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Abstract
Though the magnitude of any change is important, regions which have a larger signal of change relative
to the background variations will potentially face greater risks than other regions, as they will see unusual
or novel climate conditions more quickly (Frame et al. 2017). Providing more information about signal
and noise on regional scales, and the associated attribution to particular causes, is therefore important
for adaptation planning (Chen et al. 2021). However, whether a detectable signal in temperature extremes
emerges in China at the local or regional level during 850−2005 has not been discussed. Based on six
selected and bias-corrected global models under the Coupled Model Intercomparison Project phase 5,
relative to pre-industrial levels (ca 1850), we show that the temporal information of signal-to-noise ratio
(S/N) in annual temperature extremes are consistent with annual mean temperature variations in China
during 850−2005. Before 1850, absolute values of regional mean S/N in temperature extremes under cold
climatic conditions are generally larger than that under warm climatic conditions. At the level of S/N > 1,
local increasing signals of cold extremes emerge in the second half of 13th century and in the early 19th
century after intensively volcanic eruptions in 1257 and 1815 in most part of China, especially in southern
China and Tibet Plateau. Over the past 150 years under global warming, absolute values of regional
mean S/N in temperature extremes have increasing trends. The regional mean increasing signals of
warm extremes over China begin to exceed natural variability in 1969 at the level of S/N > 1, and local
warm signals first occur in 1929 in Tibet Plateau. These warming signals are related to greenhouse gas
forcing.

Introduction
Knowledge of the temperature variability during the last one to two millennia provides a context for future
climate change and is important for determining climate sensitivity and the processes that control
warming. Since systematic instrumental temperature records only extend back to the 19th century, such
knowledge mainly relies on proxy data and model simulations.
Over the past two decades, many proxy-based temperature reconstructions in East Asia or China covering
the past one to two millennia have been published (Yang et al. 2002; Wang et al. 2007; Cook et al. 2013;
Ge et al. 2013; Shi et al. 2015; Zhang et al. 2018). The temperature reconstructions generally show a
warm period during the first two centuries AD, followed by a multi-century long cooling period, again a
warm condition from ca 900 to 1200 AD (Medieval Climate Anomaly), and a cooler climate from about
1450 to 1850 AD (Little Ice Age). The last 150 years are characterized by a continuous warming until
recent time. This shows a similar behavior to that of the northern hemisphere (Christiansen and
Ljungqvist 2017). Moreover, three field temperature reconstructions over East Asia have recently been
published, which can offer temporal and spatially resolved information over past temperature variability
(Cook et al. 2013; Shi et al. 2015; Zhang et al. 2018). The field temperature reconstructions generally
compare well with the ensemble model simulation of the Coupled Model Intercomparison Project Phase 5
(CMIP5) during 850–2005 (Masson-Delmotte et al. 2013; Zhang et al. 2018).
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Meanwhile, some extreme climate events reconstructions in China have been made. For example, Zhang
and Gaston (2004) reports 19 extreme burning hot summers in the last 1000 years by surveying weather
and related impact records from “A Compendium of Chinese Meteorological Records of the Last 3000
years” (Zhang 2004). For example, the northern China heat wave in summer 1743 is the greatest in
intensity, injuries, area of coverage and duration, and another one extreme burning hot summer is in 1215.
Hao et al. (2011) identifies historical analogues of the central and southern Chinese 2008 extreme snow
event from the chronology of extremely cold winters reconstructed over the last 500 years. Zheng et al.
(2012) identifies 50 extreme cold winters for the period 1650–1949 based on 4000 pieces of comparable
information extracted from local gazettes in southern China. Lyu et al. (2016) reconstructs April–July
minimum temperature on Laobai Mountain during the past 414 years.
The early onset of sustained, significant warming in paleoclimate records and model simulations
suggests that greenhouse gas forcing of industrial-era warming commenced as early as the mid-19th
century (Abram et al. 2016). Since the Intergovernmental Panel on Climate Change Third’s Assessment
report in 2001, the observed signal of climate change has been unequivocally detected at the global
scale, and this signal is increasingly emerging from the noise of natural variability on smaller spatial
scales and in a range of climate variables (Chen et al. 2021). Nevertheless, most researches about time of
emergence in mean and extreme climate are focused on the period of the last 150 years and the future,
based on instrumental records and model simulations (Giorgi and Bi 2009; Mahlstein et al. 2011;
Hawkins and Sutton 2012; Mora et al. 2013; Sui et al. 2014; King et al. 2015; Lopez et al. 2018; Nguyen et
al. 2018). However, to the best of our knowledge, whether a detectable signal in temperature extremes
emerges at the local or regional level during the last millennium has not been discussed.
One approach to doing this utilizes the signal-to-noise ratio (S/N) which is the ratio of signal in
temperature extremes to its natural variability (Hawkins and Sutton 2012). The S/N describes the
magnitude of the climate change signal relative to its natural variability and may be useful for climate
impact assessments. Though the magnitude of any change is important, regions which have a larger
signal of change relative to the background variations will potentially face greater risks than other
regions, as they will see unusual or novel climate conditions more quickly (Frame et al. 2017). The S/N is
also important for many hazards (Loarie et al. 2009). Providing more information about signal and noise
on regional scales, and the associated attribution to particular causes, is therefore important for
adaptation planning (Chen et al. 2021).
Therefore, the purpose of this study is to address whether signals in temperature extremes over China
exceed its natural variability during the last millennium and if yes where and when the signals will occur
first.

Data And Methods
2.1 Data
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Daily minimum and maximum near-surface air temperatures of seven global climate models from the
CMIP5 of the World Climate Research Programme and two CMIP6 models are available at this stage. All
seven models from CMIP5 have performed the pre-industrial control run, the 20th century experiment with
all forcing (or historical run) and the last millennium experiment (or past1000 run) described by Taylor et
al. (2012), and similar information of two CMIP6 models is described by Eyring et al. (2016). These
climate model data are freely accessible at the website https://esgf-node.llnl.gov/search/. We use only
the first run for each model to treat all of the models equally. Basic information on the nine models and
their experiments is presented in Table 1.
To bias correct the performance of models in simulating climate extremes over China, we used
observation data for daily minimum and maximum temperatures at the 0.25° × 0.25° horizontal
resolution during the period 1961–2005. It is constructed from 2416 observation stations over China by
the National Climate Center of the China Meteorological Administration (Wu and Gao 2013, hereafter
referred to as CN05.1).
To compare paleoclimate data with model simulations, surface air temperatures at the 2° × 2° horizontal
resolution from 20 ensemble-mean values for each Monte-Carlo reconstruction of Last Millennium
Reanalysis (LMR) version 2 are used in our work. The LMR version 2 utilizes an ensemble methodology to
assimilate paleoclimate data for the production of annually resolved climate field reconstructions of the
Common Era, which is based on an updated proxy database and seasonal regression-based forward
models (Tardif et al. 2019).
Given the range of horizontal resolutions of the nine models and observation data, all of simulations and
observation data are regridded to a relatively mid-range horizontal grid resolution of 2° × 2°. Seasonal
analyses were performed according to standard procedures for winter (December–January–February,
DJF) and summer (June–July–August, JJA).
2.2 Climate extreme indices
We considered 12 indices of temperature extremes in this work (Table 2). They are the coldest night
(TNn), the warmest night (TNx), tropical nights (TR), frost days (FD), warm nights (TN90p), and cold
nights (TN10p), which are based on daily minimum temperature, and the coldest day (TXn), the hottest
day (TXx), summer days (SU), icing days (ID), warm days (TX90p), and cold days (TX10p), which are
based on daily maximum temperature. The indices are generally divided into absolute indices (TNn, TNx,
TXn, and TXx), absolute threshold indices (TR, FD, SU, and ID), and percentile-based threshold indices
(TN90p, TN10p, TX90p, and TX10p). The percentile-based threshold indices are based on percentiles
calculated from 5-day windows centred on each calendar day in the reference period. TN10p and TX10p
(TN90p and TX90p) are based on the 10th (90th) percentile during the baseline period 1961–1990 in this
work. To avoid possible inhomogeneity across the in-base and out-base periods, a bootstrap procedure
recommended by Zhang et al. (2005) is taken for the baseline period 1961–1990. Detailed information
on the indices can be found in Sillmann et al. (2013), or on the ETCCDI website
http://etccdi.pacifcclimate.org/list_27_indices.shtml.
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2.3 Bias-correcting daily minimum and maximum temperatures of models
First, we assess whether these models could satisfactorily reproduce the trend in regional mean
temperature over China during 850−2005. One CMIP5 model (MIROC-ESM) presents an increasing trend
during 850−1850, since it shows a problematic long-term drift (Fig. S1, Bothe et al. 2013; Sueyoshi et al.
2013). This is opposite to proxy-based temperature reconstructions (Yang et al. 2002; Wang et al. 2007;
Cook et al. 2013; Ge et al. 2013; Shi et al. 2015; Zhang et al. 2018). In addition, this CMIP5 model and two
CMIP6 models (MRI-ESM2-0 and EC-Earth3-Veg-LR) cannot capture the warm period during the 20th
century (Fig. S1). To be specific, the simulated temperature during 1850−2005 is lower than that during
850−1849 for these three models (Fig. S1). Thus, the outputs of MIROC-ESM and two CMIP6 models are
not used and only six models of CMIP5 are selected in next analysis.
Second, the level of confidence in past and future climate based on a climate model depends in part on
the skill of the model in reproducing the current observed climate. According to Li et al. (2020), we use a
simple ‘∆-method’ to reduce the bias of model-derived daily minimum or maximum temperature relative
to observation from CN05.1. To estimate the bias, the seasonal cycle of daily minimum or maximum
temperature obtained from 45-year CN05.1 dataset (1961–2005) is subtracted from the seasonal cycle
calculated with model historical (1961–2005) simulations. The resulting bias in the seasonal cycle is
then removed from daily minimum or maximum temperature calculated from the output of model
simulations. Then, all of indices of climate extremes are calculated based on the bias-corrected daily
minimum and maximum temperatures. Although only the seasonal cycles of daily minimum and
maximum temperatures are bias-corrected, most of climate extremes from bias-corrected model
simulations show an overall close resemblance with those from CN05.1 (Fig. S2–S3).
2.4 Signal-to-noise ratio
The S/N is an important metric for comparing local signals with natural variability (Hawkins and Sutton
2012). First, the modeling periods of pre-industrial control run shown in Table 1, in which external
forcings are fixed at non-evolving pre-industrial conditions (Taylor et al. 2012), are considered as the
reference period. Relative to the pre-industrial level, the time series of the signal of each model from
850−2005 is indicated by a change in 31-year running average, a time period that is sufficient to filter out
inter-annual variability (Sui et al. 2018). For example, the signal at year 865 is the difference between the
mean of the period 850−880 and mean of the reference period.
Second, consistent with the definition from Hawkins and Sutton (2012), the internal variability of a
climate system is considered “climate noise”. The natural variability of the climate system occurs in the
absence of external forcing and includes processes intrinsic to the atmosphere, the ocean and the
coupled ocean–atmosphere system, such as El Niño-Southern Oscillation, Atlantic Multidecadal
Oscillation, and Pacific Decadal Oscillation (Deser et al. 2012). The pre-industrial control simulation from
each model is used to estimate the noise, which is defined as the inter-annual standard deviation of the
annual or seasonal means (Sui et al. 2018).
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Then, the signal and the noise of temperature extremes are calculated separately for each model at each
grid cell. Thus, the S/N of each temperature extreme is obtained from the ratio of signal to noise in each
temperature extreme for each model or CMIP5 multi-model median in each grid cell. In our work, we
consider that signals emerge from natural variability or it is outside natural variability, when its absolute
value of S/N is larger than 1.
Lacking of pre-industrial control run for LMR, the pre-industrial period 1651–1850 is considered as the
reference period. Then, relative to the period 1651–1850, the time series of the signal of each ensemblemean values for each Monte-Carlo reconstruction from 850−2000 is indicated by a change in 31-year
running average. Third, the noise in annual mean temperature for LMR is the standard deviation of
annual mean temperature during the period 1651–1850. Finally, the time series of S/N in annual mean
temperature for each ensemble-mean values for each Monte-Carlo reconstruction from 850−2000 and
their median are calculated based on the signal and noise.

Results
3.1 The S/N in annual temperature extremes during 850−2005 in China relative to the pre-industrial level
3.1.1 Mean temperature
First, time series of area-weighted regional mean S/N in annual mean temperature during 850−2005 over
the land grid point of China for bias-corrected six CMIP5 models and their multi-model median relative to
the pre-industrial level are shown in Fig. 1a. The S/N in annual minimum and maximum temperatures
have similar features to annual mean temperature during 850−1850 (Fig. S4a). Before 1850, regional
mean multi-model median S/N in annual mean temperature over the whole China are from –0.8 to 0.1. In
other words, regional mean changes in annual mean temperature over China do not exceed natural
variability during 850−1850 at the level of S/N > 1, based on the multi-model median S/N.
Nevertheless, annual cold signals in periods 1245−1303, 1446−1461, 1597−1614, 1647−1650,
1684−1727, and 1801−1829 emerge from natural variability at the level of S/N > 1 at local scale (Fig. 2a).
For example, during 1245−1303, 1684−1727, and 1801−1829, the proportions of the areas where the
multi-model median S/N in annual mean temperature are smaller than –1 to the whole country are from
0.4% to 25.1%, from 0.4% to 11.0% and from 0.5% to 4.9%, respectively. These large S/N may be driven by
volcanic events (Fig. 1d), particularly after the large eruptions in 1257, 1452, 1600, and 1815 (Hartl-Meier
et al. 2017). The results from six individual models are similar to the multi-model median except CSIROMk3L-1-2, which has some warm signals in annual mean temperature during 850−1850. In addition,
CCSM4, IPSL-CM5A-LR, and MPI-ESM-P have stronger signals than multi-model median and the other
three models with respect to volcanic forcing during 850−1850 (Fig. 1a and Fig. 2a).
During the period 1851−2005, regional mean signal in annual minimum, mean, and maximum
temperature begins to be larger than natural variability in 1971, 1972, and 1980 at the level of S/N > 1,
respectively (Fig. 1a and Fig. S4a). At local scale, the warm signals in annual mean, minimum and
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maximum temperatures begin to emerge in 1929, 1933, and 1944 at the level of S/N > 1, respectively, and
occur in most of China until 2005 (Fig. 2a and Fig. S4a). These warm signals are mainly caused by
greenhouse gas forcing (Fig. 1a and Fig. 1d, Schmidt et al. 2011). All six individual models have warm
signals in the 20th century, and the time of emergence in signals in annual temperature for IPSL-CM5A-LR
is earlier than that for other five models at the level of S/N > 1 (Fig. 1a).
Next, S/N in annual mean temperature from CMIP5 models are compared with that from LMR. On one
hand, median signals in annual mean temperature of LMR over China do not emerge from natural
variability at the level of S/N > 1, either (Fig. 1a). Specifically, median regional mean S/N in annual mean
temperature from LMR over China during 850−1850 are in the range of –0.7 to 0.6. Moreover, the
correlation coefficient between median S/N in annual mean temperature from CMIP5 models and that
from LMR during 1400−1850 (0.25) is higher than that during 850−1399 (–0.30). In addition, both of
them show that the early 19th century is a cold period. However, local signals from the median runs of
LMR do not emerge from natural variability during 850−1850 after the volcanic forcing in the CMIP5. On
the other hand, during period 1851−2005, both CMIP5 simulations and LMR have the increasing trend for
S/N in annual mean temperature, and their correlation coefficient is 0.87 (Fig. 1a). Nevertheless, the time
of emergence in median regional mean signals of annual mean temperature over China for LMR is 10
years later than that for CMIP5 models at the level of S/N > 1.
3.1.2 Cold extremes
The temporal information of annual cold nights (TN10p) is consistent with annual mean temperature
variations in China, with larger (smaller) S/N in cold (warm) climatic conditions before 1850 (Fig. 1a and
Fig. 1b). The regional mean S/N in annual cold nights range from 0.1 to 1.5 before 1850. Specially, during
both 1247−1276 and 1810−1828, regional mean S/N in annual cold nights in China are larger than 1. At
local scale, the increasing signals in annual cold nights emerge from natural variability in the 13th
century and from the end of 16th century to the first half of 19th century at the level of S/N > 1. It is worth
mentioning that during 1261−1276 and 1817−1827 the increasing signals in annual cold nights emerge
from natural variability in more than half of China at the level of S/N > 1. The correlation coefficient
between S/N of cold nights and radiative forcing from volcanic aerosols is –0.50, –0.95, and –0.54
during the period 900−1200, 1201−1449, and 1450−1850, respectively, and the correlation coefficients
between multi-model median S/N of cold nights and other radiative forcings are low (Table 3). The
results from six individual models are also similar to the multi-model median during 850−1850 except
that CSIRO-Mk3L-1-2 has some warm signals in annual cold nights, and that CCSM4, IPSL-CM5A-LR, and
MPI-ESM-P have stronger signals than multi-model median and the other three models with respect to
volcanic forcing at the level of S/N > 1 (Fig. 1b and Fig. 2b).
During 1851−2005, regional mean median S/N in annual cold nights in China are from –1.2 to 0.4, with
decreasing signals exceeding natural variability from 1984 (Fig. 1b). All six individual models also have
decreasing signals in annual cold nights, and the time of emergence in signals of annual cold nights for
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IPSL-CM5A-LR is earlier than that for other five models (Fig. 1b). Local decreasing signals in annual cold
nights emerge from noise in 1970s for multi-model median (Fig. 2b).
The other cold extreme indices, such as cold days (TX10p), frost days (FD), and icing days (ID) have
similar features to cold nights (TN10p), but their absolute values of S/N are generally smaller than that of
cold nights (Fig. S4c−S4d). To be specific, regional mean increasing signals in annual cold nights and
cold days over China emerge from natural variability during 1247−1276 and 1810−1828, and there are no
regional mean signals in other temperature extremes for the whole country before 1850. At local scale,
the increasing signals in annual cold nights, cold days, frost days, and icing days exceed natural
variability in the second half of the 13th century and in the early 19th century. The local increasing
signals in annual cold nights and cold days are outside natural variability from the end of the 16th
century to the end of the 18th century.
Compared to the identification about the extreme cold winter events in southern China during 1650−2000
from Zheng et al. (2012), it is consistent that low frequency cold nights (TN10p) in winter in southern
China occurs in 1730−1800 and in the second half of the 20th century (Fig. S5a). Both of them show that
high frequency cold nights in winter in southern China occurs in 1800−1850 (Fig. S5a), but simulation
presents that the first half of this period has more cold nights than the second part has, and that is
opposite to Zheng et al. (2012). In addition, they find the intensities of some cold events in southern
China are strong, such as those during 1653–1654, 1670, 1690, 1861, 1892 and 1929. The simulation
can reproduce that both in 1690 and in 1892, with a weak magnitude (Fig. S5b–S5c).
3.1.3 Warm extremes
The warm extreme indices, such as warm days (TX90p), summer days (SU), tropical nights (TR), hottest
day (TXx), and warmest night (TNx) have similar features to warm nights (TN90p), but their absolute
values of multi-model median S/N are generally smaller than that of warm nights (Fig. S4b−S4d).
Consistent with annual mean temperature changes, larger (smaller) absolute values of multi-model
median S/N in warm nights occur in cold (warm) climatic conditions during 850−1850 (Fig. 1a and Fig.
1c). However, there are no regional mean multi-model median signals in these warm extremes for the
whole country before 1850, with regional mean multi-model median S/N in annual warm extremes being
from –0.6 to 0.03. At local scale, the decreasing signals in annual TNx and TR exceed natural variability
in the second half of the 13th century and in the early 19th century. The local decreasing signals in
annual TNx are also larger than natural variability in the middle of the 15th century. For individual
models, CCSM4, IPSL-CM5A-LR, and MPI-ESM-P have decreasing signals in warm nights with respect to
volcanic forcing during 850−1850 (Fig. 1c and Fig. 2c).
As for multi-model median results, regional mean increasing signals in annual warm nights, warm days,
and tropical nights for the whole country emerge from natural variability during 1851−2005, with the
regional mean signals first occurring in 1969 for annual warm nights (Fig. 1c, and Fig. S4c−S4d). There
are some local signals in almost all annual warm extremes during 1851−2005, with local signals first
occurring in 1929 for annual warm nights (Fig. 2c, and Fig. S4b−S4d). The local increasing signals in
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annual warm nights emerge from natural variability until 1989 for all grid points of the whole country
(Fig. 2c). All six individual models also have increasing signals in annual warm nights, and the time of
emergence in signals of annual warm nights for IPSL-CM5A-LR is earlier than that for other five models
(Fig. 1c, and Fig. 2c).
According to the research of Zhang and Gaston (2004), the northern China heat wave in summer 1743 is
severe, and another strong case is in 1215. From the view of S/N, the signals of summer maximum
temperatures in 1215 and 1743 do not exceed natural variability over China based on simulation (Fig.
S6). Moreover, models cannot capture the features of hot events in 1215, but represent a weakly warmer
summer in northern China in 1743 (Fig. S6b−S6c). The other warm extreme indices have similar results
with summer maximum temperature (Fig. S6d−S6e).
3.2 The S/N in annual temperature extremes in subregion of China relative to the pre-industrial level
We examine the spatial patterns of S/N in temperature extremes by dividing China into four roughly equal
area land regions, including northwestern China (NWC), northeastern China (NEC), Tibet Plateau (TP), and
southern China (SC) (Fig. 3). On one hand, the noise variance decreases with averaging (Hawkins and
Sutton 2012). On another hand, these regions were determined by annual mean temperature (Fig. 3a),
noise of temperature extremes (Fig. 3b−3c), administrative boundaries and societal and geographical
conditions.
Time series of area-weighted regional mean S/N in annual mean temperature, cold nights, and warm
nights during 850−2005 over the land grid point of four regions in China for multi-model median relative
to the pre-industrial level are shown in Fig. 4. The multi-model median S/N in annual mean and extreme
temperatures in subregions of China during 850−1850 have similar features to that in China (Fig. 4−5).
The annual mean and extreme temperatures have some differences among four regions with respect to
volcanic forcing during 850−1850 (Fig. 4−5). For example, northeastern China has local signals in annual
cold nights with respect to strong volcanic forcing, such as after the large eruptions in 1257 and 1815;
northwestern China, Tibet Plateau, and southern China have local signals in annual cold nights with
respect to both weak and strong volcanic forcing (Fig. 1d and Fig. 5b). The other cold extremes, such as
cold days, frost days, and icing days, have similar regional features during 850−1850, but their areas
where signals emerge from natural variability are smaller than that for cold nights (Fig. S7). Compared
our results with the reconstruction by Li et al. (2021), both of them show that the early 19th century is a
cold period in Tibet.
As for warm signals during the 20th century, the time of emergence in signals of annual warm nights in
Tibet Plateau, southern China, and northwestern China is earlier than northeastern China (Fig. 4−5). All
the time of emergence in signals of the other temperature indices is latter than that of warm nights in
each region of China (Fig. S7−S8).

Concluding Remarks
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Based on six models chosen from CMIP5, we examine bias-corrected multi-model median S/N in
temperature extremes over China during 850−2005. Our major conclusions are as follows.
(1) The temporal information of annual temperature extremes in China are consistent with annual mean
temperature variations, with larger (smaller) absolute values of regional mean S/N in cold (warm)
climatic conditions during 850−1850. The regional mean increasing signals in annual cold nights and
cold days in China emerge from natural variability during 1247−1276 and 1810−1828 at the level of S/N
> 1.
(2) At local scale, some increasing signals of cold extremes and decreasing signals of warm extremes in
most of China especially in southern China and Tibet Plateau exceed natural variability in the second half
of the 13th century and in the early 19th century at the level of S/N > 1. Some local increasing signals of
cold extremes are also larger than natural variability in the 17th century and in the 18th century. These
emerging signals are qualitatively consistent with extremely cold conditions and may be partially due to
intensively explosive volcanism during the last millennium.
(3) Over the past 150 years, regional mean decreasing signals of cold extremes and regional mean
increasing signals of warm extremes over China emerge from natural variability after 1969 at the level of
S/N > 1, and local signals first occur in 1929 in Tibet Plateau. These warming signals may be related to
greenhouse gases forcing.
Furthermore, the agreement between the behaviors shown by the reconstructions of LMR and models is
the highest during period 1851−2000, and it is higher during 1400−1850 than during 850−1399. First, the
minor contribution of volcanic forcing found in LMR is in disagreement with findings for CMIP5
simulations for the period 850−1399. This might partly be due to different responses of volcanic effect in
reconstructions and model simulations (Hartl-Meier et al. 2017). Another may be partly due to less proxy
records except for the uncertainty of models. Before 1400, the number of global proxy sites is less than
150, and it is between 250 to 450 during the period 1500−1850 (Tardif et al. 2019). Moreover, the proxy
records over China are mainly in Tibet Plateau. Second, both reconstructions by LMR and Li et al. (2021)
and simulations present that the early 19th century is a cold period, but it is related to the AMO for
reconstructions (Ratna et al. 2019, Li et al. 2021) and to volcanic forcing for simulations. This might
because that analyzed models lack some critical forcing or have missing or too-weak feedback
mechanisms (Ljungqvist et al. 2019). Thus, future work about temperature extremes in China during the
last millennium should use more sophistical method to detect internal or external forcing factors (Wang
et al. 2018).
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Tables
Table 1 Basic information on seven CMIP5 models and two CMIP6 models and their experiments
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Model
name

Country

CMIPs

or

Atmospheric

Length of run analyzed

Resolution

(period in model year)

Institution

Pre-industrial
control

Historical

Past1000

BCCCSM1.1

China

CMIP5

128 × 64,
L26

301−500, 200

1850−2005

850−1850

CCSM4

USA

CMIP5

288 × 192,
L26

953−1108,
156

1850−2005

850−1850

CSIROMk3L-1-2

Australia

CMIP5

64 × 56, L18

951−1000, 50

1851−2005

851−1850

IPSLCM5A-LR

France

CMIP5

96 × 95, L39

2600−2799,
200

1850−2005

1050−1850

MPI-ESMP

Germany

CMIP5

196 × 98,
L47

2806−3005,
200

1850−2005

850−1849

MRICGCM3

Japan

CMIP5

320 × 160,
L48

2151−2350,
200

1850−2005

850−1850

MIROCESM

Japan

CMIP5

128 × 64,
L80

2230−2429,
200

1850−2005

850−1849

MRIESM2.0

Japan

CMIP6

320 × 160,
L80

1850−2049,
200

1850−2014

850−1849

EC-Earth3Veg-LR

EC-EarthConsortium

CMIP6

320 × 160,
L62

2151−2350,
200

1850−2014

850−1849

Table 2 Information on the 12 temperature indices analyzed in this work. Here, TNij, and TXij denote daily
minimum and maximum temperatures on day i in period j, respectively. The base period refers to 1961–
1990.
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Index name
(label)

Units

Index definition

Coldest
night (TNn)

°C

The minimum daily minimum temperature

Warmest
night (TNx)

°C

The maximum daily minimum temperature

Coldest day
(TXn)

°C

The minimum daily maximum temperature

Hottest day
(TXx)

°C

The maximum daily maximum temperature

Tropical
nights (TR)

Days

The number of days when TNij > 20°C

Frost days
(FD)

Days

The number of days when TNij < 0°C

Summer
days (SU)

Days

The number of days when TXij > 25°C

Icing days
(ID)

Days

The number of days when TXij < 0°C

Warm
nights
(TN90p)

Days

The number of days when TNij > TNin90; here, TNin90 is the calendar day 90th
percentile centered on a 5-day window for the base period

Cold nights
(TN10p)

Days

The number of days when TNij < TNin10; here, TNin10 is the calendar day 10th
percentile centered on a 5-day window for the base period

Warm days
(TX90p)

Days

The number of days when TXij > TXin90; here, TXin90 is the calendar day 90th
percentile centered on a 5-day window for the base period

Cold days
(TX10p)

Days

The number of days when TXij < TXin10; here, TXin10 is the calendar day 10th
percentile centered on a 5-day window for the base period

Table 3 The correlation coefficients between bias-correctted multi-model median S/N of cold nights and
the radiative forcings from individual components: well-mixed greenhouse gases (CO2, CH4 and N2O
combined), volcanic aerosols (two reconstructions), and solar TSI (six reconstructions) for periods
900−1200, 1201−1449, 1450−1850, and 1851−2000.
greenhouse gases

volcanic aerosols

solar TSI

900−1200

0.21

–0.50

–0.07

1201−1449

0.17

–0.95

–0.07

1450−1850

–0.16

–0.54

0.27

1851−2000

–0.96

0.07

–0.59
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Figures

Figure 1
Relative to the pre-industrial control run, 31-year periods of bias-corrected S/N for six models and their
multi-model median in annual (a) daily mean temperature, (b) cold nights (TN10p), and (c) warm nights
(TN90p) during 850−2005 in China, and (d) estimated radiative forcings from individ-ual components:
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well-mixed greenhouse gases (CO2, CH4 and N2O combined), volcanic aerosols (two reconstructions),
and solar TSI (six reconstructions) for the PMIP period 850–2000. Relative to the period 1651−1850, 31year periods of S/N in annual mean temperature for 20 ensemble-mean values for each Monte-Carlo
reconstruction from Last Millennium Reanalysis reconstruction (LMR) and their multi-model median
during 850−2000 in China are also presented in panel (a).

Figure 2
Relative to the pre-industrial control run, ratios of areas where the absolute values of bias-corrected S/N
are larger than 1 to the whole country for six models and their multi-model median in annual (a) daily
mean temperatures, (b) cold nights (TN10p), and (c) warm nights (TN90p) during 850−2005 in China.
The positive ratios indicate S/N are larger than 1, and the negative ratios indicate S/N are smaller than –
1. “M1”, “M2”, “M3”, “M4”, “M5”, “M6”, and “Med” indicate BCC-CSM1.1, CCSM4, CSIRO-Mk3L-1-2, IPSLCM5A-LR, MPI-ESM-P, MRI-CGCM3, and multi-model me-dian, respectively.

Figure 3
The spatial pattern of (a) bias-corrected median in annual mean temperature over China during peri-od
1975-2005 based on six CMIP5 models, (b) average of bias-corrected median noises in annual mean
minimum and maximum temperatures, coldest night (TNn), warmest night (TNx), coldest day (TXn) and
hottest day (TXx), and (c) average of bias-corrected median noises in annual cold nights (TN10p), warm
nights (TN90p), cold days (TX10p) and warm days (TX90p) over China derived from pre-industrial control
run of six CMIP5 models. Domains of four roughly equal area subregions in China are presented in each
panel. NWC: northwestern China; NEC: northeastern China; TP: Ti-bet Plateau; and SC: southern China.
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Figure 4
Relative to the pre-industrial control run, 31-year periods of bias-corrected multi-model median S/N in
annual (a) daily mean temperature, (b) cold nights (TN10p), and (c) warm nights (TN90p) during
850−2005 for four regions (shown in Fig. 3) in China.
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Figure 5
Relative to the pre-industrial control run, ratios of areas where the absolute values of bias-corrected S/N
are larger than 1 to each whole region for multi-model median in annual (a) daily mean temper-atures, (b)
cold nights (TN10p), and (c) warm nights (TN90p) during 850−2005 in four regions (shown in Fig. 3) of
China. The positive ratios indicate S/N are larger than 1, and the negative ratios indicate S/N are smaller
than –1.
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