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Abstract

A significant negative correlation between the seasonal mean temperature anomaly and
the intensity of the intraseasonal temperature oscillation in the northern winter over Northeast
China is found during the time period 1959-2011. A stronger intraseasonal oscillation (ISO) is
found during an extremely cold winter. The cold winter in Northeast China is a part of zonally
oriented large-scale pattern with a negative (positive) temperature anomaly in mid- (high)
latitudes and is associated with a negative phase of the North Atlantic Oscillation (NAO). The
intraseasonal temperature anomaly originates from high-latitude Central Eurasia and
propagates southeastward. The southeastward propagation is attributed to the upper
tropospheric dispersion of Rossby wave energy as a result of coupling of the low-level

temperature and the upper-level geopotential height.

The cause of the negative correlation between the intraseasonal and interannual modes is
investigated. A cold winter in Northeast China is associated with a weakened meridional
temperature gradient and vertical wind shear north of 50° N. This weakens synoptic variability
in situ through baroclinic instability. Because the ISO competes for an energy source with the
synoptic motion, the ISO is enhanced north of 50° N. The southeastward propagation of the
enhanced ISO mode increased intraseasonal temperature variability over Northeast China. As

aresult, a cold winter in Northeast China is accompanied by an enhanced ISO variability in situ.

The enhanced local ISO could further feed back to the winter mean temperature anomaly
through nonlinear advective processes. The diagnosis of the temperature budget indicates that
the 1ISO may interact with motion on other scales to contribute to the winter mean temperature

anomaly in situ.

Keywords: intraseasonal oscillation; winter temperature anomaly; two-way interaction

between intraseasonal and interannual oscillations



1. Introduction

Regional extreme abnormal climate events have occurred more frequently over China
under the current conditions of global warming (Chen J Q et al, 1996; Zhang Y Q et al, 2018;
Guo J P et al, 2020). Extremely cold temperature, strong snowstorms and freezing conditions
(such as those in 2007-2008 and 2011-2012) have occurred intermittently in winter, greatly
influencing agriculture, transportation and the economy (Wen et al, 2009; Zhou et al. 2009).
The winter temperature anomaly is one of the primary targets of short-range climate
predictions and is influenced not only by interannual and interdecadal variations, but also by
intraseasonal oscillation (ISO) and synoptic-scale motion (Jeong 2005; Jin F F et al, 20064,
b; T. Li, 2017; Song L et al, 2017; Takaya and Nakamura 2005a, b; Song et al. 2016; Yao et
al, 2016). Few studies have examined the upscale feedback of the ISO to the interannual
variation.

Since Madden and Julian (1971, 1972) first discovered the tropical 1SO, a number of
studies have demonstrated that the 1SO not only exists in the tropics (Madden and Julian 1971,
1972; Teng and Wang 2003; Wang et al, 2006), but also in mid- and high- latitude regions
(Jeong et al, 2008; Yang and Tim Li, 2016). The 1SO in the tropics and at higher latitudes
may interact through atmospheric teleconnection patterns (Li C Y, 1990, 1991; Lin et al,
20094, b), leading to a persistent temperature anomaly in East Asia (Zhou et al, 2005; Lin et
al, 2009a, b; Zhu Y Y et al, 2013). The winter temperature anomaly exhibits a strong
interannual and intraseasonal variation in addition to the pronounced synoptic scale variation
(He J H et al; 2011; Jeong et al, 2005; Song L et al, 2016). The ISO might provide a large-
scale background for the outbreak of synoptic cold wave events (Ma X Q et al., 2008; Miao
Q et al., 2016), and may strengthen the cold wave enough to cause an extreme cold event
(Jeong et al., 2005; Ren et al., 2009).

Previous studies on the intraseasonal variability of temperature at high latitudes have
focused on the origin and propagation mechanism of the ISO (Yang and T. Li, 2016; Zhao C
and T. Li, 2017; Yang and T. Li, 2017). How the 1SO influences the interannual variability is
unclear. It has been shown that the tropical ISO exerts a great impact on the interannual
variability (Goswami et al. 2006; Waliser 2006; Palmer et al, 2008). This motivates us to

explore the interaction between the ISO and the interannual variation in winter temperatures



at high latitudes. This study may provide a theoretical foundation for short range climate
prediction.

The objective of this study is to determine the linkage between the interannual winter
temperature anomaly and the intensity of the 1SO. We focus on Northeast China, a region of
strong interannual and intraseasonal temperature variability. The remainder of this paper is
organized as follows. Section 2 describes the datasets and methods used in this study. Sections
3 and 4 describe the pattern and evolution characteristics of the intraseasonal and interannual
winter temperature anomalies in Northeast China, respectively. Section 5 discusses the two-
way interaction between the intraseasonal and interannual winter temperature anomalies and
our conclusion are given in Section 6..

2. Data and methods

The daily surface air temperature data derived from the National Meteorological
Information Center of China Meteorological Administration for 410 ground observational
stations and the National Centers for Environment Prediction (NCEP) / National Center for
Atmospheric Research (NCAR) reanalysis datasets (2.5°x2.5°%) for 1959-2011 are used. The
reanalysis data include the 3-dimensional temperature (T), geopotential height (Z), zonal wind
(u), meridional wind (v) and vertical p-velocity () at 12 pressure levels (1000, 925, 850, 700,
600, 500, 400, 300, 250, 200, 150, and 100 hPa). The 2m air temperature field from the
NCEP/NCAR reanalysis is used to compare with the surface station observation. The sea
surface temperature (SST) data from the Hadley Center Global Sea Ice and Sea Surface
Temperature (HadlSST) datasets with a resolution of 1°x1° are used.

The intraseasonal timescale (10-90 day) signals are extracted by the Lanczos band-pass
filter (Duchon, 1979). Before applying the band-pass filtering, the climatological annual cycle
is first removed from the original data. The 10-90-day period is selected based on power
spectrum analysis of the surface temperature anomaly. A Student t-test is applied to test the
significance of composite, correlation and regression analyses.

We use a phase-independent wave-activity flux (WAF) formulated by Takaya and
Nakamura (2001) to illustrate the propagation of Rossby wave activity associated with the
intraseasonal variations of the winter temperature. A two dimensional WAF may be expressed

as:
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where V = (U, V) is the climatological winter mean horizontal wind field during the time
period 1960-2011, ' denotes the perturbation streamfuction, a prime denotes the
intraseasonal anomalies, and the subscripts x and y denote partial derivatives in the zonal and
meridional directions, respectively.

To understand the role of multi-scale interactions in affecting the interannual anomaly of
the winter temperature, a low-level heat budget analysis is conducted. The temperature equation

may be written as:
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where S denotes the atmospheric static stability parameter and Q denotes diabatic heating,
which can be calculated based on Yanai (1973).
3. Relationship between the winter mean temperature anomaly and the intensity of the
intraseasonal temperature variability in Northeast China

The spatial distribution of the climatological winter mean surface air temperature in China
shows a dipole pattern between northern and southern China (Fig. 1a). The temperature
increases toward the south as a result of the impact of the East Asian winter monsoon. The 0°C
line is approximately along 32°N, passing from northern Jiangsu Province westward to northern
Sichuan Province. The coldest mean temperature (about —18°C) appears over Northeast China,
while the warmest temperature (14°C) appears over South China.Figure 1b shows the standard
deviations of the winter (DJF) temperature anomalies during the time period 1960-2011. The
standard deviation equation may be written as:
D (% —%)°
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where S is the standard deviation, x is the winter (DJF) temperature, subscript i denotes the year,

g =

Xis the winter (DJF) mean temperature during the time period 1960-2011 and n is the total
number of years. Figure 1b shows a maximum winter temperature variability center located
over northern China. The combination of Figure 1a and 1b indicates that the region of both

maximum mean cooling and maximum interannual variability is in northern China.



To examine the relative contribution of the interannual variability to the total temperature
variability, Figure 1c shows the standard deviation map of the non-filtered temperature anomaly
(i.e., only the climatological annual cycle is removed from the raw data). First, we calculate the
standard deviation of the non-filtered daily temperature anomalies each year and then averaged
this for the time period 1960-2011. This shows that the interannual component only explains a
small portion of the total temperature variability. This prompts us to examine the sub-seasonal
(or intraseasonal) temperature variability. Figure 1d shows the mean distribution of standard
deviation of 10-90-day filtered temperature anomalies for the time period 1960-2011. It is
obvious that the intensity of the intraseasonal temperature oscillation is much greater than that
of the interannual counterpart. In fact, the intraseasonal temperature variability explains about
60% of the total variability.

Figure 1d shows four centers of maximum variability located over Northeast, Northwest,
North and South China. By calculating the correlation coefficients between the ISO intensity in
the four centers and the winter mean temperature anomaly in other regions across China (not
shown), we note that there are negative correlations in all centers, but they are not always
statistically significant. The strongest and statistically significant negative correlation occurs in
Northeast China, which is why this study focuses on the relationship between the ISO intensity
and the winter mean temperature anomalies in Northeast China.

This analysis is consistent with the results obtained using the NCEP/NCAR reanalysis
datasets (not shown). We conclude that maximum winter temperature variabilities occurs on
intraseasonal and interannual timescales in Northeast China and the intraseasonal variability is
much greater than the interannual variability.

To test the sensitivity of these results for different data periods, we conduct a parallel
calculation using the NCEP/NCAR reanalysis product with the data extended to 2020. The
result is similar, suggesting that the winter temperature variabilities on intraseasonal and
interannual timescales are robust.

To illustrate the spatial patterns of the interannual and intraseasonal variability modes over
Northeast China, we select a reference point, Huma Station (51.43°N, 126.39°E), where both
the interannual and intraseasonal variabilities are strong. Figure 2a shows a map of the

correlation between the time series of the winter mean (DJF) temperature anomaly at Huma and



other stations for the time period 1960-2011. The correlation coefficient equation may be

written as:
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where r denotes the correlation coefficient, x and y denote the winter (DJF) temperature of

Huma station and all other stations, the subscript i denotes the year, X, Y denotes the winter

(DJF) mean temperature of Huma station and all other stations during the time period 1960-
2011 and n is the total number of years. We also calculate the correlation map between the time
series of the ISO intensity each year at Huma and other stations for the time period 1960-2011

(Fig. 2b). Here, x and y denote the ISO intensity at Huma and other stations, the subscript i

denotes the year, X, Y denotes the mean 1SO intensity at Huma and other stations during the

time period 1960-2011 and n is the total number of years. Significant positive correlations
appear over Northeast China. This indicates that the interannual temperature variability is on a
large scale, covering entire Northeast China and beyond. This is why we can use the box-
averaged temperature index over the region (38-53° N, 118-133° E, the black box in Figure 2)
to represent the interannual and intraseasonal temperature variabilities over Northeast China.

Figure 3a shows the correlation map between the time series of the 1ISO intensity averaged
over 38-53° N, 118-133° E and the time series of the winter temperature anomaly at all stations.
Significant negative correlations appear over Northeast China. Figure 3b illustrates the time
series of the box-averaged winter temperature anomaly and ISO intensity averaged over 38-53°
N, 118-133° E. The correlation coefficient between them is -0.32, exceeding the 95%
confidence level. This implies that a stronger (weaker) ISO variability is often accompanied by
a cold (warm) winter over Northeast China.

To illustrate the relative contributions of the interannual and interdecadal components, we
remove a 6-year running mean form the original temperature time series to obtain the “pure”

interannual signal and then calculate the correlation coefficient between the interannual time

series of the winter temperature anomaly and the ISO intensity. The correlation coefficient is -



0.28, still exceeding the 95% confidence level. This indicates that the significant negative
correlation between the winter mean temperature anomaly and the ISO intensity in Northeast
China is primarily attributed to their interannual component.

The blue solid and dotted lines in Figure 3b represent the normalized 10-90-day filtered
temperature variability averaged over the key region from the reanalysis and stations datasets,
respectively. The red solid and dotted lines represent the normalized winter temperature
anomalies over the same region from the reanalysis and stations datasets, respectively. The
correlation coefficients between the red solid and dotted lines and between the blue solid and
dotted lines both exceed 0.9. Both the ISO intensity and the winter temperature anomaly exhibit
a strong interannual variation in the region.

The time series of the standardized winter temperature anomaly shown in Figure 3b is used
to classify typical cold and warm events in Northeast China during the time period 1960-2011,
with values greater than 1 (less than -1) being selected as a cold (warm) winter. Nine cold (1966,
1969, 1977, 1985, 1986, 2001, 2006, 2010, and 2011) and nine warm (1962, 1973, 1982, 1983,
1989, 1999, 2002, 2004, and 2007) winters are selected. To identify the dominant periods of the
ISO for the selected cold or warm winters, a power spectral analysis is applied. Figure 3c and
3d show that the dominant ISO periods are, in general, in the band 10-40 days in both cold and
warm winters, with maximum spectrum power shifting slightly toward a longer period during
the cold winters.

4. Origin and structure of the intraseasonal temperature variability in Northeast China

We investigate the origin of the ISO to try to explain the exceptionally strong intraseasonal
temperature variability in Northeast China. A lead-lag regression analysis is conducted to reveal
the structure and evolution of the intraseasonal temperature anomaly. Figure 4 shows the
evolution of the 10—90-day filtered 2m air temperature and geopotential height fields at 300
hPa from day —9 to day 0 in cold (Fig. 4a) and warm (Fig. 4b) winters. The blue and red dots
represent maximum positive temperature and geopotential height anomaly centers, respectively.

Regardless of whether the winter is cold or warm, the intraseasonal temperature variability
in Northeast China originates from high-latitude Central Asia. A positive temperature anomaly
appears at the northwest of Baikal Lake on day —9. The intraseasonal temperature perturbation

then moves gradually southeastward. An upper level positive geopotential height anomaly is



associated with the positive surface temperature perturbation. The centers of both the positive
temperature and geopotential height anomalies propagate southeastward and reach Northeast
China on day 0. This indicates that the low-level intraseasonal temperature anomalies are
closely associated with the upper-tropospheric height signal.

Figure 5a and 5b show the tracks of the regressed temperature (blue dots) and geopotential
height (red dots) centers from day —9 to day 0 for cold and warm winters. Both panels clearly
exhibit a southeastward propagation track, with a more northwestward tilt in warm winters. We
hypothesize that the southeastward propagation of the upper tropospheric geopotential height
is a result of the propagation of Rossby wave energy. We therefore calculate the Rossby wave
activity flux (WAF) at 300 hPa using the 10-90-day filtered data from day -9 to day 0. The
WAF formula used here is a phase-independent WAF developed by Takaya and Nakamura
(2001). The WAF field calculated in this way is plotted in Figure 5c and 5d. There are
pronounced southeastward wave activity fluxes over high-latitude Eurasia in both cold and
warm winters, confirming that the dispersion of Rossby wave energy is a major cause of the
southeastward propagating geopotential height in the upper troposphere. In other words, the
upper-tropospheric wave train shown in Figure 4 is likely a result of the propagation of Rossby
wave energy.

To illustrate the vertical structure of the ISO mode, we plot the vertical-horizontal profiles
of the 10-90-day filtered geopotential height and temperature anomalies along the yellow line
at day 0. Figure 6 shows that the maximum temperature anomaly appears near the surface,
whereas the maximum geopotential height anomaly appears at 300 hPa. A warm anomaly below
and a cold anomaly above 300 hPa are accompanied by a positive geopotential height anomaly
center at 300 hPa, implying a hydrostatic relationship. Given the close relationship between the
low-level temperature and upper-tropospheric geopotential height fields, the propagation of
Rossby wave energy may be regarded as a mechanism for the southeastward movement of the
intraseasonal near-surface temperature perturbation.

5. Two-way interactions between the interannual and intraseasonal temperature
variability

The significant negative correlation between the winter temperature anomaly and the ISO

strength shown in Figure 3b suggests a possible impact of the interannual background state on



the intraseasonal variability. Figure 7 shows the differences in temperature, geopotential height
and wind anomalies between cold and warm winters at 700, 500 and 300 hPa. Zonally oriented
large-scale cold (warm) anomalies over mid-(high) latitudes accompanied the cold winters in
Northeast China. This indicates that the cold Northeast China is only a part of the large-scale
cooling across a large portion of mid-latitude zone between 30°N-60°N. The temperature
anomalies exhibit an equivalent barotropic structure throughout the troposphere. The cold
anomalies at mid-latitudes are accompanied by large-scale cyclonic and low pressure anomalies,
whereas the warm anomalies at high-latitudes are accompanied by large-scale anticyclonic and
high pressure anomalies.

A positive geopotential height anomaly over Ural Mountain is associated with a negative
phase of the North Atlantic Oscillation (NAO) in North Atlantic region. Previous studies have
suggested that the high pressure in the Ural Mountains is strengthened during the negative phase
of the NAO, which could promote downstream-propagating Rossby wave activity and cause
frequent cold events in Northeast China (Hurrell, 1996; Sun C et al,2012; Fan k et al, 2013; Li
C et al, 2015). Cold winters in Northeast China may therefore be related to forcing from the
North Atlantic.

Figure 8 shows the differences in composite diabatic heating and SST fields between cold
and warm winters. A dipole heating pattern appears in the North Atlantic sector. A cold (warm)
SST anomaly in the mid- (high) latitude Atlantic implies an enhanced (weakened) surface latent
heat flux and thus a positive (negative) lower tropospheric heating anomaly. The latter further
induces the negative NAO pattern.

An interesting question is how the change in the background state associated with the
interannual temperature variability affects the strength of the I1SO. We speculate that it is
through the modulation of the Westerly Jet. Figure 9a illustrates the distributions with latitude
of the vertically integrated (850-300 hPa) temperature anomaly and vertical shear of zonal
winds between 200 and 850 hPa, averaged between 80 and 120°E, for the cold minus warm
winter composite. An enhanced (weakened) meridional temperature gradient appears south
(north) of 50° N. This led to a strengthening (weakening) of the vertical shear south (north) of
50° N as a result of the thermal wind relation. The strengthened (weakened) vertical shear

favored (prohibited) the growth of local synoptic (<10 days) perturbations, through the



modulation of the baroclinic instability. Figure 9b confirms that the synoptic variability is
indeed stronger (weaker) south (north) of 50° N.

The intensity of the ISO is opposite to that of the synoptic variability (Fig. 9b). Physically,
it is argued that the ISO may compete with synoptic motion for source of energy. As a result,
the I1SO is enhanced north of 50° N during the cold winters. The southeastward propagation of
the enhanced ISO further increased the intraseasonal variability over Northeast China.

The strengthened 1SO variability may feed back to the winter mean temperature anomaly

in Northeast China through a nonlinear rectification process. The temperature equation refers

to Equation(2), where V denotes horizontal wind vector, o is the p-vertical velocity, V is the

horizontal gradient operator, S = Ci— g—; is the atmospheric stability parameters, o is the

P
specific volume of air, Cp is the specific heat of air and Q is the rate of diabatic heating. The
other symbols follow convention in meteorology. The interannual temperature equation can
therefore be expressed as:

oT; Q

E = —(V ' VT)] + (S(D)] + Cp

()
where (); represents the interannual component. If we let A be the difference between cold
and warm winters and assume that the interannual temperature tendency vanishes during

. . 0T : : .
extreme cold and warm winters (i.e., a—t’:O), then we can derive the following equation:

0= AV VT); — A(Sw); — AC—‘? (6)

In equation (6), the apparent heat source Q can be calculated from the original reanalysis
field by applying this equation to 1000 hPa and assuming that the diabatic heating near the
surface is primarily determined by longwave radiative cooling and surface heat flux. For
simplicity, we can set AQ; =y - AT;, where y = 3—2; represents the dependence of the diabatic
heating on local temperature, which can be determined by fitting the observed relationship
between Tj and Q; during the analysis period (1960-2011).

The winter mean temperature difference between the cold and warm years can be therefore

be determined by

AT, = % [A(V-VT), - AGSw)] (7)



Figure 10 is a scatter diagram between the winter mean temperature and diabatic heating

anomalies at 1000 hPa averaged over Northeast China (box region). A negative slope (AQ; =

—0.3 = AT;) indicates a negative correlation between the temperature anomaly and the heating

anomaly. The linear fit is statistically significant, exceeding the 95% confidence level. Equation

(7) may be rewritten as
ATy = ZR [A(=T - VT); + AGSw))] ®)

Given the nonlinear nature of the two terms on the right hand side, Equation (8) can be
used to assess the relative contributions to the winter temperature anomaly by the interannual
flow alone and by multi-scale interaction processes. Before assessing the nonlinear rectification
process, we first examine the relative roles of the horizontal advection versus the adiabatic term
for both cold and warm winters separately. Table 1 shows the results of the calculation. Here A
denotes the cold or warm winter composite minus the long-term climatology. Table 1 shows
that the average winter temperature anomaly is -1.9 K for the cold winter composite. The sum
of the horizontal advection and the adiabatic term on the right hand side of Equation (8) is -1.8
K, indicating the budget is approximately balanced. The horizontal advection term plays a
major role and accounts for 71% of cooling.

For the warm winter composite, the average temperature anomaly is 1.7 K, whereas the
sum of the horizontal advection and the adiabatic term on the right hand side of Equation (8) is
1.6 K. The horizontal temperature advection accounts for 84% of the anomalous warm
temperature in winter. The analysis of both cold and warm winters therefore indicates that the
interannual variation of the winter surface air temperature in Northeast China is primarily
controlled by anomalous horizontal temperature advection. Equation (8) captures well the year-
to-year change in the winter temperature in Northeast China.

Given that Equation (8) is able to capture the observed winter temperature change, we
examine the relative contribution of the nonlinear rectification effect. Each dependent variable
in Equation (8) is separated into four components, a climatological winter mean component
(denoted by subscript c), an interannual component (> 90 days, denoted by subscript j), an
intraseasonal component (10-90 days, denoted by subscript i) and a synoptic-sale component

(<10 days, denoted by subscript €). The horizontal advection and adiabatic terms may therefore



be decomposed into 16 terms:
(=v- vT), = [~V - VTi]], + [V V(T + Ty + To)j +[— (V. +V; + Vo) - VT
=V + Vi + Vo) - V(Te + T + To)]; (9)

(Sw); = (Siwy); + [Si - (0¢ + o; + ooe)]]_ +[(Sc +Sj + Se) - ooi]]_

+[(Sc + Si + Se) - (we + wj + ooe)]]_ (10)
where the first term on the right hand side of Equations (9) and (10) represents the effect of
eddy-eddy interaction associated with the ISO and the second and the third terms represent the
influence of the I1SO interacting with other scale motions. The sum of the first three terms in
Equations (9) and (10) is called Al and B1, representing the overall impact of the ISO. The
fourth term on the right hand side of Equation (9) represents the influence of the scale

interactions among other scales beyond the ISO, which includes the advection of anomalous

temperature by the mean flow [—A(VC-VT]-)]_] (term A21), the advection of the mean

temperature by anomalous wind —A[(V; - VT,);] (term A22) and the sum of the remaining

horizontal advection terms (term A23). The fourth term on the right hand side of Equation (10)
consists of [A(Scm]-)],] (term B21), [A(Sjmc)j] (term B22) and the sum of the remaining
adiabatic terms (term B23).

The relative contributions of the individual terms in Equations (9) and (10) to the
temperature anomalies during cold and warm winters are shown in Figure 11. As expected, the
winter temperature anomaly during cold and warm winters is primarily attributed to the
interaction between the climatological mean and the interannual component. For both the cold

and warm winter composites, the largest two terms are the horizontal advection of the

interannual temperature anomaly by the climatological mean wind [—A(Vc . VT]-)]_]and the
horizontal advection of the climatological mean temperature by the interannual wind—A[(V; -

VT.);]. They account on average for 60% of the winter temperature anomalies. Additional

contributions arise from the adiabatic terms associated with the interannual vertical

velocity [A(Scw]-)]_] and the interannual atmosphere stability anomaly [A(S]-ooc)]_]. These



contributions account for about 15% of the changes in interannual temperature. The ISO related
multi-scale interaction process (i.e., the first 3 terms on the right hand side of Equation (9) and
(10) ) contributes positively to the interannual temperature anomaly, suggesting that there exists
a positive feedback between the local intraseasonal and interannual modes. A cold winter
promotes a stronger ISO activity, which further strengthens the cold anomaly through the
nonlinear temperature advection. The ISO related nonlinear rectification accounts for 10-20%
of the seasonal mean temperature anomaly during cold and warm winters.

The processes that contribute to the anomalous horizontal temperature advection may be
understood from Figure 12, which shows the horizontal patterns of the climatological mean and
anomalous temperature and wind fields at 1000 hPa. In the northern winter, the climatological
mean wind is northwesterly in the key analysis region. For cold winters, the maximum
interannual temperature anomaly center is located north of Baikal, northwest of Northeast
China. As a result, there is pronounced anomalous cold advection into the key analysis region
(Fig. 12a) and an anomalous northerly over Northeast China. The climatological mean
temperature decreases with the increased latitude (Fig. 12b). The anomalous northerly transport
the cold mean temperature southward, causing a cold winter in Northeast China.

6. Summary and discussion

The interannual variation of the winter surface air temperature in Northeast China displays
a significant negative correlation with the intensity of the intraseasonal temperature variability
in situ. A cold (warm) winter is often accompanied with the local stronger (weaker) I1SO
variability. Both the 1SO intensity and the winter mean temperature anomaly exhibit a strong
interannual variation.

The origin of the intraseasonl temperature variability is examined. The near surface
temperature perturbation is accompanied by the upper-tropospheric geopotential height
anomaly, and both the anomalies are originated from northwest of Northeast China, moving
southeastward. The southeastward propagation of the upper-tropospheric geopotential height
anomaly is a result of the propagation of Rossby wave energy, as confirmed by the composite
Rossby WAF field at 3 00hPa. The dispersion of Rossby wave energy is therefore a major
mechanism for the southeastward propagating of the geopotential height in the upper

troposphere. The vertical profiles of the intraseasonal geopotential height and temperature



anomalies show a hydrostatic relationship between a maximum positive (negative) geopotential
height anomaly at 300 hPa and a warm (cold) temperature anomaly center near the surface.
Such a close relation implies that the southeastward movement of the near surface temperature

perturbation is likely a result of the Rossby WAF in the upper troposphere.

The cold winter mean temperature anomaly in Northeast China is associated with a zonally
oriented large-scale temperature pattern in Eurasia with a negative (positive) temperature
anomaly and a cyclonic (anticyclonic) circulation anomaly covering the mid- (high) latitudes.
It is accompanied by a negative phase of the North Atlantic Oscillation. A mirror image of the
circulation pattern appears in the warm winter composite. The enhanced (weakened)
temperature gradient south (north) of 50° N during cold winters strengthened (weakened) the
local vertical westerly wind shear, favoring (prohibiting) the development of a synoptic
perturbation through the strengthened (weakened) baroclinic instability. Because the 1SO
competes for an energy source with the synoptic motion, the 1SO is enhanced north of 50° N.
The southeastward propagation of the enhanced 1SO increased intraseasonal variability over
Northeast China. The cold winter mean temperature anomaly in Northeast China is therefore

associated with an enhanced intraseasonal variability in situ.

The strengthened ISO perturbation in Northeast China during cold winters may feed back
to the interannual temperature anomaly through nonlinear advective processes. A theoretical
model for understanding the interannual temperature variation is constructed. The diagnosis of
the cold and warm temperature anomalies indicates that the main contributors are the advection
of the climatological mean temperature by the interannual wind anomaly and the advection of
the interannual temperature anomaly by the climatological mean wind. The adiabatic term also
make a positive contribution. It is interesting to note that the ISO, through its nonlinear
interaction with other scale motions, contributes positively to the interannual temperature
anomaly in boreal winter.

The results of the observational analysis imply a positive two-way interaction between the
interannual temperature anomaly and the strength of the 1ISO. A cold winter in Northeast China
induces enhanced (weakened) temperature gradient and vertical wind shear south (north) of 50°

N. This promotes a strengthened synoptic-scale variability (ISO activity) south (north) of 50°



N. The southeastward propagation of the enhanced ISO increased the intraseasonal variability
over Northeast China, which may strengthen the anomalous cold winter mean temperature.
These results may provide a new avenue for understanding and predicting the seasonal mean
temperature anomaly and its relationship with subseasonal temperature change at high latitudes.
The factors revealed by the current study may provide an observational basis for short-range

climate prediction and disaster prevention and mitigation.
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Fig. 1. (a) Distribution of the climatological mean winter (DJF) temperature in the time period
1960-2011 (unit: °C). (b) Standard deviation of the winter (DJF) temperature anomaly during
the time period 1960-2011 (unit: °0), the dots represent a standard deviation >1.5. (c) Standard
deviation of the non-filtered temperature anomalies in winter (unit: °Q). (d) Standard deviation
of the 10-90-day filtered temperature anomalies in winter (unit: °0), the dots represent

values >3.0.

Fig. 2. (a) Distribution of correlation coefficients between the winter temperature anomaly at
the reference station (Huma) and the anomaly at other stations. (b) Distribution of the
correlation coefficients between the ISO intensity in Huma and at other stations. The black dots
indicate the t-test values exceeding the 95% confidence level.

Fig. 3. (a) Distribution of the correlation coefficients between the ISO intensity at the reference
station (Huma) and the winter temperature anomaly at other stations in China. (b) Time series
of the standardized 10-90-day filtered temperature in Northeast China using the grid (blue solid

line) and station (blue dotted line) data and standardized winter temperature anomalies in



Northeast China using the grid (red solid line) and station (red dotted line) data. (c, d) Power
spectrums of the 10-90-day filtered temperature averaged over Northeast China during cold and
warm winters (the red line indicates the red noise spectrum and the blue dashed line indicates

the 95% confidence level).

Fig. 4. Evolution (3-day interval) of the 2m temperature (shading) and 1000 hPa geopotential
height (contour) fields regressed onto the 10-90-day filtered 2m temperature anomaly averaged
over Northeast China from day -9 to day 0 in cold (a) and warm (b) winters. The blue and red
dots denote the temperature and height centers, their latitude and longitude locations are shown

in the right and left bottom corners of each panel.

Fig. 5. (Upper panel) Tracks of the regression 10-90-day filtered 2m temperature (blue dots)
and geopotential height (red dots) centers from day -9 to day 0 in cold (a) and warm (b) winters.
The yellow lines are linear fits of the blue curves. (Bottom panel) Composite patterns of the
Rossby WAF (unit: m?s~2) at 300 hPa averaged from day -9 to day 0 during cold (c) and warm

(d) winters.

Fig. 6. The vertical-horizontal cross-sections of the regressed 10-90-day filtered temperature
(shading) and geopotential height (contours) anomalies along the yellow line shown in Fig. 5

at day O for cold (a) and warm (b) winters.

Fig. 7. Differences in temperature (shading), geopotential height (contours) and wind fields
between cold and warm winters. The shading and contours exceeding the 95% confidence level.

Yellow box denotes Northeast China.
Fig. 8. Differences in the diabatic heating fields at 700 hPa (a) and 400 hPa (b) and the SST
field (c) between cold and warm winters. The black dots denote the region exceeding the 95%

confidence level. The black box represents Northeast China.

Fig. 9. The latitude distributions of (a) vertically integrated (850-300 hPa) temperature and the



vertical shear of the zonal wind (200 hPa minus 850 hPa) anomalies and (b) standard deviations
of the synoptic and intraseasonal meridional wind anomalies averaged between 80° E and 120°

E for the cold minus warm winter composite.

Fig. 10. Scatter diagram of the winter temperature anomaly and the apparent heating anomaly
at 1000 hPa averaged over Northeast China from 1960 to 2011. X-axis is the temperature
anomaly and Y-axis is the apparent heating anomaly. The linear regression exceeds the 95%

significance level.

Fig. 11. Contributions of the individual terms of Equation (8) to the 1000 hPa temperature
anomaly in Northeast China averaged during cold (a) and warm (b) winters. A is the average

winter temperature anomaly. Aland B1 represent the ISO related nonlinear rectification of

Equations(9) and (10). A21 is [—A(V - VT]-)]_]and A22is —A[(V; - VT.);]. B21 is [A(Scw]-)]_]
and B22 is [A(Sjmc)j]. A23 is the sum of other horizontal advection. B23 is the sum of other

adiabatic terms.

Fig. 12. (a) Horizontal distribution of the interannual temperature anomaly (shading) and the
climatological mean wind (vectors) at 1000 hPa. (b) Horizontal distribution of the interannual
wind anomaly (vectors) and the climatological mean temperature (shading) at 1000 hPa. Black
box denotes the key analysis region over Northeast China. The anomalies are the differences

between cold and warm winters.

Table 1. The average winter temperature anomaly (unit: K) and the contributions from the
horizontal advection, the adiabatic term and summation of the two terms at 1000 hPa in cold

(left) and warm (right) winters in Northeast China

Cold Winter Composite ~ Warm Winter Composite

Temperature anomaly -1.9 1.7
Horizontal advection -1.4 1.4

Adiabatic term -0.4 0.2



Sum of horizontal advection

and adiabatic terms

-1.8

1.6
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This work indicates that the correlation map between the time series of the ISO
intensity averaged over 38-53°N, 118-133°E and the time series of the winter
temperature anomaly at all stations. Significant negative correlations appear over
Northeast China. The correlation coefficient between them is -0.32, exceeding the
95% confidence level. This indicates that a significant negative correlation occurs
between the winter temperature anomaly and the 1SO intensity in Northeast China.
Astronger (weaker) ISO variability is accompanied with a cold (warm) winter over

Northeast China.





