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ABSTRACT: The construction and analysis of daily temperature data series in long enough a time
period is important to understand decadal to multi-decadal variability and changing trends in
extreme temperature events. This paper reports a new analysis of extreme temperature indices
over the last 140 yr in Wuhan, China, with an emphasis on changes in extreme high temperature
changes. The daily temperature data from 9 stations from 1881 to 1950 and 1 modern station from
1951 to 2020 were used for the analysis. Based on the data, and the commonly used extreme tem-
perature indices, the variations and long-term trends of extreme high temperature events in
Wuhan since 1881 were analyzed. The results show that there was no clear warming trend in
maximum temperature, but a quite large inter-annual and inter-decadal fluctuation. In contrast,
there was a very significant increase in minimum temperature, with a large upward trend overall.
The extreme temperature indices exhibit a periodic variability, and frequent extreme heat events
have been experienced over the last 140 yr in Wuhan. Most extreme temperature indices did not
exhibit remarkable changes during the first half of the period analyzed. However, the majority of
the extreme temperature indices showed significant upward trends over the latter half of the 140
yr period. The possible causes of the observed changes in the extreme high temperature events in
the different time periods are also discussed.

KEY WORDS: Daily data - Extreme high temperature - Centennial scale - Variation characteristics -
Average temperature - Wuhan City

1. INTRODUCTION

Climate change has a significant impact on natural
and human systems (Handmer et al. 2012, Sun et al.
2016, Luo & Lau 2021, Zhang et al. 2023). Instrumen-
tal data have clear advantages in the study of the
characteristics and mechanism of climate change.
Detection and attribution of climate change signals
often rely on long-term recorded instrumental data
(Rasmussen et al. 2012). Moreover, instrumental data

*Corresponding author: jiajun.he@cug.edu.cn

are more representative and accurate than other
meteorological data (such as reanalysis data and
modeling data) (Lee et al. 2011). However, due to
many factors, there are problems with instrumental
data for earlier periods (Shen & Somerville 2019),
such as the sparsity of observation stations, and miss-
ing data from war or accidental fires. In addition,
migration of sites and instrumentation will lead to
inhomogeneity of the observation data in sub-peri-
ods of the early-year observations (Yang et al. 2013).
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Based on meteorological station records from vari-
ous continents across the globe, several representa-
tive long-term observational temperature datasets
ranging over 100 yr have been developed (e.g. Jones
et al. 2012, Rohde et al. 2013, Menne et al. 2018,
Lenssen et al. 2019). However, these datasets were
established on monthly scales. In the analysis of ex-
treme climate change, daily surface air temperature
(SAT) data are more useful than monthly tempera-
ture data and can provide more detailed information
(Vincent et al. 2012, Hewaarachchi et al. 2017). Due
to the lack of observation data for early periods, pre-
vious analysis of extreme climate change has focused
mainly on the past 50 or 60 yr. In certain regional
areas, such as some cities in Italy, France, Norway,
Britain, Australia, and Japan (Camuffo 2002, Yan et
al. 2002, Ansell et al. 2006, Zaiki et al. 2006, Cornes
2008, Ashcroft et al. 2014, Hestmark & Nordli 2016),
the availability of daily instrumental observations
extends back to earlier periods (before the 1950s),
and even to the late 19th century, making them par-
ticularly valuable.

In China, some studies of extreme temperature
index changes based on relatively long series have
been carried out in some cities. For example, studies
in Hong Kong have shown that extreme daily mini-
mum and maximum temperatures, and the length of
warm periods exhibit a long-term upward trend
(1885-2008) (Lee et al. 2011). In Yingkou, Northeast
China, the maximum, minimum, and average tem-
peratures showed an increasing trend during 1904-
2017, with the most significant increase occurring in
daily minimum temperature (Xue et al. 2021). In
Changchun, the number of warm days, high temper-
ature days, and extreme maximum temperature val-
ues decreased during 1909-2018, while the extreme
high temperature indices did not change signifi-
cantly (Yu et al. 2020). Since these daily series start
from an earlier observation period, they are particu-
larly useful in the analysis of mesoscale and sub-sea-
sonal extreme climate variations.

Wuhan, which has been named as one of the ‘Four
Stoves' in China, often suffers from extreme high
temperature weather (Rong 2010). The temperature
variability severely affects summer mortality in
Wuhan. When the summer extreme high tempera-
ture sharply increases, the mortality rate also signifi-
cantly rises in the city (Xu et al. 2016, Zhang et al.
2017). Extreme high temperature in Wuhan also neg-
atively affects the supply of energy and water
resources, especially in combination with extreme
low mid-summer rainfall. Therefore, the study of ex-
treme heat events in Wuhan is of great scientific sig-

nificance and social value. The construction of high-
resolution temperature observation data on a century
scale is thus urgently needed. This will contribute to
the study and analysis of the characteristics and
trends of extreme weather changes in different peri-
ods in this region.

In addition, Chinese researchers have also con-
ducted numerous studies on establishing long-term
temperature and precipitation time series in China,
often relying on proxy data such as tree rings, ice
cores, and historical records to restore climate series
before 1950 (Zheng et al. 2015, Yu et al. 2018, Wang
et al. 2000). Although these results carry significant
importance, revealing cyclical patterns and multi-
scale climate variabilities over the past century, they
are inadequate for quantitative monitoring and de-
tection of long-term extreme climate events.

Although Wuhan has 100 yr of meteorological ob-
servation history, with the earliest observations be-
ginning in 1869, the early meteorological data still re-
quires further exploration and reconstruction. It is
necessary to interpolate the missing data and perform
a series of subsequent processing to obtain a suffi-
ciently long temperature series that can be used for
long-term extreme climate analysis. In addition, the
analysis of extreme temperature change on a century
scale for the city is still deficient. For a deeper and
more comprehensive understanding of the long-term
changes in mean and extreme climates in Wuhan, it is
essential to conduct a detailed and thorough study of
these extreme high temperature event changes.

In this study, the long-term daily temperature data
series for Wuhan since 1881 was reconstructed, and
the long-term change characteristics of the extreme
high temperature indices were systematically ana-
lyzed. The results show a few interesting observed
changes in extreme high temperature events, which
will help deepen our understanding of long-term cli-
mate changes in this large city in Central China.

2. DATA AND METHODS
2.1. Data collection and stations information

The sub-daily meteorological records prior to 1951
were collected from the Atmospheric Circulation Re-
construction over the Earth (ACRE) project (Allan et
al. 2011) and the National Meteorological Information
Center (NMIC), China Meteorological Administration
(CMA), and the modern daily meteorological records
from 1951 to 2020 (WMO Station ID: 57494) were pro-
vided by the NMIC. The early sub-daily temperature
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Fig. 1. Geographical distribution of the 9 early stations in Wuhan. The location

of Wuhan is shown in red on the map of China

records for 1881-1950 came from 9
early stations in the Wuhan region
(Fig. 1). Details of these 9 stations are
shown in Table 1 & Fig. 2. The early
data collected from these stations were
quality controlled and homogenized in
this study, which had not been con-
ducted previously. The metadata (i.e.
documents that record historical infor-
mation such as station movements,
thermometer replacements, environ-
mental changes, etc.) from the national
surface meteorological stations (in-
cluding the modern Wuhan station)
were accessed from the Meteorological
Data Office of the NMIC. Wuhan sta-
tion is one of the World Meteorological
Organization (WMO) Centennial Ob-
serving Stations. The 20th century
changes in SAT in Wuhan have been
analyzed by Qin et al. (2000), Zheng et
al. (2002), and Ren et al. (2010), based
on monthly mean SAT data since 1905.
Daily SAT data with observations over
100 yr was not previously available.
Therefore, the daily dataset used in
this study was developed by our group
with the support of the Chinese Na-

The data processing included the
following steps: (1) digitizing instru-
mental data; (2) quality control; (3)
metadata checking; (4) temporal inter-
polation of missing data; (5) data merg-
ing; and (6) data homogenization.

Quality control was carried out using
the RClimdex software (Zhang & Yang

DXH: DongxiLake
HN: Hannan
HY: Hanyang
HS: Hongshan
HP: Huangpi
JA: Jiangan
JH: Jianghan
JX: Jiangxia
QK: Qiaokou
QS: Qingshan
WC: Wuchang
XZ: Xinzhou
Stations: ID
© 1:19012HG
® 2:1901201
O 3:1901203 ’ ’
©  4:1901204 tional Key R&D project.
© 5:1901205
® 6:1901206
® 7:1901207
® 8:1901208 /
® 9:1901209 e oS
! T
114°E 115°E

Table 1. Details of the 9 early stations and the modern station. Due to numerous minor gaps in the early observation data,
only the earliest start and latest end times of each series are given. The detailed data distribution is shown in Fig. 2. Dates are

given as yr/mo/d

Station Lat. Long. Altitude Data source Data period

ID (°N) (°E) (m)

19012HG 30.58 114.28 33.1 Other meteorological observations 1905/02/01-1941/05/31
1901201 30.52 114.30 18.8 Meteorological observation at university stations 1929/12/01-1949/12/31
1901203 30.42 114.28 49.0 Meteorological observation at university stations 1937/01/01-1955/06/30
1901204 30.30 114.12 23.2 Airport observation 1948/10/01-1951/12/31
1901205 30.75 117.28 29.1 Meteorological observation at hydrological stations 1950/01/01-1952/12/31
1901206 30.53 114.27 23.2 Airport observation 1952/07/01-1953/12/31
1901207 30.67 114.43 40.0 Other meteorological observations 1915/10/03-1918/12/31
1901208 30.53 114.30 33.5 Meteorological observation at university stations 1936/1/1-1937/09/30
1901209 30.57 114.33 48.0 Meteorological observation at customs stations 1880/03/01-1928/12/31
57494 30.60 114.05 23.6 Modern meteorological observation 1951/01/01-2020/12/31
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Time distribution of data observation at 9 stations in Wuhan
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Fig. 2. Time distributions of observational records at the 9 early stations in Wuhan

2004). The main steps included a space consistency
check, time consistency check, threshold value check,
and extreme value check. Manual verification and
correction were implemented in the time consistency
check. The ridge regression model was used as the
temporal interpolation method to reconstruct the
missing data of maximum temperature (T.,) and
minimum temperature (T;,;,). The main idea and steps
of the interpolation method are explained in detail in
Section 2.2. The RHtestv4 software (Wang & Feng
2013) was used to test and adjust the inhomogeneities
of the daily temperature data. Detailed steps of the
homogenization are provided in Section 2.3.

After data processing, the 140 yr daily T.x and Tiin
time series of Wuhan were established. The daily
temperature series are shown in Fig. 4; there was a
lack of measurements during 1940-1950, mainly due
to the influence of the wars.

2.2. Interpolation and statistical methods
2.2.1. Ridge regression

In this study, ridge regression (Hoerl & Kennard
1970) was used as the temporal interpolation me-
thod. This method is employed to solve the problem
of failure of least squares estimation under multi-
collinearity. It can be used to screen variables when

too many variables are introduced and there are mul-
tiple collinearities, which make it difficult to decide
which variable to leave. Ridge regression is a supple-
ment to least squares regression.

Ordinary least squares commonly used in regres-
sion analysis is an unbiased estimation using the fol-
lowing formula:

B=(X"'X)' Xy )

where XX is not the full rank and the determinant of
XTXis close to 0. For a well posed problem, X is usu-
ally column full rank in which case Xf = y. The cal-
culation bias is large and the least squares estimate
coefficient has instability problems, lacking stability
and reliability. In order to solve the above problems,
we added a small constant value of A on the diagonal
elements of matrix X7X in the formula:

BN = (XTX + D)yt XTy 2)

In the above formula, I is the identity matrix. When
the ridge parameter A increases, the ridge regression
coefficient §§ tends to 0. The path that 3 follows with
the change of A is called a ridge trace. In the actual
calculation, many A values can be chosen. When the
ridge trace becomes stable, then the value of A is
selected. This is the ridge regression model.

The specific operation method of temporal inter-
polation was as follows: (1) we chose the station
with the longest observation record as the main sta-
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tion for Wuhan. (2) The time zone of the main sta-
tion was identified, the ridge regression model was
established by using the same hourly data for T,y
(Tmin) @s the main sequence station during 1961-
1978. The data from the modern stations from 1961
to 1978 were selected in order to avoid the impact
of regional socio-economic activities and global
changes after China started to reform and open up
in 1978. Use of the data from before 1978 avoids the
impact of urbanization on temperature as much
as possible, and keeps good consistency with the
early temperature data, which should further im-
prove the fitting effect of the model. (3) The fitting
equation expression obtained from 2 sets of data
was substituted into the early data for the missing
Thax (Thin), and the early missing Trax (Tmin) data was
interpolated.

As temperature change has obvious seasonality,
the station data was divided into 12 months. The 12
month extreme temperature data were divided into a
training set and a test set according to the ratio of 7:3.
Machine learning was used to obtain the relationship
between T, (Tmin) @nd hourly data in each month.
The optimal learning model for each month at the
different stations was determined by setting different
random seeds.

After temporal interpolation, merging the modern
and the early-period data, we finally established the
Tinax @and Tpy, of Wuhan during 1881-2020.

2.2.2. Cross-validation of interpolation methods

In order to verify the credibility of the regression
model, a case study was conducted (Fig. 3) taking
Station 1901208 as an example, which had an
observation period from 1936 to 1937. From a total
of 670 days, 335 had no missing records for T,
and T, and these days were basically continuous
within a year. Therefore, we could regard the Ti,.«
and T, data of these 335 days as unknown, and
then compare the predicted values obtained from
the regression model to the actual values to assess
the prediction effect of the model. As can be seen
in Fig. 3, the differences between the predicted
values and the actual values were not large. The
sample size was 335, the mean square error (MSE)
of the maximum value was 2.02, the root mean
squared error (RMSE) was 1.42, the mean absolute
error (MAE) was 1.09, and the correlation coeffi-
cient between predicted and actual values was
0.38, which passed the confidence level test at
99.99%. The MSE of the minimum value was 0.96,

the RMSE was 0.98, the MAE was 0.72, and the
correlation coefficient between predicted and actual
values was 0.44, which also passed the confidence
level test at 99.99%. Therefore, the reliability of
the interpolation results is very high and convinc-
ing. It is worth noting that the temperature forecast
on certain days was poor, mainly because this is a
pure mathematical model that does not fully con-
sider other meteorological factors affecting the
temperature.

2.3. Homogenization

The RHtestV4 software developed by Wang &
Feng (2013) was used to test and adjust the inhomo-
geneity of daily temperature data. High-quality ref-
erence series were constructed for comparing the
target series; the data for these were collected from
the Berkeley Earth merged dataset, version 2 (Rohde
et al. 2013), which is a composite collection of more
than 10 sets of temperature datasets.

The reference series were tested and determined
according to the following steps: Firstly, taking the
target station as the center, the reference stations
within a radius of 500 km were selected, ensuring
that the altitude difference between the reference
station and the target station was less than 200 m.
Then, the correlation coefficient between the first-
order target station series and the first-order refer-
ence station series was calculated, and the reference
station series with correlation coefficients of >0.8
were selected. Because the RHtest uses only 1 refer-
ence series to test the homogeneity of the target sta-
tion series, obvious breakpoints in the reference
series are likely to introduce additional inhomogene-
ity to the target series in the detection process.
Therefore, the homogeneity of the selected reference
station series was preliminarily tested without refer-
ence or metadata (to avoid a too complex process and
overlong computation time). In this way, reference
station series that contained significant breakpoints
were discarded, and the average of 5 homogeneous
reference station series was used to test the inhomo-
geneity of target station series.

Squares of the correlation coefficients between the
reference and target station series were taken as
weights to form averaged reference series using the
weighted average method. The homogeneity of the
averaged reference series was then tested again, and
the results showed that the averaged reference series
for Thax and T, were both homogeneous (Fig. 4).
For all of the tests, the confidence level was set to
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Fig. 3. Comparison between predicted and actual temperature values for Station 1901208

99.99% to ensure the recognized breakpoints were
the most significant.

For accuracy reasons, the detection was first con-
ducted on the monthly data that was converted from
daily data. Then, the quantile matching (QM) method
(Vincent et al. 2012) was used to adjust the daily tem-
perature data according to the detection results. In or-
der to reduce the uncertainty during the adjustment
as much as possible, and to avoid the adjustment of
too many unnecessary breakpoints (which may result
from local climatic variabilities, rather than non-cli-
matic factors), the adjustment values of the break-

points were limited. The average of the highest daily
temperature and lowest daily temperature in every
year of the target station series were taken as the up-
per and lower bounds of the threshold. If the absolute
values of the adjustments were neither larger than
1/30 of the difference between the upper and lower
thresholds, nor supported by any metadata, the
breakpoints were not adjusted. As a result, the origi-
nal characteristics of the series was retained to avoid
false adjustments of possible climatic variabilities.
The detailed breakpoint detection results and adjust-
ment values are shown in Table 2.
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Fig. 4. The daily temperature series of (a) Ty.x and (b) Ty, in Wuhan from 1881 to 2020. The T, series was determined to be

homogeneous under the 99.99 % confidence level. The T, series contains 3 breakpoints on 1 January 1930, 1 January 1960,

and 15 October 2009 (vertical dashed lines). The former 2 breakpoints correspond to data interpolation and station relocation,

respectively (i.e. supported by metadata, solid triangles). The last breakpoint lacks metadata support, but is significant under
the 99.99 % confidence level (hollow triangle). The temperature value of 0°C is indicated (solid horizontal line)

Table 2. Detection and adjustment of breakpoints in T, and Ty,

Data Breakpoint date Average Metadata Exceeds the Adjustment
(yr/mo) adjustment (°C) adjustment threshold decision
Tinax 1915/11 -0.85 No support No Discarded
1996/12 0.51 No support No Discarded
Tnin 1930/01 -2.56 Data interpolation — Adjusted
1960/01 -0.42 Station relocation — Adjusted
1989/09 0.67 No support No Discarded
1995/01 0.87 No support No Discarded
2009/10 -1.26 No support Yes Adjusted?®
4As 1/30 of the difference between the upper and lower thresholds for T;,,, and T, is 1.26°C and 1.17°C, respectively,
the T, breakpoint in October 2009 was adjusted even without metadata support
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2.4. Extreme high temperature indices

Based on the homogenized T,,,x and T,;, tempera-
ture data obtained through the above steps, this
study analyzed the temporal changes of several ex-
treme temperature indices. Specifically, 26 extreme
high temperature indices were employed to analyze
the long-term extreme climate change in Wuhan.
Some of these indices refer to the extreme indices de-
fined by the Expert Team on Climate Change Detec-
tion and Indices (ETCCDI) (http://etccdi.pacific
climate.org/list_27_indices.shtml), including the ex-
treme value indices (annual maximum value of daily
Thaxe TXX; annual maximum value of daily T,;,, TNx)
and the relative threshold indices (percentage of days
when Tj.x > 90th percentile, TX90p; percentage of
days when T,,;, > 90th percentile, TN90p). Addition-
ally, extreme high temperature indices with different
absolute temperature thresholds are defined based
on Wuhan's weather and climatic features to examine
weather and climatic changes under distinct extreme
circumstances. It is worth noting that both average
temperature (T,y.), which is the arithmetic mean of

daily Tyax and Ty, and DTR, which is the difference
between daily T,.x and T,;,, are also considered ex-
treme temperature indices since they are derived
from the extremes of daily Ty,.x and T, Detailed
definitions of the indices are provided in Table 3.

2.5. Trend estimation methods

Most of the extreme temperature index series do
not obey normal distribution, as found by using the
Shapiro-Wilk normality test. It is thus not reasonable
to use the least squares method to estimate the long-
term trend (Zhang et al. 2004). In this study, the non-
parametric Theil-Sen trend estimation method was
used, and the Mann-Kendall method was used to test
the trend significance (Mann 1945, Sen 1968).

It is calculated by the following steps:

First construct the test statistic S:

S= Ei: Ej=1'+1 sign(X; - X)) 3)

Based on the test statistic S, construct the test statistic
Z:

Table 3. Definitions of extreme temperature indices used in this study. ETCCDI: Expert Team on Climate Change Detection
and Indices

Index type Index name Definition Unit
Extreme temperature Tnax Daily maximum temperature °C
(indices) Trnin Daily minimum temperature °C
Tave Average value of daily T,,x and T, °C
DTR Difference between daily Tj,.x and Ty, °C
ETCCDI-defined indices TXx Annual maximum value of daily Tj,ax °C
TNx Annual maximum value of daily T, °C
TX90p Percentage of days when T, > 90th percentile Y%
TN90p Percentage of days when Ty, > 90th percentile %
Newly defined absolute TX35 Annual count when daily T, > 35°C d
threshold indices TX38 Annual count when daily T, > 38°C d
TX40 Annual count when daily T,y > 40°C d
TN25 Annual count when daily T, > 25°C d
TN28 Annual count when daily T,,;, > 28°C d
TN30 Annual count when daily Ty, > 30°C d
TX35¢ Annual count when daily T;,., > 35°C continuously d
TX38c Annual count when daily T;,., > 38°C continuously d
TX40c Annual count when daily T;,.x > 40°C continuously d
TN25¢ Annual count when daily Ty, > 25°C continuously d
TN28c Annual count when daily Ty, > 28°C continuously d
TN30c Annual count when daily T, > 30°C continuously d
TX35Mc Maximum TX35c in a year d
TX38Mc Maximum TX38c in a year d
TX40Mc Maximum TX40c in a year d
TN25Mc Maximum TN25c in a year d
TN28Mc Maximum TN28c in a year d
TN30Mc Maximum TN30c in a year d
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( (S-1)
>0
\/n(n— 1)(2n + 5)
18
Z=<1 0 S=0 4)
(S+1)
S<0
n(n-1)(2n + %)
L 18

where Z > 0, indicates an increasing trend and Z < 0
indicates a decreasing trend.

The magnitude of the trend is measured using
Sen's slope f:
X -X

1

=

f = median ) Vj<i )
where > 0 indicates an upward trend and p < 0 indi-
cates a downward trend. A p-value corresponding to
B was used to determine whether the trend is signifi-
cant, with p <0.05 (0.01) indicating significance.

3. RESULTS

This section primarily analyzes the temporal char-
acteristics of extreme temperatures (Tmaxr Tmin: Lave):
extreme value indices (TXx, TNx), relative threshold
indices (TX90p, TN90p), DTR, and operationally
applied indices in Wuhan. Furthermore, an assess-
ment of the changing trends of each index during dif-
ferent periods is presented.

3.1. Extreme and average temperatures

Fig. 5 displays the annual mean time series and
decadal box plots of Ty Tiin, @and Ty in Wuhan
from 1881 to 2020. The T,,.x warming trend did not
show statistical significance throughout the 140 yr
period. Prior to 1910, there was an apparent decreas-
ing trend, followed by a sharp increase that peaked
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Fig. 5. (a,b,c) Annual and (d,e,f) decadal series for Ti,.x, Tmin, and T,y in Wuhan from 1881 to 2020. Black horizontal line:
mean value of the climate reference from 1961 to 1990; red curves in (a,b,c): 5 yr moving average; boxplots in (d,e,f) — hori-
zontal bar in box: median; top and bottom of box: 1st and 3rd quartiles; whiskers: <1.5x the interquartile range; dots: outliers
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during the first half of the study period in 1914.
Another significant declining trend occurred for Tj,.«
from 1914 to 1935. Between 1935 and 1980, T,,.« fluc-
tuated with flat trends before sharply rising. The pri-
mary warming period for T,,,x occurred roughly be-
tween 1980 and 2007, and the highest historical
temperature recorded occurred in 2007 (Fig. 5a).
Strongly positive anomaly decades were the 1890s
and 1960s, corresponding to 2 peak anomalies. The
most significant positive anomalies were distributed
in the 2000s, the period with the highest observed
temperature (Fig. 5d). On the other hand, T, ex-
hibited a more dramatic warming trend compared
to Thax: it showed a pronounced upward trend from
1951 onward, while trends before 1951 remained
relatively flat (Fig. 5b). From the inter-decadal
changes, it is evident that Ty, had a sustained and
consistent warming trend from the 1880s to the
2000s. Additionally, the annual and inter-decadal

(@) TXx

N
o

A
@

Temperature (°C)
w B
N O

w
~

1880 1900 1920 1940 1960
Year

1980 2000

(c) TX90p

30

20

Percentage (%)

1880 1900 1920 1940 1960
Year

1980

2000

(e) DTR
12

1"

10

T

1980

T

2000

Temperature (°C)

1880 1900 1920 1940 1960
Year

2020

2020

2020

variabilities of T,;, were significantly smaller than
those of T.x throughout the entire study period
(Fig. 5e). There was no clear warming trend for T,
before 1949, and the annual variability was moder-
ately high, while inter-decadal variability exhibited
wave-like patterns. From 1949 to 1961, T, in-
creased rapidly, then decreased notably in the 1960s,
forming a small peak in 1961. Since 1969, there has
been a significant upward trend overall (Fig. 5c). It
should be noted that T,.«, Tmin, and T,,. went
through a sharp decline from 2007 to 2012, possibly
reflecting the regional climate response to the global
warming hiatus.

3.2. The ETCCDI indices and DTR

Fig. 6 depicts the variations in extreme value in-
dices (TXx, TNx), relative threshold indices (TX90p,
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Fig. 6. Annual time series of extreme value indices: (a) TXx, (b) TNx; relative threshold indices: (c) TX90p, (d) TN90p; and ex-
treme temperature index: (e) DTR; 1881 to 2020. Black horizontal line: mean value of the climate reference from 1961 to 1990;
red curve: fit of the generalized additive model
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TN90p), and DTR for Wuhan from 1881 to 2020. The
highest historical peak value for TXx was around
46°C in 1913, indicating that the most severe high-
temperature event recorded in Wuhan's history oc-
curred during that year. During the study period,
TXx displayed a gradual but insignificant downward
trend (Fig. 6a). Meanwhile, TNx exhibited an oppo-
site pattern before and after 1925, with a significant
decrease from 1881 to 1925, followed by a substantial
increase, reaching its highest value in 2003. There
were apparent low-temperature anomalies in 1948
and 1949 within this period (Fig. 6b). The overall
trend change for TX90p gradually decreased before
the 1940s, then increased after the 1940s, resulting
in no observable trend over the entire study period
(Fig. 6¢). The values of TN90p before the 1940s were
below the average climate state, and maintained
a stable level of trend change. It gradually in-
creased after the 1940s, especially during the period
from 1980 to 2009, when it increased sharply and
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reached a historical maximum in 2009. TN90p
declined significantly in the 2010s, which could be
related to the global warming hiatus (Fig. 6d). DTR
conspicuously declined throughout the study period,
with the most notable drop occurring between 1951
and 2000. Only a slight increase was observed after
2000 (Fig. 6e).

3.3. Absolute threshold indices

In Fig. 7, the series of extreme temperature indices
under different thresholds reveal that in Wuhan over
the past 140 years, most of the years (60 %) have had
at least 15 days where the maximum temperature
surpassed 35°C, and a substantial number of years
(22 %) have experienced at least 1 month with tem-
peratures exceeding 35°C. In 1894 and 1914, the
number of days with temperatures surpassing 35°C
even exceeded 50. Examining the time series, the an-
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Fig. 7. The annual time series of indices at the (a) 35°C threshold, (b) 38°C threshold, and (c) 40°C threshold for T, and at the
(d) 25°C threshold, (e) 28°C threshold, and (f) 30°C threshold for T,;,. Dashed curves: fit of the generalized additive model
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nual count of days with T,,., above 35°C (TX35) was
highest during the early study years but has dwin-
dled in the last 30 to 40 yr. Overall, the number of
extreme high-temperature days with T,,x above
35°C gradually decreased. The TX35 index also indi-
cates multiple inter-decadal cyclic variations, with 3
conspicuous troughs occurring in 1900, 1940, and
1980. This demonstrates that the TX35 index mainly
occurred as a multi-decadal cyclical variation, with a
period of approximately 40 yr. The changes in the
annual count of days when T, was continuously
over 35°C (TX35c) and the maximum TX35c in a
year (TX35Mc) agree with that of TX35, exhibiting
multi-year and inter-decadal cyclic fluctuations. The
value of TX35c was slightly smaller than that of
TX35, which implies that days with extreme high-
temperatures above 35°C generally occurred consec-
utively. During the study period, about 28 % of the
days had a T,,,x above 35°C for at least 10 continuous
days (Fig. 7a). For the number of days with tempera-
tures surpassing 38°C there was a significant drop
from the early study years, with TX38 mainly occur-
ring before 1920, reaching its historical peak in 1913
and 1914. Although there was an upward trend in
days with extreme high-temperatures exceeding
38°C in Wuhan in the last 30 yr, the number is still
significantly lower than it was during the early study
period (Fig. 7b). There have only been a handful
of incidents where T, surpassed 40°C in Wuhan
during the past 140 yr, with records of T,,x above
40°C only occurring in 1894, 1913, 1914, and 1920
(Fig. 7c).

Regarding T, (Fig. 7d), the frequency of extreme
high-temperature events exceeding 25°C (TN25)
was relatively low before the 1940s. However, begin-
ning in the 1950s, there was a noticeable increase in
such events, leading to a significant rise in the TN25
indices. Notably, the annual count of days when T,,;,
was continuously over 25°C (TN25c) exhibited nearly
identical changes to TN25, whereas the upward
trend of maximum TN25c in a year (TN25Mc) was
significantly lower than that of the latter two extreme
indices after the 1950s. This increase in extreme
high-temperature days surpassing the 25°C thresh-
old over the past 70 yr appears to be primarily contin-
uous. While the maximum duration of these events
has also lengthened, the increase in duration lags
considerably behind that of the overall rise in
extreme high-temperature days, indicating that
shorter-duration events are becoming more frequent.
Extreme high-temperature events with a T, ex-
ceeding 28°C have almost exclusively occurred in
the past 30 years, with a sharp rise observed from the

1990s to the 2000s and culminating in a pronounced
peak in the latter decade (Fig. 7e). Extreme high-
temperature events with a minimum temperature of
over 30°C were rarely observed, the only records of
such events occurred in 4 years: 2003, 2009, 2019,
and 2020 (Fig. 7).

3.4. Monthly temperature changes

Fig. 8 displays monthly anomaly heatmaps of Tp,.x,
Tin, and T,y from 1881 to 2020. The temperature
anomaly of T, showed no significant trend or dif-
ference throughout the study period, with only a
slight increase observed in the last 20 yr and the most
evident positive anomalies occurring between Feb-
ruary and May. Between 1881 and 1911, the anomaly
values were primarily negative from January to
April, indicating that the period from January to May
showed the greatest temperature trend for T;,,, over
the study period. However, the temperature from
June to December only showed relatively clear posi-
tive anomalies in the early period (1885-1901)
(Fig. 8a). In contrast, the variation in the anomaly
heatmap for T,;, was more pronounced, with tem-
peratures generally displaying negative anomalies
before 1981 and positive anomalies afterward, indi-
cating a substantial warming trend in each month.
Between 1881 and 1931, almost all monthly tempera-
tures from February to August showed significant
negative anomalies, whereas in the last 30 yr, tem-
peratures for almost all months exhibited significant
positive anomalies, especially from February to
August, contributing strongly to the overall T,
trend (Fig. 8b). Similar to Ty, the anomaly of T,
exhibited generally negative values before 1981 and
generally positive values afterward, but the absolute
values of the anomalies are smaller than those of
Thnin. The period from February to July had the most
temperature changes for T, where the anomalies
were predominantly negative between 1881 and
1911, and overwhelmingly positive between 1991
and 2020, which were 2 of the most anomalous peri-
ods for T, over the study period. However, the tem-
perature trend from August to January showed less
variation (Fig. 8c).

3.5. Changes in monthly extreme indices
Fig. 9 illustrates the heatmaps of the extreme

value indices (TXx, TNx), relative threshold indices
(TX90p, TN90p), and DTR anomalies. Positive anom-



Zheng et al.: Extreme high temperature change in Wuhan 13

@ T
1
2 I
3
4
5
E 6 I
S 7 |
8
9 II
10 |
11
12 .
1881 1891 1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 2011 2020
Year
' I I III
I |
N
c
(@]
| III |
T T II !
1881 1891 1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 2011 2020
Year
(C)Tave
| i N
2 il II II
3 1 .| iy
4
o 5
= 6
2 7 I II I II
=
8 II 1 N |
9 I |
10 | |
11 11
12 |

1881 1891 1901 1911 1921 1931 1941 1951 19'61 19'71 1981 19'91 2001 2011 2020
Year

Anomaly (°C) 4 3 2 4 0 1 2 3 4

Fig. 8. The monthly anomalies of (a) Tax, () Tin @and (c) Toye from 1881 to 2020. The anomalies were calculated with reference
to the climate period from 1961 to 1990. Grey shading: months with missing values



Month

Month

Month

14

Clim Res 92: 1-20, 2024

(a) TXx

thl ;W:II Il I|‘I|

T

Al

i il h | '. | .”. I

1881 1891 1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 2011 2020
Year

N O WN S

(c) TX90p

1881 1891 1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 20112020

Year
(e)DTR

:] i | il

2_ .

31 | " I I I I

7

5

o

7]

o I

o

i | 1 l % ') /

114 I |

124 J | i | MINN I 1 I

1881 1891 1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 20112020
Year

alies dominated for TXx during the study period, al-
though no significant temporal trend was evident
overall. One notable observation was that the months
from February to April showed the most marked
changes, with March displaying a distinct 20 yr cyclic
inter-decadal variation in anomalies (Fig. 9a). For
TNx, the anomalies had relatively more pronounced
changes, which could be divided into 3 parts: nega-
tive anomalies before 1951, near zero anomalies be-
tween 1951 and 1991, and positive anomalies after
1991. As a result, TNx exhibited an upward trend in
all months throughout the study period, with the
most significant increase occurring between Febru-
ary and April (Fig. 9b). The distribution of anomalies
for TX90p was uniform between positive and nega-
tive in general, with no clear changing tendencies.
Nonetheless, it had slightly higher-than-average
(positive) anomalies during the two 20 yr periods at
the beginning and end of the study period, from April
to December and from March to September, respec-
tively (Fig. 9c). TN90p showed similar distributions to
TNx and could also be categorized into 3 parts span-
ning the study period: consistently negative anom-
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Fig. 9. The monthly anomalies of extreme indices, (a) TXx,

(b) TNx, relative threshold indices, (c) TX90p, (d) TN9Op,

and (e) DTR from 1881 to 2020. The anomalies were calcu-

lated with reference to the climate period from 1961 to 1990.
Grey shading: months with missing values

alies before 1951, oscillating positive and negative
values with a mean near zero between 1951 and
1991, and markedly positive anomalies after 1991. As
aresult, TN90p exhibited a significant and consistent
upward trend throughout the study period (Fig. 9d).
DTR anomalies showed a positive-to-negative transi-
tion in the 1970s, with predominantly positive anom-
alies before this period and mostly negative anom-
alies after it, resulting in a significant downward
trend in DTR across all months throughout the study
period (Fig. 9e).

The changing characteristics of the anomalies of
these 5 extreme temperature indices reflect a pro-
nounced asymmetric trend between T, and Tp,.
Indices associated with Ty, (i.e. TXx and TX90p) did
not exhibit significant temporal changes, while those
associated with T.;, (i.e. TNx and TN90p) showed
noticeable upward trends. This asymmetric feature is
particularly evident in DTR, where positive anom-
alies were present during the first 100 yr of the study
period, while negative anomalies dominated during
the latest 40 yr, indicating a more significant increase
in T, than T, ..

°C

%

- w o N o

bbb n

(S
S o



Zheng et al.: Extreme high temperature change in Wuhan 15

3.6. Long-term trends of different periods

The study period was divided into 2 sub-periods,
1881-1940 and 1951-2020, based on variations in the
observed temperature indices over different periods.
Table 4 demonstrates the trends in various tempera-
ture indices over time for these sub-periods, exclud-
ing the 1940s due to missing values. Trends during
the first sub-period were mostly insignificant,
whereas most indices during the second sub-period
demonstrated significant trends passing the 0.05 sig-
nificance test, where positive trends dominated.
These findings may indicate Wuhan's urbanization
over the last 70 yr. Although extreme temperature
events were rare in most periods (identified in
Table 4), some indices displayed evident changes. For
example, changes in the extreme high-temperature
days with T,;, over the 25°C threshold were notice-
able during both sub-periods and the entire study
period. The extreme high-temperature days with
Thax over the 35°C threshold showed a significant

Table 4. Trends of indices in different periods. Bold: signifi-
cant values (p < 0.05)

Indices 1881-1940 1951-2020 1881-2020  Unit
(dec™)
Tnax -0.11 0.21 0.08 °C
Tonin 0.08 0.49 0.32 °C
Tave 0 0.35 0.2 °C
TXx -0.35 0.15 -0.04 °C
TNx -0.32 0.5 0.37 °C
TX90p -0.74 1.21 0.34 Y%
TN90p 0 3.86 1.78 %
DTR -0.18 -0.3 -0.26 °C
TX35 -2.69 0.97 -0.34 d
TX38 0 0° 0® d
TX40 0? 0® 0° d
TN25 -0.29 4.72 3.37 d
TN28 0? 1.25% 0® d
TN30 0? 0° 0® d
TX35¢ -2.97 0.88 -0.31 d
TX38c 0® 0 0? d
TX40c 0¢ 0? 0 d
TN25¢c 0® 4.57 3.1 d
TN28c 0? 0.83° 0¢ d
TN30c 0? 0° 0¢ d
TX35Mc -1.15 0.23 0 d
TX38Mc 0 0° 0® d
TX40Mc 0® 0° 0¢ d
TN25Mc 0 1.43 1.09 d
TN28Mc 0? 0.54° 0° d
TN30Mc 0° 0° 0¢ d
“Proportion of 0 values during the corresponding period
exceeds 50 %

downward trend during the first sub-period, but
increased rapidly during the second sub-period.
Therefore, significant changes in temperature ex-
tremes have occurred in Wuhan under these 2
threshold indices. Even though such extreme events
showed a reduction in the early stages of the study
period, they have significantly increased in the past
70 yr, particularly extreme high-temperature events
for Tin.

4. DISCUSSION
4.1. Observed trends

The above results indicate that Wuhan has signifi-
cantly warmed since the 1950s, and especially since
the 1970s. After 1951, the warming rate of T, in
Wuhan obtained in this study was 0.21°C per decade
(dec™!), and the warming rate of T, was 0.49°C
dec™!. These results are slightly higher than those of
a previous study using similar time periods (Yao et al.
2010), but overall they are relatively consistent.
According to the Hubei Province Climate Change
Bulletin (Hubei Meteorological Bureau 2018), the
annual mean temperature in Wuhan showed a signif-
icant increasing trend from 1951 to 2018, with a
warming rate of 0.30°C dec™. In comparison, the ob-
tained warming rate of T,,. during the same period in
this study was 0.05°C dec™! higher. Overall, the tem-
perature trend for Wuhan in this study appears to be
slightly higher than that of previous studies, mainly
reflected in T, and T,.. The slightly higher warm-
ing rate than those of previous analyses may be
related to the different time periods, different aver-
aging methods for daily mean temperature, and dif-
ferent methods for homogenization of the tempera-
ture data applied in the studies.

In general, Wuhan has warmed significantly since
the early 1950s. Over the last 60 yr or more, extreme
high temperatures occurred more frequently, though
some rare extreme high temperature events hap-
pened less frequently than in the early period. Unlike
the significant increase in average temperature, the
rising trends of extreme high temperature in Wuhan
were weak in recent decades, but the proportion of
extreme high temperature days increased signifi-
cantly compared to the previous period. Therefore,
the warming in the last 140 yr in terms of extreme
temperature events mainly occurred during the last
half century. However, Wuhan experienced more
extreme high temperature events in the early period,
e.g. Thye, TN9Op, and TX90p peaked in 1914, and
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the maximum TXx reached 46.1°C in 1913, which is
the highest temperature in the reconstructed T .«
data.

It was also found that the temperature trends in
Wuhan in the early period were opposite to those in
recent decades, and almost all the indices showed a
cooling trend in the early period. The opposite trends
of temperature change before and after the 1940s
shown in this analysis were also found in other stud-
ies. Yan et al. (2017) reported that 2 warm periods
were experienced during 1906-1946 and 1994-2015
in Wuhan; and between 1947 and 1993, annual mean
temperature was relatively low. This result is par-
tially consistent with our research, and the obtained
Thax in this study also exhibited roughly 3 multi-
decadal fluctuations of ‘warm-cold-warm' in Wuhan.
However, T, and T, did not show similar promi-
nent variations, as our homogenization reduced the
overall temperature of the subseries before the
breakpoint, causing T, and T,, to show a more
consistent warming trend. The higher estimate of
warming trend after homogenization may be related
to the homogenization of the breakpoints caused by
relocation of the observation stations (Zhang et al.
2014, Ren et al. 2015).

The maximum and minimum temperatures, and
the resulting extreme temperature indices, in Ying-
kou in Northeast China also showed different
changes before and after 1950, with the DTR exhibit-
ing an opposite trend in the early and recent periods
(Xue et al. 2021). The study by Sun et al. (2021) indi-
cated that the 2-stage changes in Tj.x, Timin, and DTR
during the last 120 yr have a universality in East
Asia, and they may have been partially caused by the
early-stage increase and recent decrease in cloudi-
ness and precipitation in the region.

4.2. Limitations of data processing

A sufficiently long high-resolution temperature
series was collected and analyzed in this study. How-
ever, the observation methods and the instruments
were primitive before 1950, some records between
1940 and 1950 were unavailable, and the data was
observed and recorded manually, so may contain
errors to some degree. The main time series used in
this study was formed by blending and interpolation
of multiple single station series, which also hindered
the matching of the early data to corresponding
metadata in the process of homogenization. The data
from before 1950 was mainly obtained from 9 differ-
ent sites, which had independent historical data.

However, since these sites no longer exist, making it
laborious to collect and digitize corresponding early
metadata records, it was difficult to verify the homo-
geneity of early data, which also increased the uncer-
tainty of early data to some extent. Recovery and dig-
itization of the missing records needs time, and to
completely remove the data errors requires more in-
depth quality control, homogenization, and verifica-
tion. This will be done in our future studies.

As shown in Table 2, the inhomogeneity test iden-
tified 2 breakpoints for Ty,,.. However, these break-
points were discarded as they lacked metadata sup-
port and did not surpass the specified temperature
threshold. Two unsupported breakpoints in T,
were similarly discarded. It should be noted that the
temperature threshold used to determine whether
unsupported breakpoints require adjustment is sub-
jectively determined, with prior studies employing
different thresholds based on specific research sub-
jects (Cao et al. 2016, He et al. 2023). It is common for
data homogenization to involve subjective factors in
the process, which is critical for its success. Relying
on fully automated computer programs for homoge-
nization may be unreliable (Aguilar et al. 2003, Wang
& Feng 2013). For this study, we set the threshold by
calculating 1/30 of the average temperature differ-
ence between the highest daily temperature and the
lowest daily temperature in all years. This criterion
was based on multiple trials and comparisons of the
diagnostic plots generated by the detection software.
Regarding the temperature series of Wuhan Station,
breakpoints that exceed this threshold were more
prominent, while those below the threshold were
more similar to local climate variations.

From the perspective of trend changes, the trend of
adjusted T, is slightly larger (+0.04°C dec™!) than
that of previous research (Yao et al. 2010). From the
perspective of our data processing, the homogeniza-
tion itself will have enlarged the trend of the ad-
justed series, which may be a consequence of the
recovery of urbanization effects in the station tem-
perature series due to the relocation from urban to
rural areas (Zhang et al. 2014, Ren et al. 2015). There-
fore, the adjusted series should contain a larger degree
of urbanization effect, which needs to be assessed in
future studies. A large and significant urbanization
effect (bias) in annual and seasonal mean and ex-
treme temperature data series has been affirmed in
many previous studies (e.g. Chen et al. 2007, Ren et
al. 2007, Ren & Zhou 2014, Tysa et al. 2019).

It is also worth noting that the statistical method
employed to calculate the daily mean (monthly and
annual mean) temperature may overestimate trends
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in annual mean temperatures. In this study, the daily,
monthly, and annual mean temperatures were ob-
tained by calculating the arithmetical average of
daily Tox and Ty, However, compared to the stan-
dard procedure or equal-interval averaging method
(4, 8, 24 records a day), the arithmetic mean of Ty«
and T, tends to overestimate the overall average
and the linear trends, as pointed out by Liu et al.
(2019). This may be related to the lightly higher
upward trend in annual mean temperature in
Wuhan. Therefore, it is imperative to take this factor
into account in future studies.

4.3. Future work

In our study, attribution analysis of the long-term
changes in the extreme high temperature indices
was not performed. The significant warming ob-
served in Wuhan during the past few decades can
be attributed largely to an intensified 'urban heat
island' effect, as demonstrated by Chen et al.
(2007), Gui et al. (2019), and Jia et al. (2019). Previ-
ous analyses have indicated that urbanization
accounts for 64.5% and 67.3 % of the annual warm-
ing of T, and Ty, respectively, during the period
of 1960-2000, and about 81.3% of the summertime
warming between 1981 and 2000 (Chen et al. 2007,
Ren et al. 2007). As a result, our identification of
extreme temperature trends in Wuhan may be
attributable, at least in part, to the effects of urban-
ization. Ren & Zhou (2014) found that the contribu-
tion of urbanization to urban maximum and mini-
mum temperature extremes (TXx and TNx) averaged
22.7 and 26.1%, respectively, across Mainland
China from 1961 to 2008. In addition, warm days
and warm nights were affected by urbanization to
the extent of 10.7 and 26.4 %, respectively. Although
urbanization in Wuhan has been concentrated in
recent decades, the extent to which early tempera-
ture records were also impacted by urbanization
remains unclear. With the steady progress of the
Atmospheric Circulation Reconstruction over the
Earth (ACRE) project (Allan et al. 2011), and other
national research projects on early-period data re-
covery and digitization, more and more early data
are being excavated and digitized. Thus, further
effort is required to establish a reference series
matching the same time scale as the urban series, so
as to assess Wuhan's long-term urbanization effect
thoroughly. Future research should also investigate
the larger-scale factors driving extreme temperature
changes in Wuhan.

5. CONCLUSIONS

Based on the newly integrated and extended daily
temperature data of Wuhan station from 1881 to
2020, we employed 26 extreme temperature indices
to analyze the variations and long-term changes in
extreme high temperatures and events in Wuhan
over the past 140 yr. The conclusions can be drawn as
follows:

(1) Over the span of more than a century, Wuhan's
maximum (T,,,) and minimum (7T, temperatures
have shown discernable differences in terms of their
patterns of variation. The annual and decadal fluctu-
ations of T, are quite significant and there is no
clear evidence of an observable warming trend, with
the most apparent increase occurring from 1980 to
2007. In contrast, T, has undergone considerable
warming, with a sustained overall upward trend
(0.32°C dec™!). Furthermore, the average tempera-
ture (T,ye) has risen significantly by 0.20°C dec™! over
the past 140 yr. Prior to 1960, there were no signifi-
cant trends in T,y Tmin: @and T,,.. Nonetheless, the
most observable warming transpired during the past
40 to 60 yr. Moreover, there was a notable drop in
both T,,., and T,,,, as well as T,,., between 2007 and
2012; this may be linked to the global warming hia-
tus phenomenon.

(2) The extreme value indices (TXx, TNx) and the
relative threshold indices (TX90p, TN90p) exhibited
similar variation patterns. The indices pertaining to
maximum temperature (TXx, TX90p) demonstrated
a relatively stable trend over the past 140 yr with in-
significant or slight declines. In contrast, the indices
associated with minimum temperature (TNx, TN90p)
have experienced significant changes in trends. Prior
to 1980, the trends for TNx and TN90p were rela-
tively stable or slightly increasing; however, they
began to increase significantly after 1980. The DTR,
on the other hand, demonstrated consistent behavior
by continuously decreasing over the past century
and a half.

(3) Over the past 140 yr, Wuhan has encountered
frequent episodes of extreme heat. In many years,
the maximum temperatures reached or exceeded
35°C for at least 15 days. However, in general, the
number of extreme heat days with Tmax above
35°C has gradually decreased. The TX35 index
series shows that these extreme heat days demon-
strate multidecadal periodic variations of around
40 yr. Similarly, the TX35c and TX35Mc indices
displayed identical time trends to those of the
TX35 indices, suggesting that they too experience
multidecadal periodic changes. While the number
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of days with a maximum temperature exceeding
38°C markedly declined throughout the study
period, they occurred primarily before 1920.
Extreme heat days with a maximum temperature
exceeding 40°C were rare. Before the 1940s, the
occurrence of minimum temperatures above 25°C
was considerably infrequent. But since the 1950s,
the TN25 trend has significantly increased. The
TN25c indices almost mirrored the fluctuations of
the TN25 indices, whereas the rising trend of
TN25Mc was slower, indicating shorter durations
of extreme heat days for the 25°C threshold.
Extreme heat days with minimum temperatures
exceeding 28°C were largely exclusive to the past
30 yr and peaked in the 2000s. Extreme heat days
with minimum temperatures surpassing 30°C were
uncommon but occurred on several occasions dur-
ing the latest 20 yr.

(4) Throughout the study period, there was no
observable trend in the monthly temperature anom-
aly for Tmax, with only a slight increasing trend
observed during the last 2 decades. On the other
hand, the temperature anomaly variation of Tmin
exhibited significant differences, with temperatures
presenting negative anomalies prior to 1981 and
positive anomalies thereafter, and showing notice-
able warming trends each month. The anomaly
values for Tave were negative before 1981 and
then became positive, with an absolute value re-
duction compared to Tmin. TXx and TX90p did not
exhibit any significant changes throughout the
study period. Conversely, the anomaly changes for
TNx and TN90p were more apparent, demonstrat-
ing a generally consistent upward trend of nega-
tive-then-positive characteristics in all months of
the year. DTR presented distinct distributions of
positive before and negative after values, where
the period of positive—negative boundaries roughly
fell into the 1970s. The monthly temperature anom-
alies reflected a significantly asymmetric change
between Tmax and Tmin, indicating that Tmin
underwent a more pronounced warming process
than Tmax.

(5) The extreme temperatures and their associated
indices exhibited a periodic trend in Wuhan. For the
first half of the study period, most indices showed no
significant changes and displayed a gently declining
trend. However, during the latter half of the study
period, the majority of indices showed an obvious
uptick in temperature trends that passed the 0.05 sig-
nificance level test. This trend may include signifi-
cant urbanization effects over the last few decades in
addition to background climate warming.
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