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ABSTRACT

This study investigates the trends in the mean state and the day-to-day variability (DDV) of the surface weather conditions
over northern and northeastern China (NNEC) during 1961–2014 using CN05.1 observational data. In this study, we show
that the surface temperature (wind speed) has increased (decreased) over NNEC and that the DDV of the surface temperatures
and wind speeds has decreased, indicating a trend towards a stable warm and windless state of the surface weather conditions
over NNEC. This finding implies a trend towards more persistent hot and windless episodes, which threaten human health
and aggravate environmental problems. The trends are also examined in reanalysis data. Both the ERA-40 and the NCEP data
show an increasing (decreasing) trend in the mean state of the surface temperatures (wind speeds). However, the reanalysis
data show a consistent decreasing trend in the DDV of the surface weather conditions only in the spring. The underlying
reason for the decreased DDV of the surface weather conditions is further analyzed, focusing on the spring season. Essentially,
the decreased DDV of the surface weather conditions can be attributed to a decrease in synoptic-scale wave activity, which
is caused by a decrease in the baroclinic instability. There is a contrasting change in the baroclinic instability over East
Asia, showing a decreasing (increasing) trend north (south) of 40◦N. This contrasting change in the baroclinic instability
is primarily caused by a tropospheric cooling zone over East Asia at approximately 40◦N, which influences the meridional
temperature gradient over East Asia.
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1. Introduction
During the past several decades, a warming trend and a

declining wind speed trend have been observed over China
(Lin et al., 2013; Ji et al., 2014; Zhao et al., 2014; Wu et al.,
2017). The warming over China has mainly been attributed
to increasing greenhouse gas emissions (Ding et al., 2007).
Specifically, Zhao et al. (2014) argued that the warming over
East China is closely related to the sea surface temperature of
the tropical Indian Ocean and atmospheric circulations over
Siberia. The declining wind speed may also be a result of
global warming, which causes weakened atmospheric circu-
lation by weakening the temperature and pressure gradients
between the East Asian continent and the adjacent oceans
(Guo et al., 2011). Consequently, more hot days and haze
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days have occurred, which threaten human health as well as
social and economic activities (Ding et al., 2010; You et al.,
2011; Chen et al., 2013; Ding and Liu, 2014; Wang et al.,
2015). A further question is how the day-to-day variability
(DDV) of the surface weather conditions over China have
changed during the past several decades. The DDV of the
surface weather conditions is a measure of the stability of
the surface weather conditions (Rogers, 1997; Lehmann et
al., 2014). With the trend towards a warmer and windless
climate state, a stable surface weather condition may result
in more persistent high-temperature and windless instances.
These incidents feature consecutive warm and windless days
and nights with no relief from muggy weather (Meehl and
Tebaldi, 2004). This can have considerable impacts on hu-
man health. Despite numerous studies investigating climate
change over China (e.g., Wu et al., 2010; Chen and Sun,
2015; He, 2015a; Sun and Wang, 2015; Feng and Chen, 2016;
Shi et al., 2016), few studies have investigated the changes in
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the DDV of the surface weather conditions over China, which
is an important issue for the general population.

In the midlatitude regions, the DDV of the surface
weather conditions is primarily influenced by the frequency
and intensities of cyclonic and anticyclonic activity, i.e.,
synoptic-scale wave activity (Ulbrich et al., 2009). An in-
crease (decrease) in the frequency and/or intensity of the
cyclonic/anticyclonic activity would increase (decrease) the
DDV of the weather conditions (Chang et al., 2002; Lehmann
et al., 2014). The synoptic-scale wave activity is generally
quantified by the variability of the sea level pressure (SLP)
or geopotential height within a synoptic time range (e.g., 2–7
days), which provides a general view of the combined effects
of the frequency and intensity of the cyclonic/anticyclonic
activity (Yin, 2005; Ulbrich et al., 2009; Chen et al., 2014;
Lehmann and Coumou, 2015). This quantity has frequently
been used to denote storm tracks, where cyclones generate
and/or propagate intensively (Ulbrich et al., 2009; Woollings
et al., 2012; Nishii et al., 2015). Previous studies have sug-
gested that the storm tracks in the Northern Hemisphere are
undergoing a poleward shift in response to global warming
and that the frequency of midlatitude cyclones is therefore
decreasing (McCabe et al., 2001; Yin, 2005; Ulbrich et al.,
2009). Fundamentally, the synoptic-scale wave activity in the
midlatitudes depends on the baroclinic instability of the at-
mosphere, which is closely related to the meridional (equator-
to-pole) temperature gradient (Shaw et al., 2016). It remains
unclear what changes have occurred in the synoptic-scale
wave activity and the baroclinic instability over China dur-
ing the past several decades (Wang et al., 2009; Chen et al.,
2014; Lehmann and Coumou, 2015).

To answer these questions, this study investigates the
trends in the mean state and the DDV of the surface air tem-
peratures and wind speeds over northern and northeastern
China (NNEC) during 1961–2014 using observational data.
Additionally, the trends are also examined in reanalysis data,
and the underlying reasons for the changes in the DDV of the
surface weather conditions explored.

The rest of this paper is organized as follows: Section
2 describes the data and methods used in the current study.
In section 3, the trends in the mean state and the DDV of
the surface air temperatures and wind speeds over NNEC are
examined using observational and reanalysis data. Section
4 gives insight into the changes in the synoptic-scale wave
activity and baroclinic instability, as well as their associated
effects on the DDV of the surface heat flux. Section 5 inves-
tigates the underlying reason for the change in the baroclinic
instability. A discussion is provided in section 6.

2. Data and methods
The observational data of the daily mean near-surface

air temperature (Tm), daily maximum near-surface air tem-
perature (Tmax), daily minimum near-surface air tempera-
ture (Tmin), and daily near-surface wind speed (sfcWind) in
China used in this study are from the gridded CN05.1 dataset,
which was constructed using data from 2400 observational

stations in China, has a resolution of 0.25◦×0.25◦, and a time
span of 1961–2014 (Wu and Gao, 2013). The HadCRUT4
global temperature dataset is also used in this study, which
has a resolution of 5◦ × 5◦ and a time span of 1850–2016
(Morice et al., 2012).

The reanalysis data employed are from the National Cen-
ters for Environmental Prediction (NCEP) reanalysis dataset
(Kalnay et al., 1996) and the 40-yr European Centre for
Medium-Range Weather Forecasts Re-Analysis (ERA-40;
Uppala et al., 2005). The time spans of the NCEP and ERA-
40 data used in this study are 1961–2014 and 1961–2001,
respectively.

Following Woollings et al. (2012) and Nishii et al.
(2015), the current study uses the variance of 2–7-day band-
pass filtered daily SLP (hereinafter SLP var) to quantify the
synoptic-scale wave activity. Accordingly, the variances
of the 2–7-day bandpass filtered daily Tm, Tmin, Tmax,
and sfcWind (hereinafter Tm var, Tmin var, Tmax var, and
sfcWind var, respectively) were computed to quantify the
DDV of the surface weather conditions. The 2–7-day band-
pass filtering was performed using a Lanczos filter (Duchon,
1979).

In addition, the maximum Eady growth rate (σBI) at 850–
200 hPa was calculated to represent the baroclinic instability
(Simmonds and Lim, 2009; Lehmann et al., 2014). The σBI
is defined as

σBI = 0.31
| f |
N

∣∣∣∣∣
∂U
∂z

∣∣∣∣∣ ,

where N is the Brunt–Väisälä frequency, f is the Coriolis
parameter, U is the zonal wind, and z is the vertical height.

This study focuses on the midlatitude East Asian re-
gion (32◦–58◦N, 105◦–135◦E) that encompasses northern
China (32◦–41◦N, 105◦–120◦E), northeastern China (41◦–
55◦N, 115◦–135◦E), and the adjacent regions, as shown in
Fig. 1.

3. Changes in the mean state and the DDV of
the surface weather conditions

3.1. Observational evidence
Figure 1 shows the observed trends in the mean state

and the DDV of the surface weather conditions over NNEC
during 1961–2014. It can be seen that the Tm, Tmin, and
Tmax over NNEC all experienced a significant increasing
trend (Figs. 1a–c), whereas the sfcWind experienced a sig-
nificant decreasing trend (Fig. 1d), demonstrating a tendency
towards a warm and windless state over NNEC. The DDV
of the Tm, Tmin, Tmax, and sfcWind consistently exhibits
a decreasing trend in most areas of NNEC (Figs. 1e–h), indi-
cating an increased stability of the surface weather conditions
on the synoptic scale. This trend towards a stable warm and
windless state implies increased risks of long-lasting hot and
hazy days (Ding et al., 2010; Chen and Wang, 2015).

The time series for the areal mean values were computed
to inspect the decadal variability. As shown in Figs. 2a–c, the
temperature increased during 1971–99, was stable for a few
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Fig. 1. Trends in the annual mean (a) Tm, (b) Tmin, (c) Tmax, and (d) sfcWind, and trends in the annual mean
(e) Tm var, (f) Tmin var, (g) Tmax var, and (h) sfcWind var, during 1961–2014. The units of the trends in
temperature (Tm, Tmin, Tmax) and temperature variance (Tm var, Tmin var, Tmax var) are ◦C (10 yr)−1 and
◦C2 (10 yr)−1, respectively; the units of the trends in sfcWind and sfcWind var are m s−1 (10 yr)−1 and m2 s−2

(10 yr)−1, respectively (the same for subsequent figures). Stippling denotes regions where the trends are at the
95% confidence level of the Student’s t-test (the same for subsequent figures). The purple and green rectangles
in (a) denote the ranges of northeastern China and northern China, respectively.
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Fig. 2. Time series of the anomalies of the areal mean (a) Tm, (b) Tmin, (c) Tmax,
and (d) sfcWind, and the areal mean (e) Tm var, (f) Tmin var, (g) Tmax var, and (h)
sfcWind var, over NNEC. All the time series are smoothed by a 5-year running average.
Units: ◦C for Tm, Tmin, and Tmax; m s−1 for sfcWind; ◦C2 for Tm var, Tmin var, and
Tmax var; and m2 s−2 for sfcWind var.
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years after entering the 21st century, and fell after 2009. A
computation based on the HadCRUT4 dataset demonstrates
a long-term increasing trend of the temperature over NNEC
during 1850–2016, with a rapid increase in the 1980s and
1990s (figure not shown). The lack of warming over NNEC
after 2000 may be related to the recent global warming hiatus
in the early 21st century, which is likely due to the equato-
rial Pacific cooling during the past decade (Kosaka and Xie,
2013). The results from the HadCRUT4 dataset also indicate
that the temperature over NNEC has recovered after a short
cooling during 2009–13, the cause of which warrants further
study. In contrast, the surface wind speed decreased rapidly
during 1971–90, and continued to decrease at a slower rate
after 1990 (Fig. 2d). For the DDV of the surface weather con-
ditions, the annual mean DDV in the temperature noticeably
decreased during 1961–90, and was stable after 1990 (Figs.
2e–g). In particular, the DDV in the temperature during the
spring also notably decreased during 1961–90, but recovered
to a moderate level afterwards. On the other hand, the DDV
in the surface wind speed exhibits a remarkable and coherent
decreasing trend from 1970 to the present (Fig. 2h).

The different features in the abovementioned decadal
variations indicate the complexity of the surface weather con-
ditions over NNEC. Considering that the DDV of both the
surface temperatures and wind speeds is largely related to the
synoptic-scale wave activity, it is somewhat unexpected to see
that the DDV of the surface temperature remained stable after
1990, whereas the DDV of the surface wind speeds continued
to decrease after 1990. This discrepancy may be due to multi-
ple factors that influence the surface temperatures and winds.
For instance, the DDV of the surface temperature is decided
by the DDV of the surface heat budget, which is influenced
by many factors, such as surface winds, solar radiation, cloud
cover, and surface evaporation (Sun, 2017).

Both the trends in the mean state and the DDV of the
surface temperatures and wind speeds show seasonalities
that feature a relatively small trend in the summer (June–
July–August, JJA) and a relatively large trend in the winter
(December–January–February, DJF), spring (March–April–
May, MAM), and autumn (September–October–November,
SON), as shown in Fig. 3. Interestingly, the largest trend in
Tmin var and sfcWind var occurs during the spring (Figs. 3f
and h), whereas the largest trends in Tm var and Tmax var

occur during the winter (Figs. 3e and g). The trends in the
mean states of the surface temperatures and wind speeds are
mostly consistent with the trends in the DDV of the surface
temperatures and wind speeds with respect to their season-
ality. However, it is not clear whether the seasonality of this
trend in the mean state is linked to the seasonality of the trend
in the DDV of the surface weather conditions. To answer this
question, a deeper insight into what controls the seasonality
of the trends in the mean state of temperature and winds and
what controls the seasonality of the trends in the DDV of tem-
perature and winds is needed.

3.2. Trends in reanalysis data
The changes in the mean state and the DDV of the sur-

face weather conditions in the reanalysis data are examined
for the NCEP and ERA-40 datasets. Both datasets show an
increasing trend in the surface air temperature and a decreas-
ing trend in the surface wind speeds over NNEC (Table 1).
For both datasets, the magnitudes of the trends in the surface
air temperature during the different seasons are comparable
to those in the observational data, whereas the trends in the
surface wind speeds are mostly insignificant and are smaller
than the observed trends.

The DDV of the surface air temperature in the ERA-40
data assumes a significant decreasing trend during spring and
a decreasing trend during other seasons, but with lower sig-
nificance (Table 1). For the DDV of the surface wind speeds,
the ERA-40 dataset does not show a significant trend during
any season, although there are slight decreasing trends during
the spring and autumn. The NCEP data show the decreas-
ing trend in the DDV of the surface temperatures during the
spring, and show an increasing trend over NNEC during the
other seasons. Similar to the ERA-40 data, the DDV of the
surface wind speeds in the NCEP data has no significant trend
during any season, although it has slight decreasing trends
during the spring, summer, and autumn.

Overall, the ERA-40 dataset shows the decreasing trend
in the DDV of the surface temperature over NNEC more
clearly than the NCEP dataset, and both datasets show a de-
creasing trend in the DDV of the surface weather conditions
during the spring. Hence, in the following sections, our anal-
ysis is mainly focused on the spring to investigate the under-
lying reasons for the decreased DDV of the surface weather

Table 1. Linear trends in the mean state and the DDV of the surface weather conditions in the ERA-40 and NCEP data. The numbers not in
brackets are for NNEC, excluding regions outside of China, and the numbers in brackets are for the entire (32◦–58◦N, 105◦–135◦E) region.
The numbers in bold are significant at the 95% confidence level.

DJF MAM JJA SON Annual

ERA-40 (1961–2001) Tm [◦C (10 yr)−1] 0.46 (0.40) 0.21 (0.27) 0.06 (0.16) 0.19 (0.19) 0.23 (0.25)
sfcWind [m s−1 (10 yr)−1] −0.10 (−0.08) −0.03 (−0.01) −0.01 (−0.02) −0.03 (−0.01) −0.04 (−0.03)

Tm var [◦C2 (10 yr)−1] −0.10 (−0.13) −0.22 (−0.17) −0.04 (−0.01) −0.08 (−0.09) −0.11 (−0.10)
sfcWind var [m2 s−2 (10 yr)−1] 0.03 (0.04) −0.03 (−0.03) −0.03 (−0.02) 0.03 (0.01) 0.00 (−0.00)

NCEP (1961–2014) Tm [◦C (10 yr)−1] 0.21 (0.23) 0.18 (0.24) 0.22 (0.21) 0.17 (0.23) 0.20 (0.23)
sfcWind [m s−1 (10 yr)−1] −0.01 (−0.02) −0.02 (−0.01) −0.09 (−0.07) −0.02 (−0.01) −0.03 (−0.03)

Tm var [◦C2 (10 yr)−1] 0.07 (−0.07) −0.06 (−0.16) 0.08 (0.04) 0.04 (−0.04) 0.03 (−0.06)
sfcWind var [m2 s−2 (10 yr)−1] 0.02 (0.01) −0.01 (−0.02) −0.02 (−0.02) −0.01 (−0.01) −0.00 (−0.01)
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Fig. 3. Seasonality of the trends in the areal mean (a) Tm, (b) Tmin, (c) Tmax, and (d)
sfcWind, and areal mean (e) Tm var, (f) Tmin var, (g) Tmax var, and (h) sfcWind var,
over NNEC during 1961–2014. The bars filled with solid color indicate significance at
the 95% confidence level, and the bars filled with lines indicate significance below the
95% confidence level (the same for subsequent figures).
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conditions over NNEC. These reasons apply not only to the
spring but also have important implications for the other
seasons. Figure 4 compares the trends in the DDV of the sur-
face temperatures during the spring in the observational and
reanalysis data. A decreasing trend is detected over Mon-
golia and northeastern China in both the EAR-40 and NCEP

Fig. 4. Trends in Tm var during the spring in the (a) observa-
tional data (1961–2014), (b) ERA-40 data (1961–2001), and (c)
NCEP data (1961–2014).

datasets (Figs. 4b and c), which is consistent with the trend
in the observational data (Fig. 4a). The decreasing trend over
northern China in the observational data is shown in the ERA-
40 data (Fig. 4b), but the NCEP data show an increasing
trend here (Fig. 4c). This deviation in the NCEP data exists
over northern China during all seasons. Thus, the NCEP data
should be used with caution when investigating the trends or
decadal variations in the DDV of the surface weather condi-
tions over northern China. This error may be partially due
to the lower quality of the NCEP data over the Asian region
before the 1970s (Wu et al., 2005).

4. Changes in the baroclinic instability and its
associated effects on the DDV of the surface
heat flux

4.1. Changes in the synoptic-scale wave activity and baro-
clinic instability

Changes in the DDV of the surface weather conditions
are closely related to changes in synoptic-scale wave activity,
which is a reflection of the atmospheric baroclinic instability.
Therefore, the changes in the synoptic-scale wave activity
and baroclinic instability during the spring were further ex-
amined to investigate the underlying reasons for the increased
stability of the surface weather conditions over NNEC, as
shown in Figs. 5 and 6. In both the ERA-40 and NCEP
datasets, the synoptic-scale wave activity quantified by the
DDV of SLP shows a decreasing trend over Mongolia and
most parts of NNEC during the spring (Figs. 5a and c), indi-
cating reduced cyclonic/anticyclonic activity. The trend over
northern China is not as significant as that over Mongolia and
northeastern China. Moreover, there is an increasing trend in
the DDV of SLP over Bohai Bay and the adjacent oceanic re-
gions. These features highlight a belt of decreased synoptic-
scale wave activity between 40◦N and 60◦N over East Asia.
The other seasons also show decreased synoptic-scale wave
activity over this region. However, the trend during the spring
is the largest of all the seasons (Figs. 5b and d), and occurs in
concert with the largest decreasing trend in the DDV of the
surface temperatures (Table 1).

It should be noted that the DDV of SLP is used as an
indicator of the synoptic-scale wave activity. This does not
necessarily mean that the DDV of SLP has a direct impact on
the DDV of the surface weather conditions. In addition to the
DDV of SLP, there are other indicators of the synoptic-scale
wave activity, such as the eddy kinetic energy (EKE) and the
DDV of geopotential height (Ulbrich et al., 2009; Lehmann
et al., 2014). We also computed the trend in the EKE at 850
hPa and the trend in the DDV of the geopotential height at
500 hPa for the reanalysis data. The ERA-40 data exhibit a
decreasing trend in the EKE and the DDV of the geopoten-
tial height over northeastern China during spring, which is
consistent with the decreasing trend in the DDV of SLP. The
NCEP data exhibit inconsistent trends in these three indica-
tors of synoptic-scale wave activity, with insignificant trends
in the EKE and the DDV of the geopotential height during
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Fig. 5. Trends in SLP var during the spring in the (a) ERA-40 and (c) NCEP data. Seasonality of the areal mean
trends in SLP var over the region (32◦–58◦N, 105◦–135◦E) during the spring in the (b) ERA-40 and (d) NCEP
data. Units: hPa2 (10 yr)−1.

the spring. With this in mind, it seems that the ERA-40 data
are more useful than the NCEP data for analysis of the trend
and decadal variations in the DDV of weather conditions over
East Asia.

The aforementioned decreased synoptic-scale wave ac-
tivity implies a decreased atmospheric baroclinic instability
over the midlatitudes of East Asia, which is further shown
by the change in the maximum Eady growth rate (Fig. 6).
As shown in Fig. 6, both the ERA-40 and NCEP datasets
demonstrate a decreasing trend in the baroclinic instability
over the East Asian regions between 40◦N and 60◦N during
the spring. On the other hand, an increasing trend in the baro-
clinic instability is identified over the regions south of 40◦N.
This contrasting change in baroclinic instability is most sig-
nificant in the upper-level (500–200 hPa) atmosphere. In the

lower- and middle-level (850–500 hPa) atmosphere, the trend
in the baroclinic instability is mainly characterized by a de-
creasing trend over Mongolia and northeastern China. The
changes in the baroclinic instability are closely related to the
meridional temperature gradient, which is discussed in sec-
tion 5.

4.2. Changes in the DDV of the surface heat flux
A decreased synoptic-scale wave activity, which sig-

nifies a decreased frequency and/or intensity of cyclonic/

anticyclonic activities, would cause a decreased DDV of at-
mospheric variables, such as cloud cover and winds, and
vice versa (Chang et al., 2002; Lehmann et al., 2014). Thus,
the baroclinic instability and synoptic-scale wave activity
can affect the DDV of the surface wind speeds directly by
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Fig. 6. Trends in the maximum Eady growth rate (850–200 hPa)
in the (a) ERA-40 and (b) NCEP data. Units: s−1 (10 yr)−1. The
black rectangle denotes the target domain of this study.

modulating the DDV of the low-level winds (Table 1), and
can affect the DDV of the surface temperatures by modulat-
ing the DDV of the surface heat flux, which is influenced by
several factors, including cloud cover and wind-driven ther-
mal advection (Chen et al., 2016; Sun, 2017).

Figure 7 shows the trends in the DDV of surface heat
fluxes during the spring in the ERA-40 data, indicating an
overall decreasing trend in NNEC. Specifically, the DDV of
the surface net short-wave radiation (SWR) and the DDV of
the surface sensible heat flux (SHF) show relatively strong
decreasing trends over NNEC (Figs. 7a and b). Cloud and
snow cover are two of the main factors influencing the sur-
face SWR (Sun, 2017). Considering that cloud cover is much
more variable than snow cover on the synoptic scale, the de-
creased DDV of the surface SWR may largely be attributed
to a decreased DDV of the cloud-forced SWR. The decreas-
ing trend in the DDV of the surface SHF is likely due to a
decreased DDV of the surface wind-driven thermal advection
(Ye et al., 2015). The DDV of the surface net long-wave ra-
diation (LWR) also exhibits a decreasing trend over NNEC

(Fig. 7c), which may be mainly caused by a decreased DDV
of the cloud-forced LWR. For the DDV of the surface latent
heat flux (LHF), a slight decreasing trend is detected over
NNEC (Fig. 7d), which is likely due to a decreased DDV of
the surface wind speeds (Table 1; Sun, 2017). Consequently,
a decreasing trend in the DDV of the surface net heat flux
(NHF) is observed over NNEC (Fig. 7e). The trends of the
DDV of the SWR, LWR, SHF, and LHF over the NNEC re-
gion (excluding regions outside of China) are −41.2, −5.3,
−13.5, and −2.4 W2 m−4 (10 yr)−1, respectively. These re-
sults imply that the decreasing DDV of the SWR makes an
important contribution to the decreasing trend in the DDV
of the temperature, and that the decreasing DDV of the SHF
makes a secondary contribution. Furthermore, we computed
the time series of the DDV of the temperature and surface
heat fluxes, and their corresponding correlation coefficients.
These results indicate that the interannual and decadal vari-
ability of the DDV of the temperature is closely linked to the
DDV of the SHF. Specifically, the result based on a 15-year
running mean time series implies that the DDVs of both the
SWR and SHF are important contributors to the decreasing
trend of the DDV of the temperature.

The DDV of the surface NHF in the NCEP data shows
a decreasing trend over Mongolia and northeastern China,
which is related to a decreased DDV of the surface SWR
(figure not shown). Using the NCEP cloud forcing SWR and
cloud forcing LWR data, it is clear that the decreased DDVs
of the surface SWR and LWR are mainly due to the decreased
DDVs of the cloud-forced SWR and LWR, respectively.

5. Changes in temperature gradient
Fundamentally, the energy behind the atmospheric baro-

clinic instability and cyclonic/anticyclonic activities in the
midlatitude regions is the potential energy associated with the
meridional temperature gradient (Eady, 1949; Charney and
Stern, 1962). The meridional temperature gradient also leads
to horizontal and vertical wind shear over the midlatitudes
(Charney and Stern, 1962).

To investigate the reason for the decreased baroclinic in-
stability over the midlatitudes of East Asia, an insight into the
meridional temperature gradient is needed. Figure 8 shows
the trend in air temperature over East Asia (90◦–140◦E) at
different pressure levels, with similar results obtained from
the EAR-40 and NCEP data. The air temperature over
the midlatitude regions surrounding approximately 40◦N de-
creases for 700–250 hPa, whereas the air temperature over
the higher latitude regions increases for 1000–300 hPa (Figs.
8a and c). As such, the meridional temperature gradient is
reduced over the higher latitude regions at 40◦–60◦N and is
enlarged over the lower latitude regions at 20◦–40◦N. Conse-
quently, the atmospheric baroclinic instability decreases (in-
creases) over the East Asian regions north (south) of 40◦N
(Fig. 6). In addition, the vertical wind shear is weakened at
40◦–60◦N and is strengthened at 20◦–40◦N (Figs. 8b and d).
The increased vertical wind shear at 20◦–40◦N results in an
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Fig. 7. Trends in the DDV of the surface (a) SWR, (b) SHF, (c) LWR, (d) LHF, and (e) NHF during the
spring for the ERA-40 data. The NHF is calculated using NHF = SWR + SHF + LWR + LHF. Units:
W2 m−4 (10 yr)−1.

enhanced East Asian upper-tropospheric jet stream, which is
closely related to the weather and climate in East Asia (Yang
et al., 2002; Lin and Lu, 2005). The results are essentially the
same as for the 105◦–135◦E longitude range.

The cooling trend in the middle-to-upper tropospheric at-
mosphere at approximately 40◦N plays a key role in the con-

trasting changes of the baroclinic instability to the north and
south of 40◦N. As shown in Fig. 9, the cooling in the upper-
tropospheric atmosphere during the spring is centered around
(40◦N, 100◦E) and extends from West China to East China,
forming a sharp contrast with the surrounding insignificant
and/or increasing trends in air temperature. This cooling zone
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Fig. 8. Latitude–pressure section of the trends (color shading) in 90◦–140◦E averaged (a, c) air temperature [units: ◦C
(10 yr)−1] and (b, d) zonal wind [units: m s−1 (10 yr)−1] during the spring in the (a, b) ERA-40 and (c, d) NCEP data.
The contour lines denote the corresponding climatology of the temperature (units: ◦C) and the zonal winds during the
spring (units: m s−1). Units of pressure level (left vertical axis): hPa.

is also detected during other seasons in the reanalysis data,
with relatively small trends in temperature. The location and
strength of this cooling zone could substantially influence the
meridional temperature gradient and thus the baroclinic in-
stability over East Asia. Hypothetically, this cooling zone
may also partially account for the observed decreasing trend
in the DDV of the surface weather conditions over NNEC
for other seasons, although this is not well represented in the
reanalysis data. In addition, it has also been suggested that
the tropospheric cooling over East Asia is responsible for the
weakening of the East Asian summer monsoon and the spring
drought in southeastern China in recent decades (Yu et al.,
2004; Xin et al., 2008).

But what causes the tropospheric cooling over East Asia?
A possible mechanism for this is the increased snow depth
over the Tibetan Plateau during winter, cooling the Tibetan
Plateau during winter and spring, which induces gravity

waves to propagate upwards and northwards into the strato-
sphere and causes tropospheric cooling north of the Tibetan
Plateau through stratosphere–troposphere interaction (Yu et
al., 2004; Xin et al., 2010). However, the observational ev-
idence indicates that the Tibetan Plateau has undergone a
significant warming trend from 1961 to the present (Wang et
al., 2008; Guo and Wang, 2011). Thus, the above mechanism
needs further examination. Another possible mechanism
is that the ozone depletion over the Tibetan Plateau causes
stratospheric cooling and results in tropospheric cooling over
East Asia through stratosphere–troposphere interaction (Yu
et al., 2004; Zhou and Zhang, 2005). During the past sev-
eral decades, the global lower stratosphere has been cooled
by both natural factors and anthropogenic factors, such as
ozone depletion and the increase in greenhouse gases (Ra-
maswamy et al., 2006). The upper-tropospheric cooling over
East Asia is likely a consequence of ozone depletion and
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Fig. 9. Trend in the 300 hPa air temperatures for the (a) ERA-40
and (b) NCEP data. Units: ◦C (10 yr)−1.

the increased greenhouse gas emissions over Asia. However,
further studies are needed to better understand this issue.

6. Discussion
This study mainly focuses on the relationship between the

DDV of the surface weather conditions and the synoptic-scale
wave activity over NNEC. A decreasing trend in the DDV of
the surface wind speeds with smaller magnitudes is also ob-
served in regions of mainland China other than NNEC. This
general decrease in the DDV of the surface wind speeds over
China is coincident with a general decrease in the surface
wind speeds over China that is not only related to the change
in the pressure/temperature gradient but is also related to ur-
banization in China (Guo et al., 2011).

During the winter, the East Asian trough has a remark-
able impact on the weather in East Asia (Gong et al., 2001).
It has been suggested that a positive- (negative-) phase Arc-
tic Oscillation (AO) is concurrent with a weakened (strength-
ened) East Asian trough (He et al., 2017). The AO index
experienced a trend towards a positive phase during 1961–
2014, which may have impacted the weather and climate of
East Asia by modulating the East Asian trough (He, 2015b).

The relationship between the AO and the DDV of the surface
weather conditions in East Asia should be studied further.

The ability of the reanalysis data to represent the
synoptic-scale variability of the weather conditions also
needs further examination. This study suggests a better qual-
ification of the ERA-40 data for analyzing the DDV of the
weather conditions over East Asia. Further analysis of the fre-
quency and intensity of cyclones and anticyclones is needed
for a comprehensive understanding of the changes in the syn-
optic activity in the reanalysis data (Chen et al., 2014). This
study did not explore why the ERA-40 and NCEP reanalysis
data show a consistent decreasing trend in the DDV of the
surface weather conditions only in the spring. The reanaly-
sis data may have different abilities during different seasons
due to a variety of potential factors of influence associated
with the observational database and the assimilating model
(Kalnay et al., 1996; Bromwich and Fogt, 2004; Simmons et
al., 2004; Uppala et al., 2005; Bromwich et al., 2007). Fur-
ther studies are needed to answer this question.

Finally, we compared the results from the JRA-55 dataset
(Kobayashi et al., 2015) with the results of the ERA-40 and
NCEP data. At first, it was surprising to see that the JRA-
55 data show a decreasing trend in the DDV of the surface
temperatures and wind speeds for all seasons, suggesting a
notably better accuracy than the ERA-40 and NCEP data.
However, this might be because the surface temperature and
wind in the JRA-55 data are analyzed based on a correction
of the first guess made by comparing the first guess with ob-
servational data (Kobayashi et al., 2015). The results from
the other fields of the JRA-55 data are similar to the ERA-
40 and NCEP data for the spring and do not show a signifi-
cant difference from the ERA-40 and NCEP data for the other
seasons. The better performance of the JRA-55 data in rep-
resenting the decreasing trend of the DDV of surface weather
conditions cannot be reasonably explained from a perspective
of atmospheric dynamics. For instance, the DDV of surface
temperature in the JRA-55 data shows a significant decreas-
ing trend over NNEC during the winter, which mimics the
observed trend, whereas the DDV of surface net heat flux in
the JRA-55 data shows an insignificant trend over NNEC dur-
ing the winter. Thus, the better skill of the JRA-55 might be
attributable to the correction of the first guess of the modeled
surface temperatures and winds. However, this is just a pre-
liminary hypothesis. A better understanding of this question
will require further study.
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