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Abstract Monthly precipitation over north China in
August (NCAP) is the second highest in the year, and it is
important to understand its driving mechanisms to
facilitate reliable forecasting. The NCAP displays a
significant decadal variability of a cycle about 10-year and
negatively correlates with the July north-east North
Atlantic Tripole (NAT) over the decadal timescales. This
study shows that the Eurasian decadal teleconnection
(EAT) acts as a bridge that links the July NAT with NCAP
decadal variability. This coupled ocean—atmosphere bridge
(COAB) mechanism, through which the July NAT
influences the decadal variability of NCAP, can be
summarized as follows. The cumulative effect of the NAT
drives the EAT to adjust atmospheric circulation over
north China and the surrounding regions, and so regulates
precipitation in north China by influencing local water
vapor transport. When the July NAT is in a negative
(positive) phase, the EAT pattern has a positive (negative)
pattern, which promotes (weakens) the transmission of
water vapor from the sea in the south-east to north China,
thus increasing (decreasing) NCAP over decadal
timescales. The decadal NCAP model established based on
the July NAT can effectively predict the NCAP decadal
variability, illustrating that the July NAT can be implicated
as a predictor of the NCAP decadal variability.
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1 Introduction

Most precipitation in north China (34°N—44°N, 110°E-
120°E) occurs in July and August, with these months
accounting for more than half of the total annual
precipitation (Hao and Ding, 2012). The amount of
precipitation in August is second only to the amount in
July, but the precipitation in these two months follows
different decadal cycles (Lu, 1999). High precipitation in
July and August can have a serious effect on urban
activity and agricultural production; however, low
precipitation in July and August can also have a serious
impact. Prediction of north China August precipitation
(NCAP) is therefore important, as it provides useful
information for government mitigation planning and
water resource regulation.

Previous research into summer precipitation in north
China has generally focused on June to August as a single
period, and monthly-scale precipitation in summer has
received little attention, with the exception of a few case
studies (e.g., Liuetal., 1992; Lietal.,, 2002; Dai et al.,
2003; Fuand Zeng, 2005; Fan etal., 2009; Sun et al.,
2018; Zhao et al., 2020). Lu (1999) found that the decadal
variability of precipitation in north China in July differs
from that in August. Using the most recent data available,
we found that July precipitation in north China follows an
approximately 20-year cycle, whereas precipitation in
August follows an approximately 10-year cycle. This
suggests that the mechanisms that drive the decadal
variability of precipitation over north China may be
different for July and August.

Previous research has shown that summer precipitation
over north China is affected by local climate factors, such
as the East Asian summer monsoon (EASM; Zhu and
Wang, 2001; Zhang et al., 2003; Huang et al., 2007; Ding
et al., 2008; Jiang et al., 2008; Wang et al., 2008; Zhang,
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2015; Zhao etal., 2016), the South Asian High (Jiang
etal., 2011; Wei, 2012; Choi et al., 2016), and the West
Pacific Subtropical High (WPSH; Xu et al., 2005; Mao
and Wu, 2006; Sun et al., 2009), and by climate factors
from nearby areas such as the Indian summer monsoon
(Zhang, 1999; Wei et al., 2014; Bueh et al., 2016; Wu and
Jiao, 2017), the El Nifio—Southern Oscillation (ENSO;
Wu et al., 2003; Xue and Liu, 2008; Lin and Lu, 2009),
and tropical cyclones (Chen etal., 2019). The decadal
variability of precipitation over north China may be
closely related to the upper mid-high latitude circulation
system (Li and Li, 2000; Lu et al., 2006; Fu et al., 2009;
Lietal., 2013; Xie et al., 2021). The North Atlantic is at
the upstream end of the mid-high latitude circulation
system that affects north China, which suggests that
decadal precipitation variability in north China may be
influenced by the North Atlantic climate.

The North Atlantic climate includes features such as the
North Atlantic Oscillation (NAO), the Atlantic multid-
ecadal oscillation (AMO), the Atlantic meridional over-
turning circulation (AMOC), and the North Atlantic
Tripole (NAT). Delayed-oscillator model simulations of
the NAO show that these climate features are
interdependent; for example, a positive AMO can affect
ocean heat transport via the AMOC and resulting in
negative NAT-type sea surface temperature (SST)
anomalies with a time delay of 15-20 years and can have
a significant impact on the climate in East Asia (Sun
etal., 2015; Lietal., 2022). Wu et al. (2009) found that
an anomalous NAO in spring can influence the EASM by
affecting SSTs in the North Atlantic to create the East
Asian subtropical front. Zuo et al. (2013) found that the
North Atlantic SST tripole can influence the EASM in
summer, which is a driver for precipitation in north
China. Li et al. (2018) found that spring precipitation in
South-west China is positively related to SSTs in the
North Atlantic and can affect spring precipitation in
South-west China via an atmospheric bridge. Han and
Zhang (2022) found a significant positive correlation
between spring precipitation in the middle and lower
reaches of the Yangtze River Valley and the NAO in the
preceding winter. Our study shows that NCAP decadal
variability may also be related to SSTs in the north-
eastern North Atlantic, hereafter referred to as the north-
east NAT.

In this paper, we investigate the dynamic links between
the July NAT and NCAP over decadal timescales and
establish an empirical model of NCAP decadal variability
driven by the July NAT. The paper is organized as
follows: Section 2 describes the data and methodology
used in this study; Section 3 shows the decadal variability
of NCAP and its relationship with the July NAT; Section
4 analyzes the dynamic links between the NAT and
NCAP; we establish an empirical model of NACP
decadal variability driven by the July NAT in Section 5;
and a summary and discussion are presented in Section 6.
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2 Data and methodology
2.1 Data sets

We use precipitation data for 1979-2021 from the Global
Precipitation Climatology Project (GPCP) Version 2.3
Combined Precipitation Data set at a resolution of 2.5° x
2.5° (Adler et al., 2003), which captures the characterist-
ics of precipitation in north China well, and we use wind,
geopotential height, and relative humidity for 1979-2021
from the NCEP-DOE (US National Centers for Environ-
mental Predictions—Department of Energy) reanalysis 2
data set at a resolution of 2.5° x 2.5° (Kanamitsu et al.,
2002). The SST data used in our study are from the
Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) data set, which has a resolution of 1° x 1° and
covers the period 1870-2021 (Rayner et al., 2003).
2.2 Indices
We wuse area-weighted mean August precipitation
anomalies, relative to the base period 1979-2010, to
construct an NCAP time series for our study region in
north China (34°N—44°N, 110°E-120°E).

The NAT is defined as follows:

NAT L[ AT A, 1
T2 2 T 1)

where AT, A;, and A; are the normalized area-weighted
SST anomalies for the areas A; [30°N-—40°N, 40°W-
30°W], A, [50°N-60°N, 25°W-15°W], and A; [65°N—
75°N, 3°E—13°E], respectively.

The August Eurasian decadal teleconnection index
(EAT) is the normalized difference of the geopotential
height anomalies at 500 hPa for the four regions of action
in August calculated by

1[B™+B: BI+B’
EAT:E{%‘% : @)

where B], B,, B, and B are the normalized area-
weighted 500 hPa geopotential height anomalies for the
areas B; [60°N-70°N, 24°W-16°W], B, [42°N-52°N,
10°E-20°E], B; [50°N-60°N, 50°E-60°E], and B,
[42°N—48°N, 100°E-108°E], respectively.

2.3 Dynamic diagnosis

In this paper, we use wave activity analysis to analyze the
stationary Rossby wave energy propagation, and we
calculate the wave activity flux following Takaya and
Nakamura (2001):
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where p, U, ¢, A, a, and fy denote the pressure, basic g N=2 ' .
flow, latitude, longitude, Earth’s radius and Coriolis Neft ﬁ NZT xx (DPyy (1) ®
parameter, respectively; and z=—-HlInp, where H is a J=1

constant scale height. The buoyancy frequency squared
can be calculated as follows:
N2 = Rap @
H 07
where R, and 0 denote the gas constant of dry air and the
potential temperature, respectively; and « denotes
normalized R, based on the specific heat of air for
constant pressure. The geostrophic stream function is
defined as

“4)

v'== ®)
where ¢ denotes geopotential, and ¢’ denotes the
disturbances for .
The vertically integrated whole layer water vapor flux
(Q) is calculated and the formula as follows:

1 ¢ =
o=— | (qV)dp, (©)

psfc

where g, psfc, q, ‘7, and p denote gravity, surface
pressure, specific humidity, wind field and pressure,

respectively. The ¢ in each layer (gq;) is calculated as
follows (Gill, 1982):

€l

= 0.622 X s —
a p1—0.378¢,

(7
where p; and ¢; denote the local pressure and water vapor

pressure for / layer, respectively; and e; is calculated as
follows (Gill, 1982):

0.7859+0.03477T; 2
e =ry 10 1.0+0.0042127; (8)

where r; and T; denote the local relative humidity and air
temperature for / layer, respectively.

2.4 Statistical methods

A 7-year Gaussian low-pass filter is applied to highlight
the decadal signals. Time series after low-pass filtered
could have high autocorrelation so that the number of
effective degrees of freedom (NVeff) is used and estimated
as follows (Pyper and Peterman, 1998; Xie et al., 2021;
Li et al., 2022):

where N is the sample size, p,,(j) and p,,(j) are the
autocorrelations for two time series, X and Y, at lag j,
respectively.

Some other statistical methods are also applied in this
research, including: Gaussian low-pass filtering, contin-
uous power spectrum analysis, wavelet power spectrum
analysis, composite analysis, correlation and regression
analysis and so on, and these details will not be described
in detail here.

3 Decadal variability in NCAP and its
relationship with the NAT

The time series for NCAP is shown in Fig. 1, which
shows the NCAP anomaly superimposed on the
multidecadal trend (blue line), with a decadal cycle (green
line) of about 10 years. As shown in Fig. 4(a), after
removing the multidecadal change trend, the decadal
variability of the NCAP is more obvious. The NCAP
anomaly was in a positive phase during 1982-1987,
1993-1997, 2005-2011, and 2018-2021, and it was in a
negative phase during 1988-1992, 1998-2004, and
2012-2017, when considered over decadal timescales.
Figure 2(a) shows that August precipitation over north
China is significantly spatially consistent at decadal
timescales. The decadal NCAP cycle is analyzed using
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Fig. 1 Time series of annual NCAP anomalies. Area-weighted mean
annual NCAP anomalies (bars) for 1979-2021, based on the GPCP
data set. Solid green line and solid blue line are the annual NCAP
anomalies after 7-year and 21-year low-pass Gaussian filtering,

respectively.
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Fig. 2 Correlation coefficients of the August precipitation with the NCAP and NAT in north China. (a) Correlation between NCAP
and August precipitation anomalies over north China and the surrounding region during 1979-2021 after 7-year Gaussian low-pass
filtering. The researched north China region (35°—44°N, 110°-120°E) is surrounded by a blue box. The black dot indicates values
significant values at the 95% confidence level using the effective number of degrees of freedom. (b) As in (a), but for the correlation

coefficients of the August precipitation with the NAT index.

continuous power spectrum analysis and wavelet power
spectrum analysis. As shown in Fig. 3, NCAP has a
significant spectral peak on decadal cycle of 10-year, and
this decadal cycle is significant from 1979 to the present.
Previous research has also shown that NCAP has decadal
variability with a 10-year cycle (e. g., Lu, 1999).

Similar to the NCAP, the July NAT index also has
decadal variability with a 10-year cycle. As shown in
Fig. 4(a), the July NAT index and NCAP show opposite
phase relationship over decadal timescales: the July NAT
was in a negative phase during 1981-1986, 1994-1999,
20052011, and 2018-2021, whereas the NCAP anomaly
was positive during the same periods. The July NAT was
in a positive phase during 1987-1993, 2001-2004, and
2012-2017 when the NCAP anomaly was negative. The
correlation coefficient between the July NAT and NCAP
is —0.783 over decadal timescales (at a confidence level
exceeding 95%). The 17-year sliding-window correlation
between the July NAT and the NCAP anomaly shows
that the negative correlation between the July NAT and
NCAP over decadal timescales is stable (Fig. 3(b)).

The spatial distribution of the correlation between the
July NAT and decadal August precipitation variability
over north China and the surrounding region was
analyzed to explore the relationship between the July
NAT and NCAP. Figure 5(b) shows that the correlation
coefficient is stronger than —0.5 over almost all of north
China, and it is stronger than —0.6 in eastern north China
(which accounts for more than half of north China) and
stronger than —0.7 in south-eastern north China. This is
further evidence that there is a strong relationship
between the July NAT and NCAP.

The above results illustrate that NCAP anomalies are
significantly and negatively correlated with the July NAT
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Fig.3 Power spectrum and wavelet power spectrum of annual NCAP
anomalies. (a) Power spectrum of annual NCAP anomalies for
1979-2021 over decadal timescales. The blue (red) dashed line is the
reference red noise spectrum (at the 95% confidence level). (b) As in
(a), but for wavelet power spectrum. The dotted area indicates the 95%
confidence level.
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Fig.4 Time series of the NAT and detrended NCAP anomalies and
its sliding-window correlation. (a) The dashed green (red) line is the
time series of the detrended NCAP anomalies (NAT index) for
1979-2021. The solid green and red lines are the decadal variability of
the detrended NCAP anomalies and NAT index for 1979-2021. (b) The
blue line is the 17-year sliding-window correlation between the NAT
and detrended NCAP anomalies (1979-2021) over decadal timescales.
The two dashed lines indicate the 99% confidence level, calculated
using the effective number of degrees of freedom.
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over decadal timescales, implying that the 10-year cycle
for decadal NCAP variability may be influenced by the
NAT. This suggests that it may be appropriate to use the
July NAT as a predictor for decadal NCAP variability.

4 Dynamic links between the NAT and
NCAP over decadal timescales

The climate variability with a longer timescale in north
China is more commonly related to the atmosphere
circulation at upper mid-high latitude (e.g., Liand Li,
2000; Lu et al., 2006; Fu et al., 2009; Lietal., 2013; Sun
etal., 2017; Xieetal., 2019). Figure 5 shows the com-
posite and composite difference for August geopotential
height anomalies at 500 hPa, corresponding to NCAP
decadal variability. The 500 hPa geopotential height field
has a “positive—negative—positive—negative” structure
over the North Atlantic—Eurasia region in August during
periods when the NCAP anomalies are positive over
decadal timescales. Iceland and the Ural Mountains are
positive anomaly activity centers, and central Europe and
Baikal Lake are negative anomaly activity centers. In
north China, the geopotential height anomalies are
negative in the north-west and positive in the south-east,
and the positive anomaly activity center over the Sea of
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Fig. 5 Composite and composite difference of August geopotential height anomalies at 500 hPa corresponding to the NCAP
anomalies. (a) Composite of August geopotential height anomalies at 500 hPa during the period when the NCAP is in positive phase
over decadal timescales. (b) As in (a), but for the period when the NCAP is in negative phase. (c) As in (a), but for the composite

difference between (a) and (b).
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Japan corresponds to a stronger WPSH, which promotes
the transmission of water vapor from the sea in the south-
east to north China. In contrast, when the NCAP anomaly
is negative over decadal timescales, the corresponding
August geopotential height field has the opposite
structure to that present when the NCAP anomaly is
positive: it has a ‘“negative—positive—negative—positive”
structure from the North Atlantic to Eurasia; the
geopotential height anomalies in north China are negative
in the south-east and positive in the north-west; and the
negative anomaly activity center over the Sea of Japan
corresponds to a weaker WPSH, which weakens the
transmission of water vapor from the sea in the south-east
to north China (Fig. 5(b)). The composite difference
between Fig. 5(a) and 5(b) is shown in Fig. 5(c), where
the zonal structure of the August 500 hPa geopotential
height anomalies corresponding to different phases of the
NCAP decadal variability can be seen clearly.

The horizontal stationary wave activity flux
corresponding to positive NCAP anomalies over decadal
timescales is shown in Fig. 6(a). It can be seen that the
divergence and convergence centers of the velocity
potential correspond to the activity centers for the
geopotential height anomalies in Fig. 5. The divergent
wind suggests that the anomalous upper-level divergence
that occurs over the North Atlantic may be transmitted to
north China through the activity centers mentioned above.
These indicate that there may be a Eurasian decadal
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teleconnection (EAT) pattern over the North Atlantic-
Eurasia region, and the EAT may be the way NAT affects
the NCAP decadal variability.

Next, the EAT pattern is defined (please see Section 2.2
for details) and the horizontal structure (Fig. 7(a)) and
vertical structure (Fig. 7(b)) of the EAT patten in August
are shown. The spatial structure of the EAT is significant
both horizontally and vertically, characterized by a zonal
wave structure with positive and negative anomaly
centers extending alternately from the North Atlantic to
East Asia through the activity centers of the EAT pattern.
These results indicate that this EAT pattern is significant
in August, and that the relationship between the EAT and
NCAP decadal variability is corresponding: when the
EAT is in a positive phase, the geopotential height
anomalies are negative in northern north China and
positive in the south, also corresponding to a stronger
WPSH, which promotes the transmission of water vapor
from the sea in the south-east to north China region; and
vice versa. In addition, it should be noted that similar
teleconnection was pointed out by Liand Ruan (2018)
based on the summer average geopotential height field
over northern hemisphere.

Figure 6(b) shows the horizontal stationary wave
activity flux associated with the EAT pattern. It can be
seen that the velocity potential and divergent wind
anomalies associated with the EAT pattern almost
consistent with that corresponding to the positive NCAP
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(b) Horizontal stationary wave activity flux associated with the EAT pattern
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Fig. 6 Horizontal stationary wave activity flux corresponding to the NCAP positive anomalies and associated with the EAT pattern.
(a) Horizontal stationary wave activity flux at 500 hPa corresponding to the NCAP positive anomalies over decadal timescales, based
on T-N wave activity flux. Contours and vectors indicate the velocity potential and divergent wind anomalies, respectively. (b) As in

(a), but associated with the EAT pattern.
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Fig. 7 The regression coefficients of 500 hPa geopotential height anomalies against EAT index. (a) Regression coefficients of the

normalized 500 hPa geopotential height anomalies over the North

Atlantic-Eurasia (35°N—85°N, 60°W—-150°E) against the EAT

index for 1979-2021. Dotted areas indicate regression coefficients significant above the 95% confidence level, calculated using the

effective number of degrees of freedom. (b) As in (a), but in the ve
geopotential height at 45°—65°N against the EAT index.

anomalies. This illustrates that most of the atmospheric
circulation field affecting the NCAP decadal variability is
related to the EAT, which further verifies the influence of
the EAT on the decadal variability of NCAP.

Then, the linkage between the July NAT and the
August EAT and the mechanism of the July NAT
influencing the August EAT over decadal timescales were
discussed. Figures 8(a) and 8(b) show the correlation map
between the August EAT index and SST anomalies over

(a) July SST with EAT

ON—T———————————= 80°N

[ [
40°W 20°W 0

rtical direction for the regression coefficients of mean values of

the north-eastern North Atlantic in July and August,
respectively. It can be seen that the correlation
coefficients between the EAT and SST in north-eastern
North Atlantic region over decadal timescales present a
tripole pattern from the Azores to the Norwegian Sea in
July, corresponding to the negative phase of the NAT
pattern. This also corresponds to the relationship between
the July NAT and NCAP over decadal timescales: the
negative NAT—positive EAT-positive NCAP; and

IIl

0.6

(b) August SST with EAT

0.2
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|
40°W 20°W 0

Fig. 8 Correlation coefficients between the EAT and SST. (a) Correlation coefficients between the EAT and detrended SST
anomalies over the north-east Northern Atlantic over decadal timescales during 1979-2021. The dotted area indicates significant
values above the 95% confidence level, calculated using the effective number of degrees of freedom. (b) as in (a), but using SST for

August.
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similarly, when the phases are opposite. This tripole
pattern is enhanced in August. These results illustrate that
the EAT is related to conditions in the NAT, and although
the relationship in August is more significant than that in
July, the August EAT can be effectively predicted in
advance based on July NAT.

Figure 9(a) shows the coefficients for the regressions of
the 500 hPa geopotential height and zonal-meridional
wind over the north-east North Atlantic against the
negative NAT [NAT(-)] over decadal timescales. It can
be seen that the negative NAT pattern can stimulate an
anticyclone anomaly in the north-eastern North Atlantic,
which corresponds to the EAT activity center in the North
Atlantic. Figure 9(b) shows the coefficients for the
regressions of the geopotential height anomalies and

(a) HGT & UV re NAT(-)

Front. Earth Sci. 2023, 17(2): 547-560

vertical wind at 45°N-65°N over the activity center
against the negative NAT over decadal timescales in the
vertical direction. It can be seen that the negative NAT
corresponds to an upward vertical wind anomaly in this
activity center which is consistent with the result in
Fig. 9(a). This circulation can be stimulated by the SSTs
in the north-eastern North Atlantic has also been pointed
out by another research (Li et al., 2018).

The lead-lag correlation between the July NAT, August
EAT, and NCAP was used to further research the linkage
from the July NAT to NCAP. As shown in Fig. 10(a), the
lead-lag correlation coefficient between the July NAT and
August EAT reaches its extreme value of —0.47 (exceed-
ing 95% confidence level) when there is no lag over
decadal timescales. Similarly, as shown in Fig. 10(b), the

?\\\‘\

i /
il

;5::&\\&&\\%

T2 e 55000

: W///////

50°N

40°W

(b) HGT & Wind re NAT(-)
100

20°W

150

- /7/7/’7/7//’“

T T
20°W 10°W 0

-1

-0.9-0.8-0.7-0.6 -0.5-04-03-02-0.1 0 0.1 02 03 04 05 06 0.7 08 09 1

Fig. 9 The regression coefficients of geopotential height anomalies and wind against the negative NAT. (a) As in Fig. 7(a), but for
the geopotential height anomalies and zonal-meridional wind over the north-eastern Atlantic onto the negative NAT [NAT(-)]. (b) As

in Fig. 7(b), but over the north-eastern Atlantic.
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Fig. 10 Lead-lag correlation between July NAT, August EAT and
NCAP. (a) Lead-lag correlation between the July NAT and detrended
NCAP anomalies for 1979-2021. The red and blue solid lines are the
correlation coefficients for the raw and 7-year low-pass Gaussian low-
pass filtered time series, respectively. Negative (positive) lags indicate
that the NAT leads (lags) the NCAP. The red and blue dashed lines are
the 95% confidence levels corresponding to raw and Gaussian low-pass
filtered time series, respectively. (b) As in (a), but for August EAT and
NCAP.

lead-lag correlation coefficient between the August EAT
and NCAP over decadal timescales is 0.50 (above the
95% confidence level) when there is no lag between the
NCAP and the July EAT. These results further illustrate
that the EAT is a bridge linking the July NAT and NCAP
over decadal timescales, and that the July NAT can as a
good predictor of NCAP decadal variability.

Furthermore, as shown in Fig. 11(a), the regression
pattern of the 500 hPa zonal-meridional wind anomalies
in August against the EAT index on decadal timescale is
correspond to the composite difference of the 500 hPa
geopotential height field associated with the NCAP
decadal variability and EAT pattern. The positive phase
of the EAT is conducive to water vapor transport from the
sea in the south-east to north China. Figure 11(b) shows
the pattern for the regression of the 500 hPa zonal-
meridional wind anomalies in August against the negative
NAT over decadal timescales. The negative phase of the
NAT is conducive to water vapor transport from the
south-east sea to north China. The pattern is not com-
pletely consistent with that regressed onto the EAT,
illustrating that the NAT influences the NCAP decadal
variability through the EAT. These results further verify
the dynamical linkage of NAT-EAT-NCAP.
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In addition, the composite of the whole layer vertically
integrated water vapor flux anomalies corresponding to
the NCAP anomalies and the composite difference are
shown in Figs. 12(a), 12(b), and 12(c). The results show
that when the NCAP is in a positive phase over decadal
timescales, north China is affected by the anomalous
water vapor flux transported from south to north; the
direction of the anomalous water vapor flux transmission
is opposite when the NCAP is in a negative phase over
decadal timescales. The regression pattern of the
vertically integrated whole layer water vapor flux
anomalies against the negative NAT over decadal
timescales shows that the anomalous water vapor flux
transmission associated with the negative NAT corres-
pond to that when the NCAP decadal variability is in a
positive phase (Fig. 12(d)). These verify the dynamical
linkage of the NAT to NCAP from the perspective of
water vapor flux.

Here, the dynamical linkage between the NAT and
NCAP over decadal timescales can be summarized as
follows: the NAT can first stimulate upper-level conver-
gence and divergence over the North Atlantic and then
influence local atmosphere circulation over north China
and its surrounding regions via the EAT pattern, so as to
regulate the water vapor transport in north China, and
finally influence the NCAP.

5 Physics-based prediction model for
decadal NCAP

As mentioned above, it is of great significance to predict
the NCAP in advance. In Section 3 and Section 4, the
NCAP decadal variability with a cycle of about 10-year
and the dynamical linkage between the NAT and NCAP
over decadal timescales were explored. Here, a prediction
model for decadal NCAP based on July NAT is
established as follows:

NCAP" (1) = a; - Tuly NAT(f) + b1t +c1 » (10)

where NCAP* denotes the modeled NCAP decadal
variability after removing the multidecadal trend, ¢
denotes time in years, the coefficients aj, b;, and ¢, are
determined empirically by multiple linear regression
based on the least square method.

Figure 13(a) shows the observed and modeled NCAP
decadal variability in which the multidecadal trend was
removed for the period of 1979-2021. The detrended
decadal NCAP model (Eq. (10)) was established based on
observed values for NCAP and the July NAT index from
1979 to 2021. It can be seen that this model can well
simulate the decadal variability of the NCAP, such as the
increasing trend of the NCAP in the period of 1979-1983,
1990-1995, 2015-2020, and the decreasing trend in the
period of 1985-1990, 1996-2002, 2010-2014. The
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Fig. 11 Regression coefficients of the 500 hPa zonal-meridional wind against EAT index and negative NAT. (a) As in Fig. 7(a), but
for the zonal-meridional wind. (b) As in (a), but against negative NAT [NAT(-)].

correlation coefficient between the observed and modeled
NCAP decadal variability is 0.784 at a confidence level
exceeding 98%. The root-mean-square error for the
observed and modeled decadal NCAP is 7.5, which is
very small compared with the variance of the NCAP
decadal variability. As shown in Fig. 13(b), in order to
analyze the influence of the multidecadal trend on the
results of this model, a model including the multidecadal
trend was established as follows:

NCAP(#) = ay - July NAT(£) + bat +c + dat, (11)

where NCAP denotes the modeled NCAP decadal
variability with the multidecadal trend included, the
coefficients a,, by, and ¢, are determined empirically as in
Eq. (10), and the d, denotes the multidecadal trend of the
NCAP. The results show that the multidecadal trend does
not influence the simulations from this model.

To test the prediction skill of this decadal NCAP
model, Fig. 14 shows the hindcasted experiments. As
shown in Fig. 14(a), the decadal NCAP model without
multidecadal trend was established based on the observed
NCAP ang July NAT for the period of 1979-2016,
19792017, 1979-2018, 1979-2019, and 1979-2020, to
predict the decadal NCAP in 2017, 2018, 2019, 2020, and
2021, respectively. To save figure space, these are all
placed in one figure. The results show that this model has
good hindcasted ability for the NCAP decadal variability,

illustrating that this model can be applied to effectively
predict the NCAP decadal variability. Figure 14(b),
which considers multidecadal trend, shows similar results
and will not be described in detail here.

These results indicate that the decadal NCAP model
established based on the July NAT can effectively predict
NCAP decadal variability. It also confirmed again the
influences of the NAT on NCAP decadal variability, and
the July NAT can be implicated as a predictor of the
NCAP decadal variability.

6 Summary and discussion

In this paper we investigated NCAP decadal variability of
a 10-year cycle, the mechanism of the NAT influencing
the NCAP over decadal timescale, and a decadal NCAP
model based on the July NAT.

The results indicate that NCAP has a decadal cycle of
about 10-year superimposed on the multidecadal trend,
and this is significantly negatively correlated with the
July NAT over decadal timescales. Both the July NAT
and NCAP have a decadal cycle of about 10-year. On
decadal timescales, when the July NAT is in a negative
phase, the NCAP anomalies without the multidecadal
trend is in a positive phase, and vice versa. The
correlation coefficient between the July NAT and NCAP
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Fig. 12 Composite of August water vapor flux anomalies corresponding to the NCAP anomalies, its difference and regressing
against negative NAT. (a) The composite of the vertically integrated whole water vapor flux anomalies in August during the period
when the NCAP is in positive phase over decadal timescales. (b) As in (a), but for the period when the NCAP is in negative phase.
(c) As in (a), but for the composite difference between (a) and (b). (d) The regression pattern of the vertically integrated whole layer
water vapor flux anomalies over north China and the surrounding region onto the negative NAT over decadal timescales for

1979-2021.

over decadal timescales is —0.78 (exceeding the 95%
significance level). The consistent results can also be
obtained by the correlation coefficients map between the
July NAT index ang the August precipitation anomalies
over north China over decadal timescales. These indicate
that the NAT may influence NCAP decadal variability
and is a potential predictor for the decadal NCAP.

Based on the composite difference of the 500 hPa
geopotential height field corresponding to NCAP decadal
variability and the horizontal stationary wave activity flux
corresponding to positive NCAP anomalies over decadal
timescales. A decadal teleconnection in August defined as
EAT pattern was found and the EAT pattern exhibits a
distinct spatial structure in both the horizontal and
vertical directions, with two positive and two negative
activity centers over the North Atlantic-Eurasia region.
The horizontal stationary wave activity flux that is
associated with the EAT is almost consistent with that
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corresponding to the positive NCAP anomalies,

illustrating that most of the atmospheric circulation field
affecting the NCAP decadal variability is related to the
EAT, and the EAT acts as an atmospheric bridge between
the NAT and NCAP over decadal timescales.

Then, how the EAT is used as an atmospheric bridge
between the NAT and NCAP over decadal timescales was
further explored. Based on the results of this research and
the analysis of previous studies (Han and Zhang, 2021), it
is found that the August EAT can be stimulated by the
cumulative effect of the NAT. The July NAT, August
EAT, and NCAP reaches their significant lead-lag
correlation at the same time on decadal timescale. In
addition, the regression pattern of the wind anomalies at
500 hPa against the EAT index and the negative NAT on
decadal timescales, respectively, and the analyses about
the whole layer vertically integrated water vapor flux
further support our conclusion: the EAT 1is an
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(b) As in (a), but with the multidecadal trend included.
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Fig. 14 Observed, modeled and hindcasted NCAP. (a) The red, blue and black lines are the observed, modeled and hindcasted
detrended NCAP over decadal timescales, covering the period of 1979-2021, 1979-2016 and 2017-2021, respectively. The shaded
areas indicate the 2-sigma uncertainty range for the modeled and hindcasted NCAP, respectively. (b) As in (a), but with the

multidecadal trend included.

atmospheric bridge for the NAT influencing the decadal
variability of the NCAP. When the July NAT is in a
negative (positive) phase, the EAT pattern is in positive
(negative) pattern which is conducive (unconducive) to
the transmission of water vapor from the sea in the
south-east to north China, thus increasing (decreasing)
NCAP over decadal timescales.

Finally, a prediction model for decadal NCAP based on
the July NAT is established. Through the analyses of the
modeling and hindcasting, found that the decadal NCAP
model established based on the July NAT can effectively
predict NCAP decadal variability. These results also
confirm again the influences of the NAT on NCAP
decadal variability and show that the July NAT can be
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implicated as a predictor of the NCAP decadal variability.

This research discusses the decadal variability of the
NCJP about 10-year cycle and the dynamical linkage
between the NAT and NCAP over decadal timescales. As
shown in Fig. 1, there is also a multidecadal trend in
NCAP, and whether this trend corresponds to the effect of
global warming on precipitation deserves further
exploration in the future. And, on the basis of the decadal
and multidecadal variability, further work focused on
exploring a predictor for annual NCAP variability would
be helpful for improving NCAP prediction.
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