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Abstract: Previous studies have demonstrated the important effects of intraseasonal oscillations in
the tropics on the occurrence of extreme-high-temperature events (EHTs), whereas the influence of
intraseasonal oscillations in mid-high latitudes on EHTs has been less discussed. In this study, the
intraseasonal oscillation of summer extreme high temperatures from 1981 to 2019 in northeast China
and its associated atmospheric circulation were studied using conventional statistic methods. The
results show that the summer extreme-high-temperature distribution in northeast China is consistent
throughout the whole region, with a low-frequency oscillation period of 10-30 d. The low-frequency
extreme-high-temperature events (LFEHTs) in northeast China account for 88.8% of all EHTs during
the summer. The corresponding low-frequency circulation anomalies with 10-30 d oscillations
exhibit a barotropic wave-train moving from west to east in the mid-high latitudes of Eurasia.
A low-frequency wave-train index (LFWI) was defined to characterize the wave-train anomaly
system in the mid-high latitudes of the Eurasian continent. The LFWI may be a potential precursor
for forecasting LFEHTs about 7 days in advance. It could explain 15-30% of the summertime
low-frequency daily maximum temperature variability in northeast China.

Keywords: extreme-high-temperature; northeast China; intraseasonal oscillation; low-frequency
Rossby wave-train

1. Introduction

With the continuous rise in global temperature, extreme-high-temperature events in
northeast China are also increasing [1], posing more threats to society, including economic
losses and an increase in health risks in this significant warming region [2-7]. However,
those threats can be reduced by improving early forecasting of summer temperatures in
northeast China, especially the extended weather forecasting, whose signal can be from
the atmospheric intraseasonal oscillation (ISO) [8]. ISO usually refers to an oscillation phe-
nomenon with a 10-90 d period that occurs in the atmosphere [9]. Madden and Julian first
discovered the ISO during their study of tropical weather; hence, the tropical atmospheric
ISO is also known as the MJO [10,11], and ISO activity in the north during the summer is
often referred to as the boreal summer intraseasonal oscillation (BSISO) [12]. Moreover, the
atmospheric intraseasonal oscillation signal is closely related to the occurrence of short-term
climate anomalies and extreme weather events [13-15]. Consequently, investigating the
relationship between extreme-high temperatures in northeast China and associated ISO
is vital.

In the past decades, researchers have made a concerted effort to understand the influ-
ence of ISO on extreme temperature events. The results of Chen and Zhai’s research [16]
showed that BSISO can lead to extreme precipitation in central and eastern China and
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extreme-high temperatures in south and southeast China. Diao et al. [17] also found that
BSISO convection in the tropics impacts the frequency of extreme temperature events in
mid-high latitudes. Chen et al. [18] found that extreme-high-temperature events in south
China were influenced by two types of intra-seasonal oscillations from the tropical west-
ern Pacific propagating to the northwest, namely 5-25 and 30-90 d oscillations. Qi and
Yang [19] found that tropical and extratropical ISOs were conducive to the formation of
extreme-high-temperature events (EHTs) in the Yangtze River Basin, which was confirmed
by numerical experiments [20]. In addition, Gao et al. [21] found that the extreme-high
temperatures over the Yangtze River Basin correlated with quasi-biweekly ISOs. Hsu et al.
suggested that the enhancement in MJO convection over the western Pacific warm pool
could have had important effects on heatwaves in northeast Asia, including northeast
China in 2018 [22]. In addition, the low-frequency oscillation in the tropical Indian Ocean
and the northwest Pacific also influenced low-frequency precipitation in northeast China
in the summer of 2016 [23]. Although the related studies on ISO have been mainly con-
centrated in the tropics, numerous studies have confirmed that ISO can also be found in
the mid-high latitudes [9,24-31]. Previous studies found that the polar vortex, the Siberian
high, the East Asia trough, the Aleutian low, the cold vortex in Northeast China and many
other atmospheric systems in the mid-high latitude of the Northern Hemisphere all have
low-frequency oscillations [32-38] and play an important role in the cold air process in
China during winter. Recently, two kinds of intraseasonal wave-trains in mid-high latitudes
have been discovered over the Eurasian continent in the Northern Hemisphere during
summer, moving westward and eastward, separately, with a common significant period of
30-50 d [39].

For the formation of extreme-high temperatures in northeast China, on the interdecadal
time scale, scholars found that the Silk Road Pattern can explain more than 40% of the
interdecadal climate warming in northeast China [40] and how this interdecadal change
has also led to the intensification of temperature warming in northeast China [41,42].
On the interannual time scale, a wave-train teleconnection associates the cold anomaly
over the Nova Zembla-Ural Mountains (CNU) with the summer heat waves (HW) in
northeast Asia (NEA) [43]. Zhang et al. [44] also found that the anomaly of the western
Pacific subtropical high and the blocking high in the mid-high latitude jointly affected the
extreme-high temperatures in northeast China during the summer. On the synoptic scale,
Yang et al. [45] found that the intensity of CNU intensified rapidly about 6 days before
the long-lived HWs. The analysis of the extreme-high temperatures in northeast China
in 2018 by Tao et al. showed that the Pacific-Japan Pattern [46] and the South Asian high
promoted the generation of extreme-high temperatures in northeast China synergistically
during that year [47]. Nevertheless, there are few studies on the impact of the intraseasonal
oscillation of these atmospheric circulation systems on the extreme-high-temperature events
in northeast China.

Although extensive research has been conducted on the relationship between ISO in
the tropics and EHTs in southern China, less attention has been paid to the impact of ISO
on EHTs in the mid-high latitude, especially in northeast China. Therefore, the purpose
of this study was to explore the intraseasonal oscillation characteristics of extreme-high
temperatures during summers over northeast China and its related ISO in middle-high
latitudes and find the low-frequency signals to provide a reference that can be used in
forecasting EHTs in northeast China. The rest of this paper is organized as follows: Section 2
describes data and methods. In Section 3, the intraseasonal oscillation characteristics of
extreme-high temperatures during summer in northeast China, its related ISO system, and
the relationship between them are elaborated. Finally, the discussion and conclusions are
presented in the last section.
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2. Data and Methods
2.1. Data

The daily maximum temperature (Tmax) was obtained from the CN05.1 dataset pro-
duced by the National Climate Center in China with a horizontal resolution of
0.25° x 0.25° [48]. In addition, the daily atmospheric circulation fields were retrieved
from the National Centers for Environmental Prediction-National Center for Atmospheric
Research (NCEP-NCAR). Reanalysis I datasets had a 2.5° x 2.5° horizontal resolution from
1981 to 2019, including the zonal and meridional winds, and the geopotential increase in
pressure levels from 100 to 1000 hPa [49].

2.2. Method
2.2.1. Identification of EHTs

(1) Extreme-high-temperature day: Referring to the method of Li et al. [50] to identify
extreme-high-temperature days according to the relative threshold, and the daily
maximum temperature of each grid in northeast China (40°-55° N, 115°-135° E).
The area of study from 1981 to 2019 was arranged in ascending order to obtain the
highest temperature at the 90th percentile of the grid in each year, and the average of
these 39 years’ values was recorded as the extreme-high-temperature threshold of the
grid. If one in nine grids in the region exceeded its threshold on the same day, it was
identified as an extreme-high-temperature day.

(2) Extreme-high-temperature event: If an extreme-high-temperature day occurred for
three days or more, and each interval of non-extreme-high-temperature days was no
more than one day, it was recorded as an extreme-high-temperature event.

(3) Low-frequency extreme-high-temperature event: The definition is the same as the
extreme-high-temperature event, but the filtered daily maximum temperature sequence
replaces the daily maximum temperature, and the extreme-high-temperature days must
occur during the event in order for a low-frequency extreme-high-temperature event
(LFEHT) to be identified.

2.2.2. T-N Wave Activity Flux

In this study, the T-N wave activity flux proposed by Takaya and Nakamura [51]
was used to diagnose the propagation characteristics of Rossby waves. The meridional
component of the T-N wave activity flux is stronger than that of the Plumb wave activity
flux, which can better describe the Rossby long-wave disturbances in the westerly zone
with larger amplitude in the non-uniform zonal airflow. The formula is as follows:

sl (3) V3]« ol 0B
p cos ¢ . aZcos?¢ | \ A ¥ A2 a2cosg | 0Adg@ 4 JdAdg

2/ [y az""hﬂ% (aw’>2_¢/azw’}

W=

azcosqj oAdg 0Adg W a(pz

where ¢/ = %’ is the disturbance of the quasi-geostrophic function relative to the climate
field; ¢, A, and ® denote latitude, longitude, and geopotential, respectively; f = 2Qsing
represents the Coriolis parameter a and () represent the Earth’s radius and rotation rate,
respectively; p = Z—é, po = 1000 hPa, and p’ represent various pressure levels used in this
study; and basic flow field U = (U, V) represents the climate field.

Many other methods were also applied in this study, such as empirical orthogonal
function (EOF), power spectrum analysis [52], and the Butterworth bandpass filter [53].

3. Results
3.1. Intraseasonal Oscillation of Extreme-High Temperature
In order to investigate the variation of extreme-high temperatures in Northeast China,

the extreme-high-temperature threshold in each grid based on the method in Section 2
was subtracted from the daily maximum temperature of each grid in northeast China
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during summer (May-September) from 1981-2019. The grid with a value greater than
zero indicated an extreme-high-temperature day. After standardizing the results, the
10-90 d period component of the results via Butterworth bandpass filtering was obtained
to represent intraseasonal components and to explore the intraseasonal oscillation features
of extreme-high temperatures in northeast China during summer using EOF analysis.
The first mode of EOF (EOF1) accounted for 69.2% of the total variance and showed
that the extreme-high temperatures during the summer in northeast China exhibited a
consistent variation in the whole region (Figure 1a), which is similar to the results of
previous studies [54,55]. Furthermore, it can be seen from the time coefficient of the first
mode (PC1) that the extreme-high-temperature in northeast China was characterized by
obvious intraseasonal changes with a short cycle (Figure 1b), which was confirmed in the
power spectrum analysis of PC1 with a significant 10-30 d period (Figure 1c).
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Figure 1. The first EOF mode of the 10-90 d oscillation component of daily Tmax subtracting
thresholds from 1 May to 30 September during 1981-2019 (a) and its corresponding time coefficient
PC1 (b), power spectrums of PC1 (c), and daily Tmax in northeast China after removing its seasonal
cycle and synoptic signal (d).

Due to the extreme-high temperatures in northeast China presenting a consistent dis-
tribution feature throughout the region, we made a regional average of the daily maximum
temperatures in northeast China from May to September of 1981-2019 and conducted a
power spectrum analysis (Figure 1d). Before this, we first subtracted the climatological
mean and the first three harmonics of Fourier decomposition from the daily data to remove
the seasonal cycle. Then, the 5 d moving average was used to remove the synoptic-scale
changes. The result of this method was consistent with the results of the power spectrum
analysis of the data after 10-90 d filtering. Figure 1d shows a low-frequency oscillation
period of 10-30 days for the daily maximum temperature in northeast China.

3.2. Low-Frequency Atmospheric Circulation Associated with LFEHTs

In the previous section, we found that the daily maximum temperature in north-
east China had a low-frequency oscillation period of 10-30 d. Therefore, to find how
the extreme-high-temperature events (EHTs) related to the low-frequency oscillation of
10-30 d, we adopted the method in Section 2 to identify low-frequency extreme-high-
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temperature events (LFEHTS) after filtering out the 10-30 d period component of daily
maximum temperatures in northeast China from 1 May to 30 September during 1981-2019.
Thus, a total of 87 LFEHTSs in northeast China from 1981 to 2019 (Figure 2b) were identified,
accounting for 88.8% of all 98 EHTs (Figure 2a). The correlation coefficient between LFEHTs
and EHTs was 0.70 (Figure 2c), which indicated that LFEHTs dominated EHTs. Here, we
provide an example of EHTs and LFEHTs in 2018 in northeast China (Figure 3) because
the maximum temperature anomaly in late July and early August of this year exceeded
6 °C, which drew the attention of scholars. As shown in Figure 3, the number of LFEHTs
was three, which was the same as that of the EHTs, among which the LFEHTs captured
the two EHTs that occurred in early June and early August. The LFEHT around July 1 was
identified due to its strong low-frequency signal but was not identified as an EHT due to
its duration of only two days. The EHT around 20 July was not captured by LFEHT due to
its weak low-frequency signal. In addition, extreme-high-temperature days occurred near
almost every peak of low-frequency Tmax anomalies, such as the peaks near 20 June, 1 July
and 20 August, but they did not develop into EHTs due to their lack of persistence, which
indicates that the oscillation with the period of 10-30 d was highly reliable for extreme-high
temperatures in northeast China.

(b) LFEHTs
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Figure 2. EHTs (a) and LFEHTs (b) in summer from 1981 to 2019 in northeast China and their
frequencies (c). R in (c) is the correlation coefficient.
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Figure 3. Extreme-high-temperature days (EHTD) (a), low-frequency extreme-high-temperature days
(LFEHTD) (b), and daily low-frequency (10-30 d oscillation component) Tmax anomaly amplified
2 times during June to August in 2018 in Northeast China. Black and blue stars denote EHTs and
LFEHTs, respectively.

To investigate the ISO of atmospheric circulation related to LFEHTs in northeast
China, the 200 hPa geopotential height anomalies and horizontal wind anomalies, as well
as their low-frequency features corresponding to 87 LFEHTs in summers from 1981 to
2019, are composited in Figure 4a,b, respectively. The atmospheric circulation anomalies
corresponding to the LFEHTs were very similar to their low-frequency anomalies except
for being a little eastward in the latter. In addition, there is an obvious zonal low-frequency
teleconnection wave-train at the mid-high latitude in the Eurasian continent, with two
positive anomaly centers located in the north of the Caspian Sea and near Lake Baikal and
a negative anomaly center in Lake Balkhash.
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Figure 4. Composited geopotential height (GPH) and horizontal winds anomalies (a) and their
low-frequency component (10-30 d oscillation) (b) at 200 hPa of the summer LFEHTSs in northeast
China from 1981 to 2019. Dotted areas are significant at a 95% confidence level.

To further investigate the vertical structure of the wave-train, the vertical profiles of the
GPH and its low-frequency of 10-30 d oscillation averaged along 35°-65° N and the spatial
correlation coefficient between them are given in Figure 5. The low-frequency GPH and the
vertical profiles of GPH showed similar vertical barotropic structures, and the anomalous
centers were all located between 250 and 300 hPa. The spatial correlation coefficients of the
two were also extremely large and became more remarkable with their increase in height.
This indicates that low-frequency circulation contributed greatly to the anomalous circula-
tion associated with LFEHTS; the spatial distribution of the low-frequency anomaly field
and how the anomaly fields became more and more similar as their heights increased, indi-
cating that the LFEHTs were more closely associated with the mid-high latitude circulation
at the upper level.

To further illustrate the propagation feature of the low-frequency wave-train related
to summer LFEHTs in northeast China, the evolution of composited T-N wave activity flux
(WAF) and stream function anomalies from 15 days before the onset day of the LFEHTs to
10 days after it are presented in Figure 6. As seen from Figure 6a—f, there was a wave-train
that propagated eastward from western Europe to northeast China. The wave energy
inflow strengthened suddenly around 5-10 days before the occurrence of these events. In
addition, the WAF converged over northeast China and enhanced during the onset day
of the LFEHTSs, suggesting that the wave-train may be one of the reasons for triggering
LFEHTs. The signal over northeast China was persistent for about 5 days (Figure 6d,e),
which was similar to the period of atmospheric blocking events [56]. Thus, a future study
may further calculate the blocking index to investigate their relationship.

To further explore the propagation characteristics of the low-frequency wave-train
associated with the LFEHTS, the longitude-time profile of the low-frequency GPH at 200 hPa
averaged over 35°-65° N where the active centers of the wave-train located is given in
Figure 7. It can be found that the wave-train exhibited a noticeable eastward propagation
with time and was enhanced 5-10 days before the onset of LFEHTs.
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Figure 5. Composited vertical-zonal geopotential height (GPH) (a) and its low-frequency (10-30
d oscillation) (b) anomalies averaged over 35°-65° N for the onset of LFEHTs in northeast China.
(c) (Cor.((a) and (b)) is the distribution of their spatial correlation coefficient at every level. Dotted
areas are significant at a 95% confidence level.
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Figure 6. Composite low-frequency stream function (shadings; unit: 10° m?/s) and wave activity flux
(vector; units: m? /s%) anomalies at 200 hPa for Day —15 to Day +10 relative to LFEHT occurrences (a—f).

3.3. Influence of Low-Frequency Wave-Train on LFEHTs

In Section 3.2, a wave-train at mid-high latitudes related to the summer LFEHTs in
northeast China was discussed. Thus, it was necessary to investigate its influence on the
LFEHTSs by quantifying an index for this wave-train. We composited 200 hPa low-frequency
GPH anomalies 5-10 days before the occurrence of LFEHTs, considering the sudden
enhancement in the wave-train around 7 days before. In Figure 8, the wave-train has two
significant positive centers located near the Baltic Sea (20° E, 52.5° N) and around Lake
Balkhash (80° E, 52.5° N), and two significant negative centers located in the north of the
Caspian Sea (47.5° E, 57.5° N) and near Lake Baikal (115° E, 45° N). Thus, a low-frequency
wave-train index (LFWI) is defined by the following formula based on the GPH anomalies
of the four centers:

1
LFWI = 7 [H (20°E,525°N) — H (47.5°E,57.5°N) + H (80°E,525°N) — H(115°E,45°N)]

where H denotes the low-frequency GPH.
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Figure 7. Evolution of 200 hPa low-frequency GPH anomaly field averaged along 35°-65° N for
LFEHTSs in northeast China during summer (units: gpm). Dotted areas are significant at a 95%
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Figure 8. Composited 200 hPa low-frequency GPH anomalies of LFEHTs from 5 to 10 days before
their occurrences (the dotted areas are significant at a 95% confidence level).

To investigate the relationship between LFWI and LFEHTSs, the evolutions of the
LFWI and the low-frequency regional average Tmax anomaly in northeast China from
30 days before to 10 days after the occurrence of the LFEHTs are presented in Figure 9a.
The variations in the two are nearly out of phase. The LFWI reached its peak about
5-10 days before the occurrence of LFEHTs and then decreased, while the low-frequency
Tmax anomaly changed inversely to it, indicating that the LFWI lead the low-frequency
Tmax anomaly by about 5-10 days. Subsequently, we calculated the leading correlation
coefficient between the LFWI and the LF Tmax anomaly when the LFEHTs occurred
(Figure 9b), suggesting that the LFWI had a significant positive correlation within the
leading 5-10 days with the highest value on day 7 before the low-frequency Tmax anomaly,
indicating that the intensity of LFWI in northeast China influenced the intensity of the
LFEHTs. We further calculated the contribution of the LFWI 7 days ahead of the summer
low-frequency Tmax variability in northeast China (Figure 9c¢), revealing that LFWI can
explain about 15% to 30% of the summer low-frequency Tmax variability in northeast China.
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Figure 9. The daily lag composites of LFWI and low-frequency regional average daily Tmax anomaly (a),
the leading correlation coefficient between LFWI and the low-frequency Tmax anomaly in northeast
China relative to the occurrences of the LFEHTs (b) (dotted lines are significant at a 95% confidence
level), and the low-frequency Tmax variability variance explained by the LFWI 7 days ahead (%) (c).

4. Discussion and Conclusions

Based on the CNO5.1 daily temperature dataset and NCEP/NCAR reanalysis dataset
from 1981 to 2019, we found that the distribution of summers extreme-high temperatures
in northeast China were consistent throughout the region, with a low-frequency oscillation
period of 10-30 d. After counting the summers EHTs in Northeast China from 1981 to
2019, we found that among all the 97 EHTs, the number of LFEHTs of 10-30 d oscillations
was 87, accounting for 89.7% of total summer EHTs. In the composited low-frequency
atmospheric circulation anomalies of the LFEHTS, a zonal barotropic Rossby wave-train
over the mid-high latitude of the Eurasian continent moving from west to east was found to
be the most significant low-frequency circulation characteristic accompanying the LFEHTs.
An index for this low-frequency Rossby wave-train (LFWI) was defined to quantify this
change. The intensity of LFWI reached its peak about 5-10 days before the occurrence of
LFEHTs and then decreased, while the low-frequency Tmax changed inversely to it. The
LFWI 7 days ahead could explain around 15% to 30% of the summer’s low-frequency Tmax
variability in northeast China, indicating that this LFWI may be a potential precursor for
forecasting summer LFEHTs in northeast China.

Though the above Rossby wave-train is closely associated with the LFEHTSs, the possible
mechanisms leading to its formation are still unclear. However, very few efforts have been
made. For instance, Wang and Tan [57] used energetics analysis to investigate the formation
and maintenance mechanism of subseasonal atmospheric patterns over the eastern Pacific
Ocean. This method can be used in our future study. The possible sources of energy for the
wave-train may include but are not limited to SST anomalies [58-62], Arctic Sea ice [63] and
soil moisture [64]. Those factors can induce atmospheric responses and trigger Rossby
waves. The interaction between flow and terrain can also influence the development of
the wave-train [65-67]. Moreover, Matsueda et al. [68] and Wang et al. [69] showed that
there was an association between the MJO in the tropics and the oscillation of the mid-high
latitude. We also found that the period of the wave-train in this study is similar to that in
the second mode of BSISO [12], indicating that a possible relationship between them exists
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and should be investigated further in a future study. Nabizadeh et al. [56] suggested that
adiabatic warming in blocking events due to subsidence is the main driver of the positive
temperature anomaly, which is similar to the mechanism of EHT [50,70-72]. Yang et al. [45]
indicated that an enhanced and slow-moving cold anomaly over the Nova Zembla-Ural
Mountains can stimulate and maintain the anticyclonic anomalies over northeast Asia
including northeast China by strengthening the atmospheric blocking and the amplitude
of the wave-train resulting in a longer EHT. Thus, EHTs in northeast China are possibly
related to atmospheric blocking and it is necessary to explore their association. In addition,
previous studies on EHTs in northeast China found that during the EHTs in 2018, northeast
China was influenced by a meridional wave-train called the Pacific-Japan Pattern (PJ) [46].
Hence, except for the influence of low-frequency wave-trains at mid-high latitudes found in this
study, it is worthwhile to further investigate whether there are also meridional low-frequency
wave-trains that affect LFEHTSs in northeast China, such as the low-frequency modes of the
PJ [73], and their effects on extreme-high temperatures in northeast China.
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