;
northern Xinjiang

1.1 Data Sources

This study utilizes daily minimum temperature data from 37 surface meteoro-
logical stations in northern Xinjiang (Fig. 1) that have been quality-controlled
by the Xinjiang Meteorological Information Center. The first and last dates
when daily minimum temperature falls below 0°C each autumn and spring are
identified as the first and last frost dates, respectively. The analysis focuses
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on the temporal and spatial variation characteristics of frost dates and frost
periods in plain and basin regions. To facilitate analysis, the first and last frost
dates from all stations are regionally averaged, and dates from the Gregorian
calendar are converted to Julian calendar days, where January 1 is defined as
day 1, January 2 as day 2, and so on.

2.1.1 Temporal Trend of First Frost Dates

Analysis of the interannual variation in average first frost dates in northern
Xinjiang from 1961 to 2017 reveals a significant overall delaying trend (Fig. 2).
The first frost date is delayed at a rate of 2.2 d - (10a)~* (significant at the 99.9%
confidence level). The sliding average trend line shows a continuous delay with
small fluctuations after 1970. The latest average first frost date occurred on day
304 (October 31) in 1976, while the earliest occurred on day 267 (September 24)
in 1974, representing a difference of 37 days between extreme years.

2.1.2 M-K Mutation Test for First Frost Dates

The Mann-Kendall (M-K) mutation test for average first frost dates in northern
Xinjiang indicates a predominantly increasing trend, reflecting the observed
delay in first frost dates (Fig. 2). A significant mutation occurred in 1997, after
which the UF curve exceeds the 0.05 significance level threshold, demonstrating
that the delaying trend has become particularly pronounced in recent decades.

2.2.1 Temporal Trend of Last Frost Dates

The interannual variation in average last frost dates shows a clear advancing
trend (Fig. 3). The last frost date is advanced at a rate of 1.7 d - (10a)~! (signif-
icant at the 99.9% confidence level). The sliding average reveals a continuous
advance with minor fluctuations after 1970. The latest average last frost date
occurred on day 126 (May 6) in 1961, while the earliest occurred on day 86
(March 27) in 2016, with a 40-day difference between extreme years.

2.2.2 M-K Mutation Test for Last Frost Dates

The M-K mutation test for average last frost dates shows a decreasing trend,
indicating advancement of the last frost date (Fig. 3). A significant mutation
occurred in 1994, after which the UF curve crosses the 0.05 significance level
threshold, marking the beginning of a pronounced advancing trend.

2.3.2 M-K Mutation Test for Frost Period

The M-K mutation test for the average frost period reveals a decreasing trend,
indicating significant shortening (Fig. 4). A mutation occurred in 1993, after
which the UF curve exceeds the 0.05 significance level threshold, showing that
the shortening trend has become particularly evident in recent years.
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2.4.1 Periodic Variation Characteristics of First Frost Dates

Morlet wavelet analysis of first frost dates shows significant energy concentration
in the frequency and time domains at two centers with coordinates (2a, 1990)
and (2a, 2005) (Fig. 5). The strong influence ranges of wavelet energy con-
centration in the time domain are 1985-1995 and 2000-2010, respectively. The
time-averaged power spectrum indicates oscillation periods of approximately 2
years and 4 years, with the 2-year cycle passing the 95% significance test, estab-
lishing it as the primary period for first frost date variation.

2.4.2 Periodic Variation Characteristics of Last Frost Dates

Wavelet energy spectrum distribution for last frost dates shows significant con-
centration at two centers with coordinates (2a, 1985) and (2a, 2005) (Fig. 5).
The strong influence ranges are 1980-1990 and 2000-2010, respectively. The
time-averaged power spectrum reveals oscillation periods of approximately 2
years and 4 years, with the 2-year cycle passing the 95% significance test, con-
firming it as the dominant period for last frost date variation.

2.4.3 Periodic Variation Characteristics of Frost Period

The wavelet energy spectrum for frost period shows significant concentration at
two centers with coordinates (2a, 1985) and (2a, 2005) (Fig. 5). The strong
influence ranges are 1980-1990 and 2000-2010. The time-averaged power spec-
trum indicates oscillation periods of approximately 2 years and 4 years, with
the 2-year cycle passing the 95% significance test, establishing it as the primary
period for frost period variation.

3.1 Spatial Variation of First Frost Dates

Spatial variation trends for first frost dates from 1961 to 2017 show overall
increasing tendency rates ranging from 0.06 to 0.48 d-a~!, indicating widespread
delay across northern Xinjiang (Fig. 6). The Ili River Valley exhibits a strong
north-to-south gradient (0.06-0.48 d-a~!), with delaying trends intensifying
southward. Bortala shows a more gradual north-to-south pattern (0.18-0.30 d -
a~1). Northern Tacheng displays decreasing delay trends from north to south
(0.36-0.18 d - a~!). Most of Altay Prefecture shows weak delaying trends (0.06-
0.18 d - a™ 1), except for Qinghe County. The desert area north of Mosuowan in
Shihezi City exceeds 0.36 d - a~!, indicating a pronounced delay. The northern
slope of the Tianshan Mountains shows moderate delays (0.06-0.24 d -a™1),
while the northeastern part of the eastern Tianshan Mountains exhibits stronger
delaying trends (0.24-0.36 d - a~!). In summary, the most rapid delays occur in
Bortala, northern Tacheng, the southern margin of the Junggar Basin, and the
northeastern eastern Tianshan Mountains.
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3.2 Spatial Variation of Last Frost Dates

Spatial variation trends for last frost dates range from -0.56 to 0.08 d - a~!, indi-
cating that most areas are experiencing advancement, though some show weak
delaying trends (Fig. 6). The Ili River Valley shows increasing advancement
from north to south (-0.08 to -0.40 d -a~!). Central-eastern Bortala exhibits
consistent advancement around -0.16 d - a~!. Northern Tacheng shows strong
advancement (-0.32 to -0.40 d-a~!). Most of Altay Prefecture shows weak
advancement, though Fuhai County demonstrates stronger advancement (-0.32
d-a~!) while Altay City shows a slight delay (0.07 d-a~!). The northern
slope of the Tianshan Mountains shows decreasing advancement from north
to south (-0.16 to 0.0 d - a!). The northeastern eastern Tianshan Mountains
show increasing advancement from west to east (-0.08 to -0.32 d - a™!), except
for Beitashan which shows a delaying trend (0.06 d - a=!). Thus, the strongest
advancement occurs in Ili Prefecture, northern Tacheng, and the northeastern
eastern Tianshan Mountains, with moderate advancement along the Bortala to
northern Tianshan slope.

3.3 Spatial Variation of Frost Period

Spatial variation trends for the frost period range from -0.8 to 0.0 d -a~?!, in-
dicating overall shortening across northern Xinjiang (Fig. 6). The Ili River
Valley shows the greatest shortening, with Huoerguosi City reaching -0.19 d -
a~! and Yining County -0.07 d - a~!. Northern Tacheng exhibits strong short-
ening trends (-0.5 to -0.7 d -a~1). Altay Prefecture shows increasing shortening
trends from north to south (-0.4 to -0.5 d+a~!). The northern slope of the
Tianshan Mountains shows consistent shortening (-0.2 to -0.3 d-a™!). The
northeastern eastern Tianshan Mountains show gradually increasing shortening
trends from west to east, with Naomaohu reaching -0.63 d - a~!. Overall, areas
with larger frost period shortening trends correspond well with stronger delays
in first frost dates and advances in last frost dates. The frost period shortening
is most significant in Ili Prefecture, northern Tacheng, and the northeastern
eastern Tianshan Mountains, moderate along the Bortala to northern Tianshan
slope, and weakest in Altay Prefecture.

4.1 Impact of Spring and Autumn Temperature

Analysis of spring and autumn temperature trends from 1961 to 2017 shows
warming rates of 0.03°C-a~! and 0.04°C -a~!, respectively (Fig. 7). Regression
analysis between frost parameters and seasonal temperatures reveals that first
frost dates are significantly delayed as autumn temperature increases (Fig. 8),
with each 1°C increase in autumn temperature delaying the first frost date by
approximately 3.3 days. The relationship between last frost dates and spring
temperature is not statistically significant. The frost period shortens signifi-
cantly with autumn warming (Fig. 8), with each 1°C increase shortening the
period by about 5.0 days. Spring warming also contributes to frost period
shortening, with each 1°C increase reducing the period by approximately 1.0
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day. These results demonstrate that autumn warming is the primary driver of
delayed first frost dates, while both spring and autumn warming influence frost
period shortening, with autumn warming having a substantially greater effect.
This may explain why the delaying rate of first frost dates exceeds the advancing
rate of last frost dates in northern Xinjiang.

4.2 Impact of Altitude

To investigate the relationship between temporal trends in frost parameters and
altitude, we selected stations whose trends passed significance tests for quantita-
tive analysis. The relationship between last frost dates and frost period trends
with altitude was not statistically significant, so we focus on first frost dates. Re-
gression analysis shows that among 30 stations passing the significance test (with
altitudes between 300-1700 m), the temporal trend of first frost dates decreases
with increasing altitude (Fig. 9). The delay rate of first frost dates diminishes
as altitude increases, with a vertical lapse rate of -0.077 d - (100m)~! (significant
at the 95% level), consistent with findings from Pan et al. [15]. Further analysis
reveals that frost period shortening is significantly negatively correlated with
first frost date delay (r = -0.63) and significantly positively correlated with last
frost date advancement (r = 0.71). Thus, frost period shortening results from
the combined effects of delayed first frost dates and advanced last frost dates,
with the latter contributing slightly more.

5 Conclusions

Based on daily minimum temperature data from 37 meteorological stations in
northern Xinjiang from 1961 to 2017, this study analyzes the temporal and
spatial variation characteristics of first frost dates, last frost dates, and frost
periods, as well as the relationship between first frost date trends and altitude.
The main conclusions are:

(1) The average first frost date in northern Xinjiang is delayed at a rate of 2.2
d -+ (10a)~!, with a significant mutation occurring in 1997. The delaying
trend has become particularly pronounced in recent years. The average
last frost date is advanced at a rate of 1.7 d + (10a)~!, with a mutation in
1994. The average frost period is shortened at a rate of 3.9 d -« (10a)~1,
with a mutation in 1993. All three parameters exhibit a primary oscillation
period of approximately 2 years.

(2) Regions with larger frost period shortening trends correspond well with
stronger delays in first frost dates and advances in last frost dates. The
frost period shortening is most significant in Ili Prefecture, northern
Tacheng, and the northeastern eastern Tianshan Mountains, with rates
of -0.5 to -0.7 d-a~!. The Bortala to northern Tianshan slope shows
moderate shortening of approximately -0.2 d - a~!, while northern Altay

exhibits the weakest trends, mostly -0.2 d - a=*.

(3) The temporal variation trend of first frost dates across most of northern
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Xinjiang correlates strongly with altitude (significant at the 95% level).
The delay rate of first frost dates decreases with increasing altitude at a
vertical lapse rate of -0.077 d + (100m)~!. Autumn warming is the primary
cause of delayed first frost dates, while both spring and autumn warm-
ing contribute to frost period shortening, with autumn warming having a
greater impact.
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