MRS Journal of Geography (Chigaku Zasshi) 134(4) 379-399 2025 doi:10.5026/jgeography.134.379

Progress and Uncertainty in Studies
of Contemporary Land Climate Warming Rate:

From Globe to Region

Guoyu REN" ?, Xiubao SUN?, Panfeng ZHANG" ¥,
Kangmin WEN® 6), Suonam Kealdrup TYSA" 7>, Yulian LIU8>,
Siqi ZHANG" ?, Jiajun HE"”, Yun QIN" ?,
Kum-Chol OM" ?, Xiang ZHENG", Yuyu REN?,

Siqi HUANG" ? and Lei ZHANG'

[Received 3 November, 2023; Accepted 27 August, 2024]

Abstract

Contemporary land surface air temperature (SAT) change rate is a key issue in studies
of climate change or global change. This article reviews the research progress on global land
and regional climate warming rates, with a focus on the main results and findings of our own
research group in the last two decades. It also discusses uncertainties and scientific questions
currently facing researchers in this field and prospects for future research directions. Global
land, Asian, Chinese, and smaller regional scale studies have consistently shown significant
warming of surface climate over the past century, especially over the past half century. However,
there is significant uncertainty in the existing researches regarding the magnitude and rate of
the warming. The biggest uncertainty comes from the urbanization bias in the observation data
series, followed by the heterogeneity of data spatial coverage and its change over time, and the
maximum and minimum temperature average method in calculating daily, monthly and annual
mean SAT. These issues need to be further investigated in future in order to obtain more solid
and reliable research conclusions.
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I. Introduction

Global and regional climate warming is the
core issue of current climate change research.
Since the early 1980s, extensive research has
been conducted on the observational facts,
causes, and impacts of climate change, and
consensus has been reached on many scientific
issues. The academic consensus is reflected in
numerous assessment reports of international
and national climate change and its impact
(e.g., IPCC, 2021; Qin and Zhai, 2021).

Regarding the rate of air temperature rise
or climate warming on the global land surface,
studies have generally indicated that, since
1860 or 1880 (1900), the global average warm-
ing rate has been approximately 1.1°C (0.07-
0.09°C/decade) (IPCC, 2021), and the warming
rate in the United States is approximately 1.0
°C (0.07-0.08°C/decade) (USGCRP, 2018). The
warming rate in Chinese mainland is about
1.5°C (0.12°C/decade) (Committee on National
Climate Change Assessment, 2022; Wen et al.,
2023); In the past half century, the global and
various regions of the world have witnessed an
accelerated rate of climate warming. For exam-
ple, since 1960, the global land warming rate has
reached 0.15°C/decade (IPCC, 2021), and the
Chinese mainland has reached 0.25°C/decade
(Committee on National Climate Change As-
sessment, 2022). The Arctic region has experi-
enced a faster rate of warming in the past 40
years, resulting in the so-called “Arctic amplifi-
cation” phenomenon (Sun et al., 2017a; IPCC,
2021).

However, there is still significant uncertainty
in estimating the average rate of global land
and regional climate warming. The main sourc-
es of uncertainty include three aspects: firstly,
the early observation data had an uneven
spatial coverage, with no observation records in
most regions of the world's land, and the spatial
coverage of observation data changed over time,
resulting in bias in estimating the average
warming rate (Brohan et al., 2006); secondly,
most observation stations are located in or near
cities, and the Surface Air Temperature (SAT)

data series contains significant urbanization
biases, resulting in higher estimates of warm-
ing rates (Ren et al., 2017); thirdly, many
observation stations use daily maximum and
minimum temperatures to calculate daily,
monthly, and annual average temperatures,
resulting in a positive bias in estimates of both
annual average values and long-term trend
(Liu et al., 2019) . Most research groups are not
fully aware of the importance of the systematic
biases in the data.

This article reviews the research progress on
global land and regional climate warming rates
over the past 20 years, with a focus on the
main results and findings of the China Nation-
al Climate Center and the China University of
Geosciences (Wuhan) research group on cli-
mate warming rates and their uncertainties in
global land, Asia, East Asia, and China. There
is greater uncertainty in early ocean surface
temperature data (Kent et al., 2010), which
has not been commented on in this article. This
article also provides a review of the main issues
currently facing research in this field and pros-
pects for future research directions.

The so-called modern period refers to more
than a hundred years since the late 19th or
early 20th century (1860, 1880, or 1900).
During this period, the spatial coverage and
quality of ground meteorological observation
data were slightly better. Regardless of which
year of the above three years is chosen as the
starting point, the estimated warming rates of
global land or a large region over the hundred
years and plus are basically consistent. The
rate of climate warming, also known as the
trend of climate warming, refers to the ampli-
tude of the average SAT increase per unit of
time, generally expressed as the average SAT
increase every 10 years (°C/decade).

II. Longer than thundered year
temperature series

The Industrial Revolution began in the mid-
18th century. However, for over a hundred years
from the mid-18th century to the mid-19th
century, only a few locations in Europe, North
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Table 1 IPCC AR5 and AR6 assessment results of global land surface air tempera-
ture trends during time periods since 1880. Unit: °C/decade. All trends are
significant at the 99% confidence level (IPCC, 2013, 2021).

Period CRUTEM GHCN GISTEM Berkeley Average
AR5 1880-2012 0.086 0.094 0.095 0.094 0.092
AR6 1880-2020 0.102 0.113 0.106 0.107 0.107

America, and Asia had discontinuous mete-
orological observation records, resulting in
significant uncertainty in estimating the global
land and regional warming rates (Hawkins
et al., 2017). Therefore, researchers generally
choose to analyze the rate of large-scale climate
warming over a hundred years since the late
19th century or early 20th century (1860, 1880,
or 1900).

Since the early 1980s, four research groups
have developed and maintained different global
monthly average land SAT datasets (e.g.,
CRUTEM, GHCN, GISTEM, Berkeley Earth)
(Hansen et al., 2010; Lawrimore et al., 2011;
Jones et al., 2012; Vose et al., 2012; Rohde et al.,
2013; Harris et al., 2014; Menne et al., 2018).
These research groups provide global land
and ocean surface temperature data series for
various scientific assessments by the Intergov-
ernmental Panel on Climate Change (IPCC).
There are certain differences in the number of
land observation sites included in each data
product, but most long-series station data are
shared and therefore they are not independent
of each other.

All four sets of data series indicate a signifi-
cant increase in global land annual mean SAT
over the past 120-160 years. Between 1880 and
2012, for example, the global land annual mean
SAT increasing trend given by IPCC AR5 ranged
from 0.086°C/decade to 0.095°C/decade, with
an average of 0.092°C/decade (IPCC, 2013);
between 1880 and 2020, the assessment results
of the IPCC AR6 ranged between 0.102°C/decade
and 0.113°C/decade, with an average of 0.107
°C/decade (Table 1) (IPCC, 2021). All the in-
creasing trends passed the 99% confidence test.

Among these four sets of data series, GHCN
and Berkeley Earth generally give a larger

warming rate, while CRUT typically obtains the
smallest warming rate. This is mainly related
to the GHCN’s interpolation onto non-data
areas and the Berkeley Earth’s inclusion of
more observation station data. Compared to
other data, especially CRUT data, for example,
Berkeley Earth includes shorter and more
recent observations of the Arctic region. Due to
the “Arctic amplification” effect since the 1990s
(Sun et al., 2017a; Davy et al., 2018), the inclu-
sion of these recent observational data in this
dataset lead to an increase in the estimated
global or northern hemisphere land average
warming trend.

Table 1 also indicates that over time, and
with updated information, the estimated SAT
rising trend based on all datasets has signifi-
cantly strengthed, with an average increase
from 0.092°C/decade in 1880-2012 as reported
in AR5 to 0.107°C/decade in 1880-2020 as
reported in AR6. This acceleration of warming
rate may have been primarily attributed to the
culmination of the “global warming slowdown”
in 2014-2015 and the afterward new phase of
rapid warming.

China Meteorological Administration (CMA)
has developed a new global land monthly mean
SAT dataset (CMA GLSAT) (Ren et al., 2014;
Sun et al., 2017a; Xu et al., 2018). The sources
of the CMA GLSAT consist of three original
global datasets and 11 regional datasets in-
cluding those of the China Reference Climate
Stations and National Basic Meteorological
Stations and the historical datasets from other
Asian countries. The dataset contains a total
of 10,281 observational stations with length no
less than 20 years for monthly mean tem-
perature. The quality of the dataset has been
controlled, and the inhomogenities in the data

— 381 —



1.5

@

Global
trend = 0.121 °C/decade

1.0

0.5+

-0.54

(b)
Northern Hemisphere
trend = 0.134 °C/decade

5

Lo

>

©

§

c 054

<

g 0.0

5 i

8 1

8_ -0.51

§

[t 15 L L

()

1.0

Southern Hemisphere
trend = 0.094 °C/decade

-0.5

-1.0

s Temperature anomaly |
—— 11-year smooth
--=-- Trend 1901-2022

1900 1920 1940

Fig. 1 Annual mean SAT anomaly time series for global land

1960

1980 2000 2020
Year

(a) and hemispheres (b NH, ¢ SH) over 1901-2022. Red

curve indicates 11-year moving average, and dashed purple line indicates linear trends. Modified and updated

from Sun et al. (2017a).

series have been adjusted. More importantly,
the spatial coverage of data has been improved,
especially in regions of Canada, Europe, South
America, Africa, and Asia.

Figure 1 shows the annual mean SAT anom-
aly time series for hemispheres and the global
land over 1901-2022. The temperature anom-
aly curves bear extremely high similarity with
those reported in IPCC reports (2013, 2021).
The linear trends of annual mean SAT for SH,
NH and the globe are 0.094°C/decade, 0.131
°C/decade and 0.119°C/decade respectively, all
statistically significant at the 95% confidence
level. The land warming beginning from the
early 1980s is much more remarkable in the
NH than in the SH. It is also clear that the

Table 2 Linear trends of annual mean global land SAT
for different temperature datasets (GHCN,
CRUTEM, and CMA LSAT) during three dif-
ferent periods. Unit: °C/decade.

Period GHCN-V4 CRUTEM5.0.1 CMA\-]Iz'SAT
1901-2022 0.135*% 0.113* 0.121*
1979-2022 0.331* 0.276* 0.281*
1998-2022 0.346 0.240 0.239

* The trends are significant at the 95% confidence level.

global land mean SAT change to a large extent
depends on that of the NH due to the far more
grids in the NH than those in the SH.

Table 2 compares the CMA GLSAT tem-
perature trends with those of the GHCN and
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Fig. 2 Annual mean SAT anomaly time series for Asian region over 1901-2022. Dashed purple line indicates linear

trends. Modified and updated from Sun et al. (2023).

CRUTEM during different periods. In most
cases, the CMA GLSAT temperature trends are
between those of two other datasets, but the
1998-2022 trend is the lowest among the three
datasets. It is also intertesting to note that all
of the trends during the warming slowdown are
not significant, though the positive trends from
all the datasets are prety large. The world may
have still been in the global warming hiatus.

Figure 2 shows annual mean SAT anomaly
time series in Asian region over 1901-2022.
The annual mean land SAT over Asia increases
significantly during 1901-2022, and the rising
rate reaches 0.135°C/decade. Compared with
the global and Northern Hemisphere, Asia ex-
periences a more rapid warming. Similar to the
Northern Hemisphere, the warming rate in Asia
is stronger at higher latitude, with remark-
able “Arctic Amplification” effect since 2000
(Sun et al., 2023; Ren et al., 2023). Seasonally,
the climate warming of Asian continent is sig-
nificantly stronger in winter than in summer.
The long term annual mean SAT change in
the Hindu Kush Himalayan (HKH) region is
characterized by a significant increasing trend,
but the largest increase in annual mean SAT
occurred in the Tibetan Plateau and south of
Pakistan (Ren and Shrestha, 2017; Ren et al.,
2017).

The observation data series on the African
continent have a shorter length and lower data
quality, making it highly uncertain to conduct
long-term temperature change research. How-
ever, existing analysis shows that the average
annual mean SAT of the continent as a whole
has also significantly increased over the past
120 years, with a rate of approximately 0.06
°C/decade based on the CMA GLSAT data
(figure not shown), which is significantly
weaker than the global average and the Asian
continent. The climate warming in Africa has
only occurred since the early 1980s, and there
has been no significant SAT increase before. In
the 120 years, the warming rate in northern
and southern Africa has been almost consis-
tent, but in the past half century, the warming
in northern Africa has been more pronounced
than in southern Africa (figure not shown).

The research team of China National Climate
Center and China University of Geosciences
(Wuhan) has developed a new set of long-term
monthly SAT data set in China mainland (Wen
et al., 2023). Compared with the previous data-
set, this new dataset has added some early
observation records and significantly improved
spatial coverage. Analysis based on this dataset
indicates that regional average annual mean
SAT in China mainland rose by 0.14°C/decade

— 383 —



Table 3

IPCC AR5 and AR6 assessment results of global land surface air temperature

trends during time periods since mid-20th century. Unit: °C/decade. All trends
are significant at the 99% confidence level.

IPCC Period CRUTEM GHCN GISTEM Berkeley Average
AR5 1951-2012 0.176 0.197 0.188 0.175 0.184
ARG6 1960-2020 0.250 0.257 0.260 0.252 0.255

over the period 1901-2022 (p < 0.01), slightly
higher than the Asian average increase, and
much higher than those in Africa and the
Hindu Kush Himalayan region. Compared to
the previous works (Tang and Ren, 2005; Ren
et al., 2012), the homogenized SAT data series
do not show a marked warm period in 1930s
and 1940s, and the warming rate of the whole
time period has become much larger than those
reported in the early analyses (Tang and Ren,
2005; Ding et al., 2007; Ding and Ren, 2008;
Ren et al., 2012). A main reason for the larger
upward trend in SAT may have been related to
the recovery of urbanization effect in the data
series after homogenization (Ren et al., 2015,
2017). This issue will be further discussed in
Section 4.

An analysis of SAT change over North Korea
for the period 1918-2015 was conducted, based
on an independent national dataset (Om et al.,
2019). It shows a region-averaged annual
warming rate of 0.21°C/yr for the period of
1918-2015 based on the data of four stations
with long-term, complete and continuous re-
cords, and a trend of 0.19°C/yr for the period
1941-2015 based on the data from nine sta-
tions. In any condition, the warming rate in
the region seems larger than those in Asia on a
whole and in China mainland. The warming in
the region mainly occurs after the 1970s, with
winter experiencing the most rapid warming.
During the period of global warming slowdown
since 1998, no significant seasonal warming
trend of wintertime was detectable.

IIT. Temperature series of
the last six decades

Due to the scarcity of high-quality obser-
vations for over a hundred years, relatively

continuous observations mainly occurred in
countries and regions such as Europe, North
America, Australia, and Japan before the mid-
20th century. Therefore, many studies have
focused on the decades since the mid-20th
century. During this period, most parts of the
world’s land had relatively complete and con-
tinuous observation records. Another reason
to pay attention to this period is that recent
decades have also been a period of accelerated
global warming, especially since the mid to late
1970s when the rate of climate warming has
been exceptionally fast.

Using the four global land SAT datasets
mentioned above, the IPCC also evaluated the
warming trends since the mid-20th century. The
evaluation result given by AR5 is that, during
the period 1951 to 2012, the global average
land surface air warming rate obtained from
the four datasets ranged from 0.176°C/decade
to 0.197°C/decade, with the smallest rate for
Berkeley/CRUTEM and the largest for GHCN,
and the average value of the datasets being
0.184°C/decade; The result given by ARG is that,
during the period of 1960 to 2020, the global
average land surface air warming rates calcu-
lated by the four datasets were between 0.250
°C/decade and 0.260°C/decade, with CRUTEM
still showing the smallest, but the maximum
estimated value coming from GISTEM, with an
average of 0.255°C/decade for the four datasets
(Table 3).

Compared with the analysis results for the
period longer than a century, the warming rate
has significantly increased since the mid-20th
century, approximately doubling, indicating
that climate warming since the late 19th or
early 20th century mainly occurred in the latter
half of the thundered years, especially after
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the late 1970s. In the past 60 years, with the
passage of time and data updates, there have
been signs of an increase in the rate of global
land climate warming, which is rather different
from the analyses as reported before 2015-2020
when a sign of decreased warming rates was
frequently shown.

Analysis based on CMA GLSAT data shows
that, during the period from 1960 to 2022, the
average global land warming rate was 0.240
°C/decade (Fig. 2), which is lower than that
based on any of the four international datasets.
The warming rate is most pronounced in the
mid to high latitude regions of Eurasia and
North America, with the Arctic region of the
two continents experiencing particularly prom-
inent warming. The warming trend in some
areas of the southern hemisphere and islands
in the central and western Pacific is relatively
weak, and many grid points even show a de-
creasing trend in SAT (Fig. 3). In the past 60
years, the average warming rate of the south-
ern hemispheric land has been much slower
than that of the northern hemisphere.

Since the mid-1950s, the density of the obser-
vation network in China mainland has greatly
increased, and the quality of observation data

has significantly improved, which can be used
to explore the detailed spatial and temporal
structure of SAT changes. Since the early
1990s, Chinese scholars have conducted exten-
sive research and gained preliminary under-
standing of the characteristics of climate change
in the late 20th century (e.g., Lin and Yu, 1990;
Li et al., 1990; Chen et al., 1991, 1998; Song,
1994; Ren and Zhou, 1994; Zhai and Ren, 1997,
Wang et al., 2004; Qian and Lin, 2004; Hua et
al., 2004; Ren et al., 2019). However, for a long
time, researchers have not paid enough atten-
tion to issues such as data quality, inhomogeni-
ties, and urbanization bias, resulting in certain
uncertainties in the research conclusions.
Several research groups have conducted re-
search on the inhomogenities of air temperature
data in China and established monthly and
daily SAT datasets with varied numbers of
observation stations (Li et al., 2004; Ding and
Ren, 2008; Yan and Jones, 2008; Li and Yan,
2009; Xu et al., 2013; Cao et al., 2016; Ren et al.,
2017, 2019). However, when using homoge-
nized data obtained by different methods for
long-term temperature trend analysis, there
are still significant differences in the results
(Venema et al., 2012). In addition, using any
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method, it is impossible to detect all break-
points caused by non-climatic factors and make
reasonable corrections.

Recently, He et al. (2023) applied multiple
methods and metadata data to detect break-
points in the maximum and minimum tempera-
ture data series of 662 meteorological stations
in North China. It was found that the previ-
ously homogenized data series still had a large
amount of breakpoints, and existing homoge-
nized temperature products still had problems;
they applied the quantitative matching (QM)
method to correct the detected breakpoints and
obtained new homogenized SAT data for the
North China region. Based on the analysis of
new data, it has been found that the estimated
annual mean SAT increasing rate in the entire
region is larger, with the minimum temperature
being particularly evident, and the estimated
Diurnal Temperature Range (DTR) decline
trend is also larger than the previous analysis
results.

Ren et al. (2005a) analyzed the spatial-
temporal characteristics of SAT changes in
China mainland over the past 50 years for the
first time using the homogenized SAT data of
the national reference climate station and basic
meteorological station network. It was found
that the regional average annual mean SAT
rising rate reached 0.25°C/decade, which was
generally higher than the previous analysis re-
sults, and was also far greater than the global
and northern hemisphere land average warm-
ing levels at the same time. Later, the analysis
based on homogenized data (e.g., Li and Yan,
2009; Ren et al., 2012; Cao et al., 2016) con-
firmed this conclusion. This large estimate of
warming is not only related to the updated data,
which includes the most significant warming
in the 1990s, but also to the extent that data
homogenization has restored the urbanization
bias (Zhang et al., 2014; Ren et al., 2015).

Due to the fact that homogenization has not
only failed to solve the problem of urbanization
effect, but also to some extent restored this
systematic bias, new requirements have been
put forward for the study and correction of ur-

banization bias. This issue will be discussed in
detail in Section 4.

At present, the first set of monthly SAT data-
set of national reference climate stations and
basic meteorological stations for urbanization-
bias correction has been completed (Wen et al.,
2019a, b). Using this dataset, the analysis of
the change trend of SAT in China mainland
from 1961 to 2015 shows that the annual mean
warming rate of the whole country is 0.23
°C/decade, which is 20% lower than the analy-
sis result based on the SAT data of homogeni-
zation only. The spatial distribution pattern of
SAT rise has also undergone significant chang-
es, mainly manifested by the emergence of
large areas of climate cooling in central China
and southern North China, and the significant
reduction of the previously reported rapid
warming area in North China and Northeast
China (Fig. 4).

By using homogenization data or urbaniza-
tion-bias correction data, the phenomenon of
regional warming slowdown in northern and
eastern China since 1998 can be detected in
the regional average SAT (Li et al., 2015; Sun
et al., 2017b; Wen et al., 2019b). For example,
in Northeast China, the annual mean SAT
consistently exhibits a cooling phenomenon in
the period 1998-2014, with the annual mean
trends of —0.28°C/10r and a strong contrast
to the previous decades. The Northeast China
warming slowdown occurred under the circu-
lation background of the negative phase Arctic
Oscillation (AO), and of the strengthened Sibe-
ria High and East Asian Trough (Sun et al.,
2017b). Using data corrected for urbanization
bias, it was found that the warming slowdown
in northern and eastern China became more
pronounced after 1998, and the range of re-
gions experiencing cooling during this period
expanded (Wen et al., 2019b).

IV. Systematic bias of observation data

There are still various errors and biases in
the historical data of surface air temperature
observation (Karl et al., 1994; Pielke et al.,
2007; IPCC, 2013; Rao et al., 2018). The most
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important biases for climate change monitor-
ing, detection, and attribution include inhomo-
genity, data spatial coverage bias, urbanization
bias, and averaging method of maximum and
minimum temperatures bias. Each of these
biases can affect the accuracy of global land
and regional SAT trend estimation, causing
uncertainty in the analysis results.

1) Data inhomogenity

The inhomogenity in SAT data has always
been valued in large-scale climate change re-
search (e.g., Vincent et al., 2002; Li et al., 2004;
Menne and Williams, 2009) . Generally, inhomo-
genity is divided into two categories: the first
category refers to data series breakpoints or
step changes caused by station relocation, in-
strument replacement, and statistical method
changes, and the second category refers to data
series trend changes caused by changes in the
surrounding environment of the observation
station. The first type generally causes system-
atic bias for single station data series, but for
a dense observation network average series, it
often acts as a random error; The second type
of inhomogenity is actually mainly caused by
the impact of urbanization at different spatial
scales around observation stations, and accord-
ingly, should not be classified into inhomogen-
ity (Ren et al., 2015). It is a systematic bias or
urbanization bias for regional and global scale
monitoring and research of climate change,

and should be treated independently. For local
change in climate, including urban climate
change, on the other hand, it is an integral part
of the entire change (Ren, 2015), and there is
no need to remove or make adjustment.

In the first type of inhomogenity, at spatial
scales larger than region or under the condition
of dense station network, these breakpoints
sometimes may act as a systematic error.
They can lead to significant deviations in the
estimation of regional average SAT trends in
this case, and it is still necessary to make a
treatment. However, the reasons for causing
inhomogenity in various countries and regions
are diverse, and the current homogenization
methods are still being improved. No method is
universally applicable, and no method can cor-
rect all breakpoints. Nevertheless, the impact
of this type of inhomogenity on the estimation
of large-scale (e.g., China mainland, Asia and
global land) SAT trend is generally small and
insignificant.

In North China, in-depth homogenization
seems to increase the estimated value of re-
gional warming trend, which may be due to
the fact that the inhomogenities of SAT data in
China mainland are mainly caused by station
relocation (He et al., 2021). Moving stations
from cities to suburbs will generally result in a
series of cooling breakpoints (Ren et al., 2015);
homogenization will restore homogeneity of the
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data series, but it has also restored the warm-
ing trend caused by urbanization (Zhang et al.,
2014). Recently, using homogenized data, it
has been found that the rate of annual mean
SAT increase in China mainland over a century
has been much higher than previously estimat-
ed (Cao et al., 2013; Wen et al., 2023), which
should mainly be related to the urbanization
bias in the temperature series of urban stations
restored after data homogenization.

Regarding the traditional second type of in-
homogenity, we suggest not including it in data
inhomogenity. It can be collectively referred to
as urbanization effect or urbanization bias. This
issue will be discussed in the following section.

2) Urbanization effect

Urbanization bias is a progressively upward
trend in SAT at observation stations due to
changes in land cover and aerosols, as well as
the increase in anthropogenic heat release,
associated with urban development, near or
around urban observation sites. This local
warming trend is gradual and may not neces-
sarily lead to breakpoint changes, but it is the
main reason for overestimating the trend of
regional and even global land SAT rise. There-
fore, for large-scale climate change monitoring
and research, the impact of urbanization is one
of the most important systematic biases in the
SAT data series of surface meteorological obser-
vation stations, and requires higher attention.

Over the past 20 years, research on urbaniza-
tion bias in SAT data series has mainly come
from developing countries and regions in Asia
such as China. In China mainland alone, there
are more than hundreds of relevant research
papers, which have greatly improved the scien-
tific understanding of the problem (e.g., Ren et
al., 2005b, 2007, 2008, 2012, 2014, 2015; Chu
and Ren, 2005; Hua et al., 2008; Zhang et al.,
2010; Yang et al., 2011, 2013; Wang and Ge,
2012; He et al., 2013; Zhang et al., 2014; Sun
et al., 2016; Tysa et al., 2019). According to
the methods used, this research can be divided
into five categories: urban-rural, observation-
reanalysis, urban-mountainous (upper air),
space for time method, and optimal fingerprint

attribution. The urban-rural approach has been
widely adopted due to the testability of as-
sumptions and its simple, direct, and objective
characteristics. According to this method, using
rural station data selected based on objective
criteria, most studies have shown that urban-
ization has had a significant impact on the es-
timation of SAT trends at national observation
stations in China since the mid-20th century
(e.g., Ren et al., 2005b, 2008, 2014; Chu and
Ren, 2005; Hua et al., 2008; Ding and Ren,
2008; Zhang et al., 2010; Yang et al., 2011, 2013;
Wang and Ge, 2012; He et al., 2013; Tysa et al.,
2019).

Tysa et al. (2019) developed a new objective
station classification method. Using U1l and U2
stations of the classification as rural stations,
they evaluated the urbanization bias in differ-
ent categries of national stations and different
periods of SAT series. The results showed that,
during 1960-2015, urbanization contributed
more than 18% to the overall estimated SAT in-
crease of all China’s national stations (~2400),
and the contribution to the overall warming
estimates of the national reference climate sta-
tion and basic meteorological station network
(~800) is over 28% (Fig. 5). Due to the com-
promise made in the selection criteria for rural
stations during the process, the rural stations
used in this study and other studies based on
the urban-rural method are not truly rural sta-
tions. Therefore, the urbanization effect (bias)
and relative contribution values obtained from
the analysis and other similar analyses are all
conservative.

The urbanization effect on the estimation of
SAT trends in other countries and regions in
Asia is also significant. Korean research groups
(Cho et al., 1988; Choi et al., 2003; Chung et al.,
2004) found that there is a clear relationship
between the warming trend of urban stations
in South Korea and urbanization, with the in-
creasing trend of minimum temperature being
more affected. Studies in Japan found that
urbanization has a significant impact on esti-
mating the trend of SAT increase in Japan over
the past hundred years (Japan Meteorological
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Agency, 2008). Most station observations in
Japan are difficult to be used for monitoring
regional SAT changes (Das et al., 2011; Fujibe,
2009, 2011). In countries and regions such as
South Afican, North Korea, Thailand, and the
Philippines, it has also been found that there
is a significant contribution of urbanization in
the annual and seasonal mean SAT trends as
estimated based on national observation data-
sets (Hughes and Balling, 1996; McKitrick and
Michaels, 2004; Jongtanom et al., 2011; Om
et al., 2021; Manalo et al., 2021).

On global scale, the academic community
has long believed that there is no significant
urbanization bias in the global land historical
SAT data series (Jones et al., 1990; IPCC,
2013, 2021). Recently, Zhang et al. (2021) used
location information of the National Climate
Reference Network (CRN) stations in the
United States as a reference, and applied ma-
chine learning methods to classify observation
stations including rural stations, to evaluate

the urbanization bias in the annual mean and
extreme SAT index series based on the global
land daily SAT dataset jointly developed by
China University of Geosciences (Wuhan) and
CMA. The results indicate that there are signif-
icant urbanization bias in the averaged annual
mean SAT series of global land and East Asia
over 1951-2018 (Fig. 6), while a weak urban-
ization effect has been detected in the North
American continent during the same period.
The urbanization contribution to the long-term
trend of global average land annual mean SAT
is 12.7%. This finding indicates that urbaniza-
tion bias is not negligible in the current esti-
mates of the global average land SAT trends.
As mentioned earlier, the homogenization of
temperature data may not address the issue of
urbanization bias. The existing homogenization
methods have actually somewhat complicated
or have restored this systematic bias. The
case study in China shows that, in the case
of inhomogeneities caused mainly by station
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relocation, data homogenization significantly
restores the positive trend of SAT series caused
by urbanization, leading to an increase of the
urbanization bias in the data series (Zhang
et al., 2014; Ren et al., 2015; Li et al., 2014; He
et al., 2021). In Europe, America, and other re-
gions, the Menne and Williams (2009) method,
or similar methods, is used to homogenize his-
torical SAT data series. If the reference series
does not use the average homogenized SAT data
from rural stations, it may significantly mix the
signal of urbanization effects of the regional ob-
servation stations with different urbanization
levels (Blending effect or aliasing of trend bias)
(Hausfather et al., 2012) . This may have slowed
down the urbanization warming of urban sta-
tions, while at the same time strengthened the
urbanization warming of rural and small-city
stations (Soon et al., 2018; Katata et al., 2023).
Obviously, this issue needs to be addressed. In
our opinion, the progressively increased urban-
ization bias caused by local human activities
around the observation stations should not be
corrected in the stage of SAT data homogeniza-
tion if the representative rural sations have not
been objectively determined for establishing
reference data series.

For a long time, the publication review of
urbanization bias in land SAT series by IPCC
reports seems to be selective, and therefore

has not shown sufficient objectivity and impar-
tiality. AR5 acknowledged that, in areas with
rapid urbanization, the urbanization effect in
recent decades had been significant; AR6, on
the other hand, completely ignored the signif-
icant urbanization bias found and confirmed
by a large number of studies in rapidly devel-
oping regions such as China mainland. The
conclusion reached in AR5 is: “it is likely that
residual biases account for no larger than 10%
of the warming trend globally and 25% region-
ally in rapidly developing regions”; while AR6
emphasized: “it is unlikely that any uncorrect-
ed effects from urbanization, or from changes
in land use or land cover, have raised global
surface air temperature trends on land by more
than 10%, although larger signals have been
identified in some specific regions, specifically
rapidly urbanizing areas as such as Eastern
China”. These conclusions cannot be regarded
accurate. From a global land perspective, since
the mid-20th century, the urbanization bias
is greater than 12% (Zhang et al., 2021); in
the China mainland, in the past 50-60 years,
the urbanization bias in the annual mean SAT
series of the commonly used national reference
climate stations and basic meteorological sta-
tion networks is more than 28% (Ren et al.,
2005b, 2014; Zhang et al., 2010; Tysa et al.,
2019).
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3) Spatial coverage of observation data

The spatial distribution of observational data
and its changes over time will have an impact
on the estimation of regional and global aver-
age land SAT trends (Cowtan and Way, 2014).
The existing high-quality SAT observation data
are mostly distributed in parts of Europe,
North America, Australia, and East Asia (Sun
et al., 2017a, c). The extent to which observa-
tion data in these regions can represent the
global land is still an open question. Taking
CRUTEM as an example, from the late 19th
century to the early 20th century, the number
of grid points with observational data account-
ed for less than 20% of the total number of grid
points on global land, indicating that most grid
points did not have data. Due to the spatial
heterogeneity and significant spatial pattern of
natural climate variability at multiple decadal
scale and warming trends caused by human
activities, the uneven spatial coverage of data
undoubtedly leads to a bias in the estimation
of global land warming trends (Karl et al.,
1994; IPCC, 2013). If solid evidence cannot be
provided to indicate that less than 20% of the
land area can effectively represent global land
SAT change and variability, the uncertainty in
estimating global land air temperature trends
caused by incomplete data spatial coverage
cannot be ignored.

What makes this problem even more complex
is that the spatial distribution patterns of ob-
servation and data coverage are not fixed and
may change over time. Although this change
also follows a certain pattern, such as expand-
ing from developed regions including Europe
and America to developing regions, or from low
latitudes to poles in the ocean, if combined with
large-scale low-frequency natural climate vari-
ability modes, it will certainly cause bias in the
estimation of global land SAT change trends.

One example is that, in existing global land
SAT datasets, some do not have strict regula-
tions on the time length and age distribution of
observation series, adding into the datasets a
lot of high latitude land, island, and ocean sur-
face water temperature observation data from

the past decade to four decades, or adding sat-
ellite remote sensing surface temperature data
in the Arctic region where observation stations
are scarce. In this case, due to the Arctic region
experiencing faster warming than other regions
in the past 30 years (Davy et al., 2018), the
added observational data to the regions includ-
ing the Arctic region will lead to an increase
in the average global or northern hemisphere
land warming rate. This introduces a systemat-
ic bias caused by the temporal variation of the
spatial coverage range of observation data over
time.

Another example involves understanding the
global warming slowdown phenomenon that
began in 1998 or 2000. Global warming hiatus
or slowdown attracted much attention for a few
years from 2009 to 2015, and various causes
had been assumed and investigated for the un-
expected phenomenon (e.g., IPCC, 2013; Kosaka
and Xie, 2013). However, Karl et al. (2015)
presented their analysis, suggesting that the
rate of warming during 2000-2014 is as great
as the last half of the 20th century, indicating
that no slowdown of global warming ever oc-
curred. The conclusion is drawn mainly relying
on an updated SSTs dataset (ERSST v.4) which
had been corrected for a systematic bias of the
buoy records (Schmidt, 2009; Huang et al.,
2019). The correction was made to account for
an average difference of —0.12°C between collo-
cated buoy and ship SSTs for every grid cell in
ERSST v 4.

The bias correction is necessary for avoiding
the incompatibility of different SSTs observa-
tions (Huang et al., 2019). A major problem
with their analysis, however, is another bias
likely introduced to the calculation of the global
ocean average SSTs anomalies and trends,
which is related to the varied spatial distribu-
tions of the oceanic buoys, and in less extent
the land surface stations, through time, and
the spatially heterogeneous warming occur-
ring during the last decades. The bias can be
regarded as the time-varying observational
configuration bias in constructing any global or
regional average temperature series (Brohan
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et al., 2006).

On one hand, buoys and stations have in-
creased in number and in spatial coverage since
1980. A large proportion of the increase occurs
in northern Pacific, northern North Atlantic
and Arctic Ocean. The number of buoy obser-
vations in the high-latitude northern oceans
significantly increased from 1998 to 2014, for
example, indicating a more expansive coverage
of the observations. On the other hand, the sur-
face warming is generally more obvious in mid-
to high latitude zones of northern Hemisphere
during the last decades. Northern North Atlan-
tic, Arctic Ocean and northwestern Pacific are
all among the areas experiencing the largest
increase in surface temperature over the world.

In case of buoy and station absence before
1998 or 2000, the relatively larger positive or
negative temperature anomalies in these north-
ern high-latitude zones were not accounted in
the global average temperature anomaly series;
with the expansion of observations toward
northern areas, the currently occurred high
latitude rapid warming was being incorporated
into the global average temperature anomaly
series. Furthermore, the positive bias (+0.12
°C) correction of the buoy records had further
heightened the effect of incorporating more
buoy observations in high latitudes, resulting
in an artificial increase of the global mean tem-
perature after 1998 or 2000, and a absence of
the warming slowdown since then.

Overall, the systematic bias caused by the
spatial coverage of observation data and its
changes over time has received little attention
from researchers for a long time, but it is a very
important technical issue in climate change
monitoring and research that needs to be prop-
erly addressed in the future.

4) Averaging method of maximum and

minimum temperature

Prior to automatic observation, SATs were
manually recorded. At national meteorological
observation stations of some countries, manual
observation not only records the maximum and
minimum temperatures (T,.. and T,,) in a
day, but also records fixed-time temperature

values at equal intervals throughout the day
(such as 4 times every 6 hours, 8 times every
3 hours, or 24 times every hour), which were
used to calculate the daily mean temperature.
However, in many volunteer observations in
countries, or in international data exchange,
there are often only T,, and T,, records
available, without equidistant fixed-time obser-
vations. In this case, it is necessary to use the
daily T,,., and T,;, to calculate daily, monthly,
and annual mean temperatures (Collison and
Tabony, 1984). In the current international
global land SAT datasets, the monthly and
annual mean values of about half or even most
stations are obtained based on the average daily
Ty and T, (ie., the T, and T,; average
method) (Jones et al., 2007).

According to the CMA Specifications for Sur-
face Meteorological Observation (2003), it is
stipulated that the daily mean SAT of the
national meteorological stations be calculated
based on the average of four temperatures re-
corded at 02:00, 08:00, 14:00 and 20:00 Beijing
Time. This 4-time-observation averages are the
most frequently used daily, monthly and annual
mean SAT in the national meteorological ser-
vice and the scientific researches conducted in
China (e.g., Ren et al., 2008, 2012; Cao et al.,
2016). However, the currently used global land
SAT datasets, including the CMA GLSAT data-
set, incorporated the monthly and annual mean
SATSs as calculated based on the T,,, and T,
average method. The analysis of climatological
mean and climate change applying these data-
sets may have been affected by a systematic
bias.

The bias of the calculated mean SAT using
daily T,.. and T,;, records relative to the
standard mean SAT of four-time equidistant
observations, and its effect on the estimated
SAT trend, were analyzed by using a homoge-
nized SAT dataset of China national reference
climate stations and national basic meteoro-
logical stations (Liu et al., 2019). The analysis
showed a large positive bias of annual mean
SAT, which reaches 0.58°C on national aver-
age, with the regional average bias the lowest
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in the northwest arid region and the highest in
the Qinghai-Tibetan Plateau. Furthermore, the
analysis showed that the bias has a significant
positive trend in the 50 years of 1964-2013,
with a rising rate of 0.021°C/decade, which
accounts for 12% of the overall warming as
estimated from the SAT data of the national
observational network (Fig. 7). The largest
positive trend bias was found in the northwest
arid region, and the most remarkable increase
of the bias occurred after early 1990s.

These findings indicate that the method to
calculate daily and monthly mean SAT using
T,..« and T,;, average method significantly over-
estimates both the climatological mean and the
long-term trend of annual mean SAT. Although
the bias has not affected the monitoring and
studies in China mainland, because the daily,
monthly and annual mean SAT data were
obtained by calculating four-time equidistant
observational records, it may have significantly
overestimated the warming trends of other
regions and the global land area as a whole,
because the data of monthly mean tempera-
tures as calculated using T, and T,;, average
method have been widely used in the popular
international SAT datasets. The nature and

magnitude of the bias at global land level
should be carefully addressed in future studies.

V. Summary and prospects

Global land, Asian, Chinese, and other re-
gional scale studies have consistently shown
significant warming of global and regional sur-
face climate over the past century, especially
over the past half century. Few people seem
to question the observational facts of climate
change; however, there is significant uncertain-
ty in the existing research results regarding
the magnitude and rate of the warming. As-
sessing and quantifying these uncertainties has
important theoretical and practical significance
for climate change science and response.

According to the research of China mainland
and other regions, as well as of global land
areas, the biggest uncertainty in the estimation
of warming rate comes from the urbanization
effect near the observation stations, followed
by the uneven spatial coverage of observations
and its change over time, and the T, and T,;,
average method. Narrowly defined inhomoge-
neity of SAT data, which refers to breakpoints
or step changes in the data series, has a signif-
icant impact on single station or small-sample
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observation network data; for large areas or
large-sample observation network data, it
mainly manifests as a random error, and has
little impact on the estimation of warming rate.

In China mainland, since the mid-20th cen-
tury, urbanization has contributed at least 28%
to the rising trend of annual average ground
temperature at national reference -climate
stations and basic meteorological stations; on
global land, since the early 1950s, the urbaniza-
tion effect has contributed at least 12.7% to the
annual average SAT rising trend as estimated
based on the global land daily SAT dataset
developed by the CMA. Since the late 19th or
early 20th century, the estimate of global land
surface warming rate has certainly been affect-
ed by urbanization, but there is currently no
quantitative assessment of the absolute mag-
nitude and relative contribution of this impact.
The estimation of global land SAT trends may
have also been influenced by biases caused by
the average method of T,,,, and T,,,; if the test
results in China mainland can be extended to
the whole world, the bias should also be large.
The nature and magnitude of the influence re-
sulting from uneven spatial coverage of global
observation data and its changes over time are
still unclear. We estimate that, since the mid-
20th century, the combined effects of urbaniza-
tion and the overestimation caused by the T,
and T,;, average method may have reached at
least 20% of the global land averaged annual
mean SAT rising rate estimated by applying
existing datasets.

Obviously, there are still many issues that
need to be further studied in the future. The
most important issues include: inhomogeneity
testing, verification, and correction of global
land historical SAT data series, evaluation and
adjustment of urbanization bias in historical
SAT data series of the past hundred years as
processed by different methods, detection and
treatment of systematic bias caused by spatial
heterogeneity of observation data coverage and
its changes over time, as well as the correction
of systematic biases caused by the T,,, and T,,;,
average method and other statistical methods.
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