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Abstract Characteristics and causes of global warming
hiatus (GWH) phenomenon have received much atten-
tion in recent years. Monthly mean data of land surface
air maximum temperature (Tmax), minimum temperature
(Tmin), and mean temperature (Tmean) of 118 national
stations since 1951 in Northeast China are used in this
paper to analyze the changes of land surface air temper-
ature in recent 64 years with an emphasis on the GWH
period. The results show that (1) from 1951 to 2014,
the warming trends of Tmax, Tmin, and Tmean are
0.20, 0.42, and 0.34 °C/decade respectively for the
whole area, with the warming rate of Tmin about two
times of Tmax, and the upward trend of Tmean obvi-
ously higher than mainland China and global averages;
(2) in the period 1998-2014, the annual mean tempera-
ture consistently exhibits a cooling phenomenon in
Northeast China, and the trends of Tmax, Tmin, and
Tmean are —0.36, —0.14, and —0.28 °C/decade respec-
tively; (3) in the GWH period, seasonal mean cooling
mainly occurs in northern winter (DJF) and spring
(MAM), but northern summer (JJA) and autumn
(SON) still experience a warming, implying that the
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annual mean temperature decrease is controlled by the
remarkable cooling of winter and spring; (4) compared
to the global and mainland China averages, the hiatus
phenomenon is more evident in Northeast China, and
the cooling trends are more obvious in the cold season;
(5) the Northeast China cooling trend occurs under the
circulation background of the negative phase Arctic
Oscillation (AO), and it is also closely related to
strengthening of the Siberia High (SH) and the East
Asian Trough (EAT), and the stronger East Asian winter
monsoon (EAWM) over the GWH period.

1 Introduction

Intergovernmental Panel on Climate Change (IPCC) fifth as-
sessment report indicated that the global land surface is
warming at a rate of 0.095-0.107 °C/decade during 1901—
2012 (Stocker et al. 2013). Global warming is therefore a
consensus in climatological community. However, Cater
(2006) found that global warming appears to stop or slow
down since 1998. Easterling and Wehner (2009) analyzed
the observational data and indicated that the global land sur-
face air temperature is not significantly warming as expected
during the last decade, with some areas even cooling, and this
phenomenon is called global warming hiatus (GWH). The
GWH, in both global and regional scales, has received a wide-
spread concern in the last years (e.g., Kerr 2009; Franzke
2014; Fyfe and Gillett 2014; Li et al. 2015; An et al. 2016).
By analyzing the seasonal characteristics of the GWH, Kosaka
and Xie (2013) and Trenberth et al. (2014b) found that the
warming trends in the northern hemisphere significantly slow-
down in winter but continually increase in summer. A recent
analysis showed that the GWH mainly appears in the low and
middle latitudes of global lands, with surface air temperature
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at most stations there witnessing a stable or decreased trend
after 1998 (Sun et al. 2017). However, further studies revealed
that the GWH seems not detectable in change of global ex-
treme temperature event frequency all the time (Seneviratne
etal. 2014). Karl et al. (2015), based on a new land and ocean
dataset, recently also indicated that global surface and land
surface warming had never slowed down, challenging the ex-
istence of the GWH.

In recent years, however, more researchers confirmed
the GWH phenomenon on global and regional scales, and
many works were focused on the possible reasons of the
GWH (Fyfe et al. 2016). A number of studies indicated
that the mechanisms of the GWH may be related to the
external forcing and natural variability. The influence
from external forcing may include the prolonged solar
minimum (Hansen et al. 2011), the increased volcanic
eruptions (Balmaseda et al. 2013; Santer et al. 2014),
the reduced water vapor in stratospheric (Solomon et al.
2010, 2011), and the increased emissions of anthropogen-
ic aerosols (Lean and Rind 2009). On the other hand,
mechanisms of the natural variability proposed to explain
the GWH phenomenon include the increased ocean heat
uptake especially the layer below 700 m (e.g., Chen and
Tung 2014; Hansen et al. 2011; Meehl et al. 2013;
Trenberth et al. 2014a), the cool waters of the equatorial
Pacific surface (Kosaka and Xie 2013), and the Pacific
Decadal Oscillation (PDO) into the negative phase since
1998 (Tollefson 2014). Several recent studies have attrib-
uted the GWH to the 60-year-quasi-periodic natural cli-
mate variability and have provided a theoretical frame-
work for the dynamical processes and the decadal-scale
prediction of temperature variation. Li et al. (2013a, b)
indicated that North Atlantic Oscillation (NAO) leads
the multidecadal variability in Northern Hemispheric sur-
face temperature by about 15-20 years through a delayed
effect on the North Atlantic Ocean, and the recent NAO
decadal weakening can be a useful predictor of the hiatus
in both Atlantic Multidecadal Oscillation (AMO) and
Northern Hemispheric mean surface temperature. Sun
et al. (2015) proposed a new “delayed oscillator theory”
of the North Atlantic decadal-scale air-sea coupling to
understand the underlying physical mechanisms of the
60-year-quasi-periodic natural climate variability.

For mainland China, annual mean temperature anoma-
lies remains at a high level since 2001, but the warming
trend has also slowed down (Tang et al. 2012). Li et al.
(2015) found that the annual mean maximum temperature
(Tmax) increasing trend had slowed down in mainland
China since 1998, and although the Tmax significantly
increased in summer (JJA), the trend of minimum temper-
ature (Tmin) obviously decreased in winter (DJF). Yan
and Liu (2014) indicated that most of the Tibetan
Plateau still showed strong warming trend since 1998.
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Recently, based on the ice-core record, An et al. (2016)
also founded a remarkable cooling phenomenon in north-
western Tibetan Plateau region.

Northeast China has been one of the most significant
warming regions in mainland China and East Asia for
the last more than five decades (Ren et al. 2012; Sun
et al. 2016). Investigation into the spatial and temporal
patterns of the long-term land surface air temperature
change during the GWH period in Northeast China will
help in understanding of the climate forcing mechanism
of the larger-scale GWH. Furthermore, the Northeast
China Plain is one of the most productive regions of
grain in the world. The grain yield in this region
amounts to ~20% of China’s total. Previous studies
found that the crop production has strong dependence
on the growth season mean temperature and heat condi-
tions (Lobell et al. 2011). The cooling of the warm
season will probably increase the instability of agricul-
tural production in Northeast China (Jin et al. 2002; Liu
et al. 2013a, b). It is thus also important to understand
the characteristics of annual and the warm-season tem-
perature changes in the GWH period in Northeast China,
and to predict the future change in surface air tempera-
ture and heat condition so that an adaption strategy can
be developed to reduce the risk of the summer low
temperature disasters.

In this paper, we analyze the changes in Northeast
China land surface air temperature in recent 64 years,
with an emphasis on the GWH period. The paper is orga-
nized as follows. We describe the data and methods used
in this paper in Section 2 after the introduction. Results of
the analysis are presented in Section 3. A brief analysis of
circulation background of the warming slowdown is of-
fered in Section 4. We offer a discussion of the results in
Section 5. Finally, main conclusions are presented in
Section 6.

2 Data and methods
2.1 Data sources and study region

The source of the monthly mean measurements used in
our current analysis is the China Homogenized Historical
Temperature Dataset (CHHTD-V1.0), including 2419 sta-
tions, with a record length of 64 years (1951-2014),
which included a quality control and homogenization pro-
cedure (Cao et al. 2016). The inhomogeneity problem can
be considered to have little influence on the dataset. The
study area comprises the east region of Inner Mongolia,
Liaoning, Heilongjiang, and Jilin provinces in Northeast
China. In this paper, we initially selected only those na-
tional stations that had at least 70% data coverage since
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1951 and at least 20 years of records in the base period
1961-1990 in the study region. We mainly focused on the
hiatus phenomenon, and therefore we removed the sta-
tions with records of less than 15 years in length in the
GWH period. We also considered the problem of missing
data by discarding the annual (season) value with monthly
records less than 8 (3) months in calculating annual
(seasonal) temperature anomalies. Finally, we obtained a
dataset consisting of 118 stations across the study area for
use in our analysis. There were only 26 stations in 1951,
the number increased to 70 in 1955, and substantially
increased to 118 after 1960. The study region (gray areas),
station distribution (various color points), and the alti-
tudes of the stations are shown in Fig. 1.

This study utilized six circulation indices to analyze the
abnormal characteristics of the atmospheric general circu-
lation (Section 4). The monthly mean indices were from
the National Climate Center (NCC) of the China
Meteorological Administration (CMA), which were man-
aged and regularly updated by the Climate Diagnostics
and Prediction Division of the NCC. The National
Center for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis data, in-
cluding the monthly wind, sea-level pressure (SLP), and
geopotential heights at 500 hPa and 1000 hPa since 1951
with a spatial resolution of 2.5° x 2.5°, were used for
calculating the indices.

2.2 Methods

We constructed regional series by the reference method of
Jones et al. (2001). Firstly, the study area was divided into
a total of 42 grid boxes with the spatial resolution of
2° x 2° and each grid boxes had at least one station as
shown in Fig. | (gray areas). Then, gridding of the

temperature anomalies are made by averaging all values
within 2° x 2° grid boxes. Finally, the time series were
constructed by area-weight averaging all the grid boxes
with data using the cosines of the central latitudes of the
grid boxes as weight coefficients.

The analysis used 1961-1990 as the base period,
mainly because of the better spatial coverage of stations
in the period, and the comparability with previous stud-
ies for surface air temperature. China lies in the north-
ern hemisphere, and therefore seasons were divided into
spring (MAM), summer (JJA), autumn (SON) and win-
ter (DJF, December to February of the following year).
Annual mean values were those from January to
December.

The linear trends of the anomaly series were obtained by
using least squares method to calculate the linear regression
coefficients between temperature and ordinal numbers of time
(e.g.,i=1,2,3...64 for 1951-2014). The significance of the
linear trends of temperature series was judged by using two-
tailed student’s 7 test method. In this study, a trend was con-
sidered to be statistically significant if it is significant at the
5% (P < 0.05) level. We also used a nonparametric
Kendall’s tau based Sen’s slope estimator (Sen 1968) to
calculate trends, since this method does not assume a dis-
tribution for the residuals and is robust to the effect of
outliers in the series, and it has been widely used in the
studies of hydrological and extreme climate change (e.g.,
Alexander et al. 2006; Zhao et al. 2016; Kosaka and Xie
2013). The significance of the Sen’s slope is judged by
using Mann-Kendall test method (Kosaka and Xie 2013;
Zhao et al. 2016).

In Section 4, empirical orthogonal function (EOF)
(Lorenz 1956) and singular value decomposition (SVD)
method (Golub and Reinsch 1970; Lathauwer et al.
2000) were used to analyze the possible influence of the
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Fig. 2 Linear trends of
temperature series for different
periods (1951-2014, 1951-1997,
and 1998-2014). Figure on the
left shows the annual mean time
series (°C, black lines) of Tmax
(a), Tmin (b), and Tmean (c),
anomalies relative to 1961-1990.
Figure on the right shows the

linear trends for the period 1951—

2014 (°C/decade, red bars),
1951-1997 (°C/decade, orange
bars), and 1998-2014 (°C/

10 years, blue bars). Error bars
indicate two times the standard
deviation. Statistically significant
(P < 0.05) trends are marked with
asterisks. Figure on the bottom
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shows the interdecadal mean
temperature anomalies of Tmax

(red lines), Tmin (blue lines), and
Tmean (black lines) (d)
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circulation factors on the observed temperature change in
Northeast China.

2.3 Circulation indices

We used six circulation indices in Section 4, and their defini-
tions are as follows:

Arctic Oscillation (AO) index (Ipp): normalized time
coefficient series of the EOF1 of 1000 hPa height
anomaly field (relative to the 1981-2010) (20-90° N)
(Thompson and Wallace 1998).

Siberia High (SH) index (Igy): winter mean sea level pres-
sure anomaly (relative to 1981-2010) in SH region (45-70°
N, 80-110° E). The index is the normalized value.

East Asian Trough (EAT) index (Igar): difference between
the maximum height and the minimum height on the 500 hPa
geopotential heights in the area of 110-170° E and 30-55° N.
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Station of the East Asian trough (Igars): the mean position
of'the EAT line on the 500 hPa geopotential heights in the area
of 110-170° E and 30-55° N.

East Asian winter monsoon (EAWM) strength index

(IEAWM) (Zhu et al. 2008)

Igawm = Usoose-35n ,80°-120°8)~U s00(s0°—60°N 80°-120°8) (1)

where U 500(25°-35°N,80°—120°E) and U 500(50°—60°N ,80°—120°E) are
the mean values of 500 hPa zonal wind in their respective

regions. The index is the normalized value.
Meridional index over Asia (Iy,): we firstly divided the East

Asian region (45-65° N, 60-150° E) into three areas (60—90°
E, 90-120° E, 120-150° E), and then calculated I, for each
area according to formula (2):
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Fig.3 Trends of Northeast China
temperature in specific periods
(1951-2014 and 1998-2014).
Figure on the lefi shows the
spatial distribution of the Tmax
(a), Tmin (c¢) and Tmean (e)
trends for 1951-201. Figure on
the right shows the spatial
distribution of the Tmax (b),
Tmin (d) and Tmean (f) trends for
1998-2014.The details above
each plot indicate the different
periods and the trends of regional
mean
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where 7 is the number of partitions within the study region; m
is the number of ¢ (here m = 3); A\ = 15° longitude; ¢y, >,

and 3 are 45° N, 55° N, and 65°N respectively; and Az; is the
difference between the height of every 15° (A)\) longitude.
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Fig. 4 Decadal trends (°C/decade, red and blue bars) of Tmax (leff),
Tmin (middle), and Tmean (right). Statistically significant (P < 0.05)
trends are marked with asterisks. Error bars indicate two times the
standard deviation

3 Results
3.1 Annual temperature changes

The annual mean time series of Tmax, Tmin, and mean tem-
perature (Tmean) anomalies are shown in Fig. 2a—c. For the
study period (1951-2014), annual mean temperature anoma-
lies reflect significant positive trends (P < 0.05), and the
warming rates of Tmax, Tmin, and Tmean are 0.20, 0.42,
and 0.34 °C/decade, respectively, over the study region (red
bars in Fig. 2a, b, ¢). The warming rate of Tmin is about twice
that of Tmax, which suggests that the warming in recent de-
cades can be attributed to stronger increases in Tmin. It is also
clear that the warming trend of Tmean in the study region is
larger than that of mainland China (Ren et al. 2005; Li et al.
2015) and global average (Jones et al. 2001). Based on the
time series, we further found that 2007 was the warmest year
in the study region since 1951. For the period 1951-1997, the
warming rates of annual temperature are larger than that in
whole study period (orange bars in Fig. 2a, b, ¢). The decadal
mean of temperature anomalies are shown in Fig. 2d, which
clearly indicates the inter-decadal variation in temperatures.
The decadal mean anomalies of Tmin are slightly lower than
those of Tmax before 1980, but considerably higher than
Tmax after 1980. The anomaly of Tmin clearly increased from
the late 1970s, while Tmax and Tmin significantly increased
from the late 1980s. Previous studies have indicated that sig-
nificant warming began at the majority of the stations in main-
land China in the mid-1980s (Ren et al. 2005; Tang et al.
2005). All of the above analyses reveal that the significant
warming occurred in the study region later than in most parts
of China.

In the GWH period, annual temperatures show clear nega-
tive trends (blue bars in Fig. 2a—). The cooling trends since
1998 in Tmax, Tmin, and Tmean respectively are —0.36,
—0.14, and —0.28 °C/decade. These negative trends may be
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largely attributed to several cold years around 2010, particu-
larly 2010 and 2012, as shown in Fig. 2a, b, c. Remarkably, all
of'the trends in the hiatus period are not significant (P < 0.05),
with a higher level of uncertainty (black error bar in Fig. 2a, b,
¢), which can mainly be attributed to the short series length.
Overall, a remarkable cooling phenomenon in the GWH peri-
od occurred over the study region, and Tmax showed more
obvious cooling trends than Tmin and Tmean.

Spatial patterns of the decadal trends in temperature in the
study region are shown in Fig. 3. From 1951 to 2014 (Fig. 3a—
e), all of the grids consistently show a warming spatial pattern,
however, with different warming rates. The warming rates of
Tmin and Tmean were above 0.4 °C/decade, and the larger
change occurred in the region of north of 46° N and the
Mongolian Plateau. Although Tmax also exhibits widespread
warming, the warming rate was considerably lower than Tmin
and Tmean. The spatial pattern of Tmax indicates an increase
in the warming rate of Tmax with altitude increase. This result
is in agreement with Dong et al. (2015), who showed that the
temperature trend increased from 200 to 2000 m with altitude
increase.

In the GWH period, the majority of grid boxes exhibit
widespread cooling trends, except some grid boxes in the
north of the study region (Fig. 3b—f). Moreover, the trends
of Tmax and Tmean show a wider cooling range than Tmin.
More than ~90% of the grid boxes show decreasing trends in
Tmax and Tmean, while ~30% of the grid boxes show
warming trends of Tmin. In general, the above evidence sug-
gests that the hiatus phenomenon that has occurred since 1998
can be more strongly attributed to the substantial decreases in
Tmax than to decreases in Tmin.

3.2 Seasonal temperature changes

Decadal trends of seasonal temperature during the different
periods are shown in Fig. 4. During 1951-2014 (Fig. 4 red
bar), Tmax, Tmin, and Tmean consistently show significant
warming trends (P < 0.05), and the warming rate in winter and
spring are larger than in summer and autumn. The warming
rate of Tmin was significantly higher than that of Tmax. In the
GWH period (Fig. 4, blue bar), hiatus phenomena were ob-
served in spring, summer, and particularly in winter with a
winter cooling rate lower than —0.8 °C/decade. Conversely,
the warming rate in autumn was higher relative to the recent
64 years. In general, the cooling trends of annual temperature
in Northeast China were mainly controlled by the cooling
trends in winter and spring during the GWH period, indicating
that the warm and cold seasons have become more polarized.
In addition, all the trends in the GWH period are associated
with a higher level of uncertainty (black error bar in Fig. 4).
Spatial patterns of Tmean seasonal trends in the GWH
period and the whole period are shown in Fig. 5. Because of
the similar spatial distribution among Tmax, Tmin, and
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Fig. 5 Season trends of
Northeast China Tmean change in
specific periods (1951-2014 and
1998-2014). The details above
each plot indicate the different
periods and the trends of regional
mean. Figure on the lef (a, ¢, e, g)
shows the season trends for 1951-
2014. Figure on the right (b, d, f,
h) shows the season trends for
1998-2014
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Tmean, we discuss only the spatial pattern of Tmean. From
1951 to 2014, greater warming phenomenon in spring and

winter occurred through most of the grid boxes. Conversely,
in the GWH period, almost all of the warming grid boxes in
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Fig. 6 Monthly trends (°C/decade, red and blue bar) of mean Tmax (a),
Tmin (b), and Tmean (c). Statistically significant (P < 0.05) trends are
marked with asterisks. Error bars indicate two times the standard
deviation

the whole period showed cooling trends in spring and winter.
The largest decrease of spring mean temperature occurred in
central and southern parts of the study region. In summer and
autumn of the GWH period, the trends increased from slight
cooling to considerable warming with increased latitude. In
autumn, the warming trends in the GWH period were consid-
erably larger than in the past 64 years, especially in the areas
north of 46° N.

3.3 Monthly temperature changes

Linear trends of monthly Tmax (a), Tmin (b), and Tmean (c)
in the whole period and the GWH period are shown in Fig. 6.
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From 1951 to 2014, warming trends were observed in all
months, and the warming rates during January to June were
larger than those during July to December. February showed
the largest warming trend and the lowest change usually oc-
curred in December. During the GWH period, there were
7 months that consistently showed cooling trends, which is
more than the warming months. The larger cooling trends
mainly occurred from February to April, and the largest
warming month was November. Moreover, all of the trends
in the GWH period were associated with a high error level.

The spatial patterns of Tmean trends for February and
November in the whole period (a, ¢) and the GWH period
(b, d) are shown in Fig. 7. In the GWH period, the spatial
distribution of November (d) and February (b) show opposite
patterns. In February, all the grid boxes showed cooling trends
with a cooling rate lower than —0.8 °C/decade. However, in
November, all the grid boxes show greater warming trends
especially north of 46° N where the warming rates even
reached 2.0 °C/decade.

3.4 Comparison of the trends based on different trend
estimator

We used Sen’s slope and least squares estimator to assess the
linear trends of the full study period (1951-2014) and the
GWH period (1998-2014), and to compare the results based
on the two methods. Table 1 shows the differences between
Sen’s slope trends and least squares trends. For the period
1951-2014, there are almost no differences on the trends ob-
tained using the two estimation methods. The trends for hiatus
period by using the Sen’s slope method are slightly lower than
that by using the least squares method, but all the results show
consistent hiatus phenomenon over Northeast China (Table 1).
For statistical significance, both of the two estimation methods
show significant long-term trends for the entire period, and
non-significant trends of the hiatus period. Therefore, the
two methods have little impact on the estimated results of
linear temperature trends and their significance over
Northeast China, but the magnitudes of the trends do have
slight differences, and this may call for a caution in estimating
the temperature trends using the least squares method.

3.5 Comparison of Northeast China, mainland China,
and global analyses

Table 2 gives the annual mean surface temperature trends in
Northeast China (Section 3.1-3.3), mainland China (Li et al.
2015), and the global averages (Karl et al. 2015; Kosaka and
Xie 2013). Because these studies used different datasets and
base periods, it only shows an approximate comparison of the
temperature trends.

Global analysis results suggested that the annual mean tem-
perature increase was significant during 1998 to 2014 over the
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global land surface (Karl et al. 2015). In Northeast China, how-
ever, the annual mean surface air temperature showed a cooling
trend over the GWH period. This illustrates that there remains a
remarkable hiatus phenomenon at the regional scale, in areas
such as Northeast China. For the seasonal hiatus, the compari-
son between Northeast China and the globe (Kosaka and Xie
2013) reveals that both consistently showed cooling trends dur-
ing DJF and MAM, and the season with the largest cooling
trends was DJF. During JJA, global and Northeast China con-
sistently showed warming trends. However, during SON, the
global result showed a slight cooling trend, but Northeast China
exhibited a greater warming trend.

Comparison of the temperature changes between mainland
China (Li et al. 2015) and the study region for annual mean
Tmax and Tmin indicated a better agreement in the GWH
period, with both showing remarkable cooling trends. For
seasonal analysis, the negative trends in Northeast China were
larger than those in mainland China during MAM. During
SON, the most significant difference between mainland
China and Northeast China was in Tmax, and there was clear
warming in Northeast China but slight cooling over mainland
China. In general, this analysis illustrates that the hiatus phe-
nomenon was more evident in Northeast China, and the
cooling trends were clearer in the cold season.

4 Circulation anomaly during the GWH

Sections 3.2 and 3.3 indicated that the decreasing trend of
annual mean temperature in Northeast China during the
GWH period is mainly controlled by the cooling of winter
and spring, especially the winter cooling. In this section, we
further analyzed the relationship between the warming hiatus
of winter over Northeast China with the atmospheric circula-
tion anomaly in larger spatial scale.

EOF method was used to analyze the winter temperature of
Northeast China during the period 1951-2014. The results
showed that the first mode contribution was 80%, and the
temperature in Northeast China region shows a spatially con-
sistent change. This result is similar with the previous research
by Fang et al. (2013). It shows that the winter temperature in
Northeast China shows the characteristics of synchronous
change.

We used SVD method to analyze the correlations of the
winter mean temperature in Northeast China with the SLP
field, the 500 hPa geopotential height field, and the 500 hPa
zonal wind field. The variance contribution of SVD for SLP
field, 500 hPa geopotential height field, and 500 hPa zonal
wind field are 91, 90, and 85% in the first mode components,
respectively, with the correlation coefficients of the
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Table 1  Trends of temperature in different periods over Northeast China based on different trend estimation methods
Season
Regions Periods Elements Annual
MAM JJA SON DJF

0.29? 0.142 0.16% 0.26% 0.19°

Tmax
0.27° 0.16° 0.172 0.23° 0.20°
0.52° 0.28° 0.35° 0.56° 0.42°

1951-2014 Tmin
0.52° 0.30° 0.342 0.52° 0.42°
0.45° 0.23° 0.28°% 0.40° 0.34°

Tmean
Northeast 043°  025° 029° 038  0.34°

China

-0.70 -0.07 0.31 -1.07 -0.39

Tmax
-0.75 0.03 0.50 -1.06 -0.36
-0.43 0.33 0.26 -1.35 -0.09

1998-2014 Tmin
-0.37 0.30 0.50 -0.94 -0.14
—-0.53 0.12 0.41 -1.30 -0.26

Tmean
-0.54 0.05 0.45 -1.03 -0.28

The red numbers represent Sen’s slope trends, and the blue numbers represent least squares trends (unit: °C/decade)

The trends are significant at the 5% level

normalized time coefficient series between the three fields and
the winter temperature in Northeast China being 0.79, 0.7, and
0.78 (P < 0.01), respectively. These illustrate that there are
good relationships between winter temperature and SLP field,
500 hP a geopotential height field, and 500 hPa zonal wind
field.

The distribution map of heterogeneous correlation for SVD
first mode between the winter temperature field in Northeast
China and SLP field, 500 hPa geopotential height field (Fig.
8a, b) show that there are two significant correlation regions.
The Arctic region shows a significant negative correlation,
and the middle latitude regions show significant positive cor-
relation. The two regions are remarkably related to the con-
trolling area of AO and SH. The distribution of heterogeneous
correlation between zonal wind field and the winter tempera-
ture field (Fig. 8c) shows that the two significant correlation
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regions are consistent with the regions used to define the
EAWM index by Zhu et al. (2008).

Overall, all above analyses indicate that there are good
relationships between AO, SH, EAWM, and the winter tem-
perature in Northeast China. If AO is in its positive (negative)
phase and at the same time SH and EAWM are stronger
(weaker) than normal, the winter mean temperature will be
anomalously warm (cold) over Northeast China. Besides,
EAT is also an important system related to cold wave in
Northeast China and is closely related to the EAWM (Ding
et al. 2014). Several previous analyses of the EAT indicated
that its strengthening (weakening) is always accompanied by
cold (warm) winter in Northeast China (Chen et al. 2014;
Leung and Zhou 2015a). At the same time, the mean position
of the EAT can also influence the winter temperature of east-
ermn China (Leung and Zhou 2015b).
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Table2 Comparison of Northeast China, mainland China (Li et al. 2015), and global (Karl et al. 2015; Kosaka and Xie 2013) temperature changes for

the GWH period
Season
Sources Regions Periods Data sets Methods Elements Annual
MAM JJA SON DJF
ISTI
Karl et Sen’s
Global 1998-2014  Databank Tmean 1
al. (2015) slope
land-surf v1.0.0
Kosakaand  ace HadCRUT Sen’s \t 1 \L “‘
2002-2012 Tmean
Xie. (2013) v4.1.1.0 slope
hi
T
Homogenized
Liet Mainland Sen’s Tmi \L 11 TT ‘LJ/J/ \‘
1998-2012  Temperature mn
al. (2015) China slope
Data set
Tmean
(CHTD)
me Wb MWW
Northeast Sen’s
This paper 1998-2014 CHHTD-V1.0 Tmin \L »‘z ’r 1‘ ’t T Jz »Lt »‘
China slope
Tmean

Wt W

W <os< | <o02s<

<00< } <025« M <os<

11\‘ °C/decade

The red (blue) arrows indicate increasing (decreasing) trends, and the number of arrows indicates the range of trend values (see the legend below the

table)

ISTI Databank v1.0.0 International Surface Temperature Initiative Databank v1.0.0, HadCRUT v 4.1.1.0 Hadley Centre-Climate Research Unit com-
bined land surface air temperature v 4.1.1.0, CHTD China Homogenized Temperature Data set (total about 860 stations in China), CHHTD-V1.0 China
Homogenized Historical Temperature Data set-V1.0 (total 2419 stations in China)

These results are generally consistent with the previous
studies (Sun and Li 2012; Li et al. (2013a, b); Ding et al.
2014; Liu et al. 2013a, b; Fang et al. 2013). Fig. 9 shows the
decadal mean of temperature anomalies in Northeast China
(a), mean position of the EAT (Igats) (b), EAT index (Igat)
(¢), Meridional Index (Iyg) (d), AO index (I0) (e), SH index
(Isp) (), and EAWM index (Igawwm) (g) for DJF (the arrows
represent increasing or decreasing trends). It is clear that all of
the indices trends have reversed during the 1990s. During the
1990s, Igats was located in the Japan east Pacific (about
148°E), and the Iz o1s and I; were consistently in a weak state,
limiting the cold air of the polar region from entering

Northeast China, with a result of abnormal high winter
mean temperature in the study area (Fig. 2a). Decadal
mean values of 2000s showed that Igapg moved west-
ward to Japan (about 144° E), closer to Northeast
China. Moreover, the Igar and Iy changed from weak
phases in the 1990s to strong phases, AO changed to a
negative phase, and SH, EAWM, EAT, and meridional
wind are all consistently in their strong phases. The
circulation abnormality benefited the more frequent
bursts of the winter cold waves and the decrease of
seasonal mean temperature in Northeast China during
the GWH period.

@ Springer



X. Sun et al.

Q.35

0.27
180w 180E

-0.27

-0.35

500 hPa geopotential heights

0.35

0.27
180E
—0.27

180w

—0.35

P S S S i
1

s
/

Lo vy
40N 1
35N A
30N -
LLINE SN YA

20N A

15N

— BERSSNNNNN
- 7 N GEESNNNN
TR

= NN
AR S

-~

0.35
NN 027
A A —0.27

—0.35

PR

P
s m N w7 T

N g A g

Z

100E 110E

Fig. 8 The distribution of heterogeneous correlation for SVD first mode
between the winter mean temperature field in Northeast China and SLP
field (a), 500 hPa geopotential heights field (b), and 500 hPa zonal wind

Figure 10 shows a schematic diagram of the possible mech-
anism of winter warming hiatus phenomenon in Northeast
China. The hiatus phenomenon appears under the background
of negative AO and the stronger SH, EAWM, EAT, and me-
ridional wind. Under the synergistic effects of the atmospheric
circulation factors, the cold air of the polar region more easily
moved into Northeast China, and the winter temperatures cor-
respondingly experienced the cooling phenomenon.

5 Discussion

Most observational data used in this paper had a relatively
long and high-quality record, especially after 1960.
However, the station spatial coverage was poorer during
1951-1960. Therefore, the temperature anomalies calculated
for earlier period (1951-1960) have a larger uncertainty.
Furthermore, the poorer data coverage can also impact the
long-term trend estimate (Brohan et al. 2006), leading to
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field (¢). The shaded areas represent those with significant correlations,
and +0.27 (+0.35) indicate that the correlations are significant at the 0.05
(0.01) level

uncertainties of the trend values in the 1951-2014 period.
However, the uncertainties of the trend estimates are relatively
small by comparing the previous analyses of both the study
region and mainland China. In addition, this work was fo-
cused on the GWH period, and the temperature trends during
the whole time period could be regarded as a background
change. In the last 50 and 20 years, the quality and spatial
coverage of the data are better than the early data, so the bias
from data could not substantially impact the final results.
Overall, our analysis result confirms a remarkable warming
slowdown in Northeast China during the GWH period, and
the hiatus is more obvious than those reported for mainland
China and the globe. This is in a strong contrast to the fact that
Northeast China had experienced the most significant
warming in mainland China and East Asia by late 1990s
(Hansen et al. 2006; Ren et al. 2012; Jones et al. 2012). It
would be interesting to examine whether or not the other rap-
idly warming regions of the global lands also see a larger
decline of surface air temperature during the GWH period.
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In Section 4, the direct influential factors of the Northeast
China temperature decline during the GWH period was inves-
tigated in terms of large-scale atmospheric circulation anom-
aly. We just founded out the factors of winter temperature
change in Northeast China. In reality, however, there remains
a complex physical mechanism between EAWM and the EAT
(Leung et al. 2016), and studies have also indicated that a
range of factors affecting the EAT and EAWM. Wu and
Wang (2002) analyzed the winter AO, SH, and EAWM and
indicated that, compared with impacts of the winter AO, the
SH showed more direct and significant impacts on the EAWM

and EAT, and this conclusion was confirmed by the other
studies (e.g., Gong et al. 2001; Li and Wu 2012; Wu and
Wang 2002; Sun and Li 2012). The negative temperature
anomalies in the southern part of the EAT could also be rea-
sonably explained by the phase of the El Nifio—Southern
Oscillation (ENSO) (e.g., Leung et al. 2016; Wang and He
2012; Zhou et al. 2013). Besides, Clark and Serreze (2000)
found that snow depth and extents over land can affect the
Pacific Ocean temperature and thus affect the EAT and
EAWM. Recently, Qiao and Feng (2016) found that a signif-
icant positive correlation exists between the December NAO
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Fig. 10 A schematic diagram of
the mechanism of winter warming
hiatus phenomenon in Northeast

China during 1998-2014 60°N-
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and the following February EAT, and much of China features
cold anomalies with significant signals observed over
northeastern China in strengthened EAT and NAO years.
Huang et al. (2013) analyzed the variations of the intensity
of EAT and indicated that the variation of EAT may be related
to the eastward propagation of Rossby wave. Above studies
illustrate that the physical mechanisms for the hiatus phenom-
enon in Northeast China are complex, and the interactions
among the atmospheric, oceanic, and land surface factors
and the fundamental mechanisms still require further
examination.

Whatever the reason for the warming slowdown, the
cooling climate in Northeast China during the past 17 years
may pose a huge challenge to the agricultural activity and
natural system. Northeast China plain is one of the most pro-
ductive regions of grains in the world. The grain yield
amounts to ~20% of China’s total. The growth season here
mainly concentrates in March—October, but the cold weather
in spring and summer frequently causes loss of grain produc-
tion in the region. Our analysis in Section 3 shows that the
hiatus phenomenon is more evident in Northeast China espe-
cially in the cold season (MAM and DJF). The cooling trends
in MAM signified that the accumulated temperature and heat
conditions in the growth season may have worsen during the
last two decades. It is worth noting if the cooling trend will
continue in decades to come, with Li et al. (2013a, b), Sun
et al. (2015), and others thought that it is very likely. If it will
continue, the instability of agricultural production will in-
crease in the future in this important grain production region
of' mainland China. This is especially anxious considering the
widely hold expectation that climate will continue to become
warmer in the decades to come without doubt in Northeast
China.

It is also interesting to note that the phonological
rhythms of a few plants seem to adjust to changed cli-
mate condition in Northeast China (Zhao 2016). An
example comes from a species of willow and Salix
matsudana, which has exhibited a delayed dates of
leafing and flowering in spring since late 1990s (Zhao
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2016). Obviously, further investigation is needed to ex-
amine the phonological and vegetation response of other
species to the recent change in surface air temperature
in Northeast China.

6 Conclusions

By applying observational data of monthly mean land surface
Tmax, Tmin, and Tmean of 118 national stations since 1951,
we investigated spatial and temporal pattern of temperature
change for the periods 1951-2014 and 1998-2014 in
Northeast China. Main conclusions can be drawn as follows:

(1) The increasing trends of Tmax, Tmin, and Tmean were
0.20, 0.42, and 0.34 °C/decade, respectively, over the
period 1951-2014 in Northeast China, with the rate of
Tmin about twice that of Tmax, and the upward trend of
Tmean was clearly higher than the mainland China and
global averages. The long-term warming occurred con-
sistently across the study region, but the largest decrease
of spring mean temperature mainly occurred in central
and southern parts of Northeast China.

(2) In the GWH period, the annual mean temperature con-
sistently exhibited a cooling trend in Northeast China,
and the region-averaged annual trends of Tmax, Tmin,
and Tmean were —0.36, —0.14, and —0.28 °C/decade,
respectively.

(3) Seasonal mean temperature significantly decreased in
winter and spring during the GWH period, but the
warming was still evident in summer and autumn, indi-
cating that the annual mean temperature decrease was
mainly dependent on the remarkable winter and spring
cooling in the study area.

(4) The monthly mean temperature series of Northeast
China showed cooling trends in most months, with the
largest decline occurring in February; however, the
November mean temperature still showed a significant
warming trend.
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(5) Compared with the global and mainland China land sur-
face temperature changes, the hiatus phenomenon in
Northeast China was more evident, and the cooling
trends were most evident in the cold season including
winter and spring.

(6) The Northeast China cooling trend occurs in the time
period of the negative phase Arctic Oscillation, and it is
also closely related to strengthening of the SH and the
EAT. The EAWM obviously becomes stronger over the
GWH period as a result of the abovementioned changes
in the circulation indices.
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