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ABSTRACT

Since  the  1950s,  the  terrestrial  carbon  uptake  has  been  characterized  by  interannual  variations,  which  are  mainly
determined by interannual variations in gross primary production (GPP). Using an ensemble of seven-member TRENDY
(Trends in Net Land–Atmosphere Carbon Exchanges) simulations during 1951–2010, the relationships of the interannual
variability of seasonal GPP in China with the sea surface temperature (SST) and atmospheric circulations were investigated.
The GPP signals that mostly relate to the climate forcing in terms of Residual Principal Component analysis (hereafter, R-
PC) were identified by separating out  the significant  impact  from the linear  trend and the GPP memory.  Results  showed
that  the  seasonal  GPP  over  China  associated  with  the  first  R-PC1  (the  second  R-PC2)  during  spring  to  autumn  show  a
monopole (dipole or tripole) spatial structure, with a clear seasonal evolution for their maximum centers from springtime to
summertime.  The  dominant  two GPP R-PC are  significantly  related  to  Sea  Surface  Temperature  (SST)  variability  in  the
eastern  tropical  Pacific  Ocean  and  the  North  Pacific  Ocean  during  spring  to  autumn,  implying  influences  from  the  El
Niño–Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO). The identified SST and circulation factors
explain 13%, 23% and 19% of the total variance for seasonal GPP in spring, summer and autumn, respectively. A clearer
understanding  of  the  relationships  of  China’s  GPP  with  ocean–atmosphere  teleconnections  over  the  Pacific  and  Atlantic
Ocean should provide scientific support for achieving carbon neutrality targets.
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Article Highlights:

•  At  regional  scales,  the  interannual  variability  of  seasonal  GPP  in  the  Chinese  mainland  is  closely  related  to
ocean–atmosphere teleconnections over the Pacific and Atlantic Ocean.

•  From spring to autumn, there are considerable seasonal differences in GPP–teleconnection relationships, corresponding
to local hydrothermal conditions.

•  Ocean–atmosphere  teleconnections  mostly  affect  the  GPP  over  eastern  China  (>  30%  explained  variance),  which
dominates the interannual GPP variability for China as a whole.

 

 
 

 

1.    Introduction

Over the past six decades, China’s terrestrial ecosystem
has played an important role in the global carbon sink (Piao
et  al.,  2009a; Peng  et  al.,  2014; Le  Quéré  et  al.,  2018;
Friedlingstein et al., 2020), with considerable interannual vari-

ance  in  response  to  climate  changes  (Zhang  et  al.,  2019;
Peng et  al.,  2021).  Gross  primary  production  (GPP)  is  one
of the largest carbon fluxes and is strongly associated with
the annual variance of the terrestrial carbon sink (Houghton,
2000; Piao  et  al.,  2020).  Previous  studies  have  shown  that
ocean–atmosphere  teleconnections  exert  important  influ-
ences on the interannual variabilities and predictabilities of
various climate variables, such as precipitation and tempera-
ture,  on  global  and regional  scales  (e.g.,  Ying et  al.,  2015,
2017; Nian et  al.,  2020).  However,  in China,  as  one of  the
regions  with  the  fastest  increase  in  carbon  emissions,  such
an impact  of  these  teleconnections  on the  interannual  vari-
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ances of GPP has not been well clarified. Furthermore, knowl-
edge gaps in climate–carbon linkages may further contribute
to conflicting model results concerning the future terrestrial
carbon  uptake  in  earth  system  models  (Tharammal  et  al.,
2019).  Therefore,  developing  a  better  understanding  of  the
relationships  between  the  interannual  variation  of  GPP  in
China and ocean–atmosphere  teleconnections  will  not  only
offer  the  opportunity  to  better  understand  climate–carbon
cycle  relationships,  but  also  increase  the  confidence  in
future projections of the carbon cycle under different carbon
emission scenarios.

As indicated by various climatological studies, external
forcing and low-frequency (interannual to supra-annual) inter-
nal atmospheric dynamics are influential climatic factors gov-
erning the interannual variations of seasonal mean anomalies
in China’s precipitation, temperature and soil moisture (e.g.,
Wang et al., 2008, 2015; Wu et al., 2009; Gong et al., 2011;
Ying  et  al.,  2016, 2017; Nian  et  al.,  2020),  including,  for
instance,  global  sea  surface  temperature  (SST)  anomalies
and  large-scale  atmospheric  oscillations.  Because  of  the
close relationships between GPP and local hydrothermal con-
ditions  of  precipitation,  temperature  and  soil  moisture,  as
revealed  by  many  previous  studies  (Nemani  et  al.,  2003;
Richardson  et  al.,  2007; Beer  et  al.,  2010; Barman  et  al.,
2014; Zhang et al., 2019; Peng et al., 2020), the interannual
variability of China’s GPP should also arise from these distant
ocean–atmosphere  teleconnection  processes.  It  has  long
been noted that the well-known climatic modes, such as El
Niño–Southern  Oscillation  (ENSO)  and  Arctic  Oscillation
(AO),  can  influence  the  global  terrestrial  carbon  cycle
(Reimer et al., 2015; Dannenberg et al., 2018). For instance,
hot and dry climate conditions in El Niño years are the primary
reasons for a lower carbon sink and even a carbon source at
regional  scales,  particularly  in  the  tropics  (Nemani  et  al.,
2003; Ahlström et al., 2015; Zhang and Jia, 2020). In addi-
tion,  Schaefer  et  al.  (2005)  and  Cho  et  al.  (2014)  found  a
close relationship among the winter AO and the vegetation
activity  and carbon fluxes  in  the  following spring  over  the
Northern  Hemisphere.  However,  at  regional  scales,  due  to
the different intensities of the ocean–land–atmosphere cou-
pling,  the  response  of  the  regional  carbon  flux  to  natural
cyclic climatic phenomena varies substantially (Dannenberg
et  al.,  2018; Betts  et  al.,  2021).  At  present,  in  China,  how
and  to  what  extent  the  interannual  variability  of  GPP
responds  to  these  impacts  from sea  temperature  and  large-
scale atmospheric circulation is not yet clear. Therefore, it is
important to better  understand the relationship between the
interannual changes in China’s GPP and ocean–atmosphere
teleconnection.  This  is  a  key  process  towards  elucidating
the  carbon  sequestration  mechanisms  of  terrestrial  ecosys-
tems  on  regional  scales,  especially  over  China  (Zhu  et  al.,
2017).

Considering  the  sources  of  interannual  variability  of
China’s GPP, the significant trend in China’s GPP, owing to
the effects of human activities and climate change, has been
extensively  examined  (Piao  et  al.,  2009b; Peng  and  Dan,

2015; Forkel  et  al.,  2016; Chen  et  al.,  2017; Yao  et  al.,
2018; Ma  et  al.,  2019; Piao  et  al.,  2020).  This  long-term
trend provides an important source of interannual variability
for  GPP  in  China.  Furthermore,  in  the  same  way  that  the
oceans can store heat and soil moisture can store water, vege-
tation is a carbon pool, with associated “memory” features
(inertia of a climate variable that persists from the past condi-
tions).  This  is  reflected  by  the  close  relationship  between
the current and prior GPP anomalies. As the GPP can “remem-
ber” the anomalous status long after those anomalies are “for-
gotten” by the atmosphere, it possesses larger potential pre-
dictabilities [Fig. S1 in the Electronic Supplementary Materi-
als, (ESM)] than atmospheric variables such as precipitation
(Ying et al., 2017) and temperature (Nian et al., 2020). Thus,
the memory of GPP also provides a source of its annual vari-
ance. However, this study is mostly interested in the linkage
of China’s GPP with ocean–atmosphere teleconnections. Con-
sequently, we separated out the significant effects from the lin-
ear trend and GPP memory as the first step.

The objective of the present study is to better understand
the  sources  of  the  interannual  variability  of  spring-to-
autumn GPP in China that derive from ocean–atmosphere tele-
connections.  To  achieve  this,  using  monthly  GPP  data
obtained  from  a  seven-member  TRENDY  (Trends  in  Net
Land–Atmosphere  Carbon  Exchanges)  simulation  over
China,  we  focus  on  the  dominant  GPP  signals  that  are
mostly related to the SST and circulations, by separating out
the significant effects from the linear trend and GPP mem-
ory.  This  study  aims  to  explore  (1)  the  main  ocean–atmo-
sphere teleconnections related to the interannual  variability
of  the  seasonal  mean  GPP  in  the  Chinese  mainland  from
spring to autumn; and (2) to what extent the year-to-year fluc-
tuations of China’s GPP are dominated by the identified key
ocean–atmosphere teleconnection factors. The data and meth-
ods employed in the study are described in section 2. Analyses
of seasonal contribution characteristics of China’s GPP inter-
annual variabilities are reported in section 3.1. The GPP inter-
annual variability arising from the trend, GPP memory and
climate  forcing  are  presented  in  section  3.2  and  the  main
sources of the interannual variability from ocean–atmosphere
teleconnections  are  discussed  in  section  3.3.  The  fractions
of variance explained by the key ocean–atmosphere telecon-
nection factors are evaluated in section 3.4. The conclusions
and some further discussion are presented in section 4. 

2.    Data and methods
 

2.1.    Data

To  further  assess  the  responses  of  China’s  GPP  to
ocean–atmosphere  teleconnections,  TRENDY  models  that
participated  in  the  Global  Carbon Project  (Le  Quéré  et  al.,
2018)  were  prepared  to  simulate  the  monthly  GPP  from
1951 to 2010. The seven models included in this study were
CABLE,  CLM4C,  CLM4CN,  LPJ,  LPJ_GUESS,  SDGVM
and TRI (Table 1). The TRENDY project includes datasets
of offline experiments driven by constant or varying inputs
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(i.e.,  climate  variables,  atmospheric  CO2,  and  land  use/
cover  forcing).  Its  purpose  was  to  distinguish  between  the
effects of CO2, climate, and land use. We mainly evaluated
the results of the S2 experiment, which only considers varying
climate variables and CO2, without varying land use. Further
details  about  the  S2  TRENDY  simulation  protocol  can  be
found  in  Piao  et  al.  (2013).  Importantly,  models  from
TRENDY  are  broadly  considered  to  be  the  world’s  most
advanced terrestrial ecosystem models. Through comparison
with  satellite  remote  sensing  data,  previous  studies  have
demonstrated that carbon fluxes from TRENDY are simulated
well in China (Zhang et al., 2016; Peng et al., 2021).

In order to better understand the air–ocean teleconnec-
tions associated with GPP in China, we used monthly mean
datasets  of  (1)  500-hPa  geopotential  height  from  the
National Centers for Environmental Prediction–National Cen-
ter for Atmospheric Research Reanalysis 1 project (Kalnay
et al., 1996), with a spatial grid resolution of 2.5°; (2) SST
(on a 1° × 1° grid) from the UK Met Office Hadley Centre
Sea  Ice  and  Sea  Surface  Temperature  dataset,  version  1
(Rayner et al.,  2003); (3) precipitation and temperature (on
a  0.5°  ×  0.5°  grid)  from  the  Climate  Research  Unit  time
series datasets, version 4.03 (Harris et al., 2020); (4) soil mois-
ture  (on  a  1°  ×  1°  grid)  from  TRENDY  simulations  in
China;  and  (5)  climate  indices  from  the  National  Oceanic
and Atmospheric Administration’s Climate Prediction Center
(available at https://psl.noaa.gov/data/climateindices/list/). 

2.2.    Methods

Firstly, the climatological mean was removed from the
monthly data. Then, by separating out the significant influ-
ences from the prolonged trend and GPP memory, the follow-
ing procedure  was  followed to  derive  the  GPP signals  that
were mostly associated with the climate forcing component:

xy,o

ty

(1)  An  empirical  orthogonal  function  (EOF)  analysis
(Lorenz, 1956) was applied to the sample covariance matrix
of the seasonal GPP field  in year y (y = 1, 2, ..., Y; Y is
the total number of years) and season o (a three-month sea-
son) to derive the EOF modes and their associated principal
component (PC) time series .

ty(2) For each PC time series , the dependence on a linear
trend and a red noise process was modelled as 

ty = λ[y− (Y +1)/2]+εy+µ . (1)

λ

µ εy

Here,  is the linear trend (consecutive years from 1 to
Y) within total Y years,  is an intercept/mean term, and  is
an autoregressive process of order 1 (AR1), i.e., 

εy = αεy−1+ηy , (2)

α ηywhere  is  the  yearly  autocorrelation  coefficient  and  is
the  white  noise  [following  Eq.  (1)  of Zheng  and  Basher,
1999].

λ

αεy−1

ηy

ty
ηy

In this case, by removing those effects from the trend 
and GPP memory component  that were statistically sig-
nificant  (the  Autoregressive  Integrated  Moving  Average
Model in R-code was used for calculations), the climate infor-
mation  was  included  in  the  residual  component  of  the  PC
time series . For convenience, the total and residual compo-
nent of the PC time series are denoted by T-PC ( ) and R-
PC ( ), respectively.

ηy(3) With R-PC  derived, the main SST and circulation
factors related to the GPP in China could then be identified
by calculating the correlation coefficients of the SST or circu-
lations associated with the GPP R-PC.

e j

p̂j,y

Following  Wilks  (1995),  the  fractional  variance  was
applied to evaluate the relative importance of the identified
SST  or  circulation  factors  associated  with  the  dominant
GPP R-PC. Let  be the jth (j = 1,…., J, where J is the total
number of  EOF) EOF, and  be the linear  regression for
the jth  R-PC  time  series  in  year y based  on  its  associated
key ocean–atmosphere teleconnection factors. Then, the frac-
tional variance of the seasonal mean anomalies explained by
the key SST or circulation factors is 

FV = 100

1−∑
y

∥∥∥∥∥∥∥∥ry−
J∑

j=1
p̂j,ye j

∥∥∥∥∥∥∥∥
2/∑

y

∥∥∥ry− r̄
∥∥∥2 , (3)

ry r̄ = [r̄ (1) , ..., r̄ (N)]
ry ∥∥

where  FV  is  the  fractional  variance  of  the  seasonal  mean
anomalies  explained by the key SST or  circulation factors,

 is the yth-year seasonal GPP,  is the cli-
matology  of ,  and  is  the  Euclidean  distance  operator;
for example, 

∥∥∥ry− r̄
∥∥∥2 = N∑

n = 1

(
ry(n)− r̄(n)

)2
. (4)

Here, n (= 1,…., N) denotes a specific location. 

Table 1.   Seven trendy models used in this study.

Model name Abbreviation
Spatial resolution

(lat × lon)
Land surface

model
Full nitrogen

cycle
Fire

simulation
Harve
flux Source

Community Land CLM4C 0.5° × 0.5° Yes No Yes No Oleson et al. (2010)
Community Land CLM4CN 0.5° × 0.5° Yes Yes Yes No Oleson et al. (2010)

Lund–Potsdam–Jena LPJ 0.5° × 0.5° No No Yes Yes Sitch et al. (2003)
LPJ-GUESS LPJ-GUESS 0.5° × 0.5° No No Yes No Smith et al. (2001)

Sheffield-DGVM SDGVM 3.75° × 2.5° No No Yes No Woodward et al. (1995)
TRIFFID TRI 3.75° × 2.5° Yes No No No Hughes et al. (2006)
CABLE CABLE 0.5° × 0.5° No Yes No No Wang et al. (2011)
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3.    Results
 

3.1.     Seasonal contribution characteristics

The  interannual  variation  of  the  seasonal  mean  GPP
exhibits considerable differences among seasons. In general,
the  interannual  variability  of  China’s  GPP  from  spring  to
autumn (March to November) – covering the whole growing
season – dominates the variations for  all  seasons (Fig.  1a),
accounting for 91% of total interannual variations. Particu-
larly,  the  largest  interannual  variations  are  observed  in
June–July–August (summer) over most of the Chinese main-
land,  and  the  second  largest  are  in  September–October–
November  (autumn),  followed  by  March–April–May
(spring) (Table 2; Figs. 1b–d). A similar east–west gradient
in terms of spatial distribution is apparent in all these three
seasons,  with  larger  values  mainly  located  over  eastern
China,  where  the  influence  of  the  East  Asian  monsoon  is
greatest  (Figs.  1b–d).  With  the  development  of  the  East
Asian monsoon, the maximum centers show a clear seasonal
migration  from  spring  to  autumn,  with  the  largest  values
over central China and southwestern China in spring [larger
than  0.002  (KgC  m−2 month−1)2],  central  China  and  nor-
theastern  China  in  summer  [larger  than  0.004  (KgC  m−2

month−1)2],  and  southeastern  China  in  autumn  [larger  than
0.004 (KgC m−2 month−1)2]. Also, there are remarkable differ-
ences in the mean state and principal modes of SST and atmo-
spheric  circulations  during  different  seasons  (Frederiksen
and Zheng, 2004; Zheng et al., 2008). Therefore, it is impor-
tant to investigate the relationships of the interannual variabil-
ity of the GPP in China associated with the SST and atmo-
spheric circulation patterns in separate seasons. The discus-
sions  below  will  focus  on  the  seasons  from  spring  to
autumn, which comprise the growing seasons and have the
largest interannual variabilities. 

3.2.    Variability arising from the trend, GPP memory and
climate forcings

First, the T-PC and R-PC of China’s GPP are estimated
using Eq. (1). As shown in Fig. 2, apparent upward trends,
which  are  statistically  significant  at  the  95%  confidence
level based on the Student’s t-test, can be seen for the GPP
T-PC1  during  spring  to  autumn  (black  lines  in Figs.  2b, d
and f). Meanwhile, there is a statistically significant (at the
95% confidence level) memory signal in the GPP T-PC2 of
summer (black line in Fig. 2j). Thus, to focus on the GPP sig-
nals  that  are  mostly  related  to  the  climate  forcing  compo-
nent, the R-PC needed to be extracted by removing the signifi-
cant  effects  from  the  trend  and  GPP  memory  (red  lines  in
right-hand panel of Fig. 2; only the two most dominant PC
with the largest explained variances are displayed).

To explore the relative importance of the trend, memory
and climate forcing on the interannual variability of seasonal
GPP  in  China,  the  total  variance  and  the  residual  variance
from the linear trend and the GPP memory of the GPP were
then obtained. Overall, the average residual-to-total percent-
age  variance  is  high  for  the  GPP  in  China,  with  values  of

64%,  60%  and  65%  from  spring  to  autumn,  respectively
(Table 2). This indicates that there is still a large amount of
the  GPP  interannual  variance  that  cannot  have  originated
from the prolonged trend and the GPP memory; that is, the
GPP  interannual  variance  may  be  largely  affected  by  the
lagged  and  simultaneous  conditions  of  the  climate  forcing
component.

Compared to the spatial distributions of the total variance
(Figs.  1b–d),  the  residual  variance  from  the  trend  and  the
GPP memory (Figs. 1e–g) show similar distribution features,
with the largest values over central China and southwestern
China in spring, central China and northeastern China in sum-
mer, and southeastern China in autumn. In particular, the max-
imum  centers  of  the  residual-to-total  ratio  (Figs.  1h–j),
which  contain  over  50%  of  the  percentage,  include  the
above particular areas that possess the largest interannual vari-
ations  (Figs.  1b–g).  Thus,  it  was  necessary  to  identify  the
key  ocean–atmosphere  teleconnections  associated  with  the
seasonal  GPP  over  China  to  further  understand  the  main
sources of the interannual variability of China’s GPP. 

3.3.    Sources  of  annual  variance  from  SST  and
atmospheric teleconnections

The  focus  in  this  section  is  the  GPP  signals  that  are
mostly related to the climate forcing factors (R-PC), as deter-
mined  by  separating  out  the  influences  from the  long-term
trends and the GPP memory [Eq. (1)]. The spatial characteris-
tics of the seasonal GPP in China associated with the domi-
nant  R-PC from spring to  autumn are  discussed.  The main
ocean–atmosphere  teleconnections  associated  with  the  sea-
sonal GPP in China from the SST and circulations were identi-
fied  by  calculating  the  correlation  between  the  GPP  R-PC
and  the  seasonal  mean  SST  or  circulation  anomalies.  To
strengthen the physical  explanation of the GPP signals,  we
also examined the conditions of soil moisture, precipitation
and temperature associated with the GPP R-PC (GPP interan-
nual variations are strongly associated with those of the atmo-
sphere and land). 

3.3.1.    Sources  from  the  North  Pacific  Ocean  and  North
Atlantic Ocean

The seasonal  GPP field  associated with the R-PC1 for
spring, summer and autumn are displayed in Figs. 3a, d and
g, respectively. In the phase shown here, positive loadings cor-
respond to larger-than-normal GPP conditions in China for
all three seasons. Meanwhile, the anomalous maximum cen-
ters demonstrate a clear seasonal migration. In particular, dur-
ing  spring,  the  amplitude  center  is  situated  over  southern
China and northeastern China, with the largest values along
the  Yangtze  River  (Fig.  3a).  During  boreal  summer  (sum-
mer), accompanied by the development of the East Asian sum-
mer  monsoon  and  the  movement  of  the  monsoon  rainfall
belt, the local maximum is mainly located in the regions of
the  Yangtze–Huaihe  River  Valley  and  northeastern  China
(Fig.  3d).  During  autumn,  as  the  East  Asian  monsoon
retreats, the maximum GPP center is situated in southeastern
China  (Fig.  3g).  In  addition,  similar  maximum centers  can
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be seen for  the  spatial  patterns  of  the  GPP associated  with
the R-PC1 (Figs. 3a, d and g), as well as those with the corre-
sponding  T-PC1  (Figs.  2a, c and e),  while  the  latter  has  a

hybrid structure associated with the trend and climate forc-
ing.  This  implies  that  the  climate  forcing  component  may
dominate  the  GPP’s  interannual  variabilities  in  the  above

 

 

Fig. 1. (a) Temporal variations of China’s GPP for all the four seasons (black) and the total of the three seasons of spring-
summer-autumn (red) (units: KgC m−2); and spatial distributions of the (b–d) total variance [units: (KgC m−2 month−1)2] of
the seasonal mean GPP over China (e–g) residual variance [units: (KgC m−2 month−1)2] of the seasonal mean GPP from the
trend and GPP memory, and (h–j) ratio of the residual variance to the total variance of GPP over China (units: %) for spring
(left), summer (middle) and autumn (right), respectively.
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Fig. 2. Spatial distributions of the two dominant EOF modes of the total seasonal mean GPP field (with explained variance
in  brackets)  for  (a,  g)  spring,  (c,  i)  summer,  and (e,  k)  autumn,  respectively;  and temporal  variations  of  the  total  PC time
series  (T-PC;  black)  and the  residual  PC time series  from the trend and GPP memory (R-PC; red)  for  (b,  h)  spring,  (d,  j)
summer, and (f, l) autumn, respectively. Noted the R-PC2 coincide with the T-PC2 in spring and autumn.
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areas.
The  one-point  correlation  maps  of  the  simultaneous

SSTs associated with the GPP R-PC1 during spring–autumn
display similar spatial characteristics, as shown in Figs. 3b,
e, and h. The most remarkable feature of the SST correlation
is  a  horseshoe-shaped  PDO-like  pattern  [PDO:  Pacific
Decadal Oscillation; see, for example, Fig. 3c of Ying et al.
(2018)]  over  the North Pacific  Ocean,  and a  sandwich-like
tripole structure — with significant positive loadings in lati-
tudes between 20°N and 40°N and negative anomalies in its
north and south — over the North Atlantic Ocean. The simul-
taneous 500-hPa height correlation maps associated with the
leading  modes  of  spring  to  autumn  (Figs.  3c, f and i)  all
show an AO-like  zonal  structure  over  the  mid-to-high lati-
tudes  of  the  Northern  Hemisphere;  this  is  characterized  by
opposite  anomalies  over  Greenland  and  the  North  Atlantic
Ocean/northern  Europe  [see,  for  example,  S-REOF1  in
Fig.  4 of  Frederiksen  and  Zheng  (2004)],  and  is  closely
linked  to  the  North  Atlantic  tripolar  SSTs.  These  suggest
that the AO and PDO may be important factors influencing
China’s GPP from spring to autumn. Consistently, the tempo-
ral correlation coefficients of the AO/PDO indices associated
with  the  GPP  R-PC1  in  spring,  summer  and  autumn  are
0.45/−0.36, 0.26/−0.34 and 0.25/−0.28 when calculated simul-
taneously, and 0.43/−0.33, 0.30/−0.31 and 0.25/−0.28 when
calculated at the lead time (Table 3), respectively, and are sta-
tistically  significant  at  the  95%  confidence  level.  Further-
more,  the  relationship  between  China’s  GPP  and  the  com-
bined  effects  of  the  PDO  and  AO  was  further  examined
using correlation maps of the GPP in China associated with
the simultaneous and lagged PDO and AO indices in Table
3 during  the  seasons  from  spring  to  autumn  (figures  not
shown), and the results were found to be consistent.

Figures 4a–i show the correlation maps of simultaneous
soil moisture, precipitation and temperature associated with
the GPP R-PC1 during spring to autumn. Anomalously wetter
conditions of precipitation and soil  moisture observed over
southern  China  in  spring  (Figs.  4a and b),  the  Yangtze–
Huaihe  River  Valley  and  northeastern  China  in  summer
(Figs. 4d and e), and southeastern China in autumn (Figs. 4g
and h)  are  responsible  for  the  positive  anomaly  of  GPP  in
those areas (Figs. 3a, d and g). Locally, the significantly wet-
ter conditions are a response to an anomalous anticyclone cen-
tered over the northwestern Pacific around Japan (Figs. 3c, f
and i), which brings moist air from the northwestern Pacific

to eastern China. This anomalous high is consistent with the
significant  positive  SST anomalies  situated  over  the  north-
western Pacific (Figs. 3b, e and h) – one of the major features
of negative PDO phases (Muller et al., 2008), and known to
be  closely  associated  with  the  AO variability  (Gong  et  al.,
2011). Meanwhile, significantly higher-than-normal tempera-
ture  anomalies  are  observed  in  northeastern  China  during
spring (Fig. 4c). As the temperature has a generally positive
feedback to GPP in northeastern China during spring (Peng
et al., 2021), the GPP there is enhanced (Fig. 3a). The temper-
ature  associated  with  the  leading  GPP  mode  of  summer
shows  cooler-than-normal  conditions  in  central-eastern
China (Fig. 4f), which increases the GPP there (Fig. 3d) via
its  water  deficit  effects  (Kim  et  al.,  2017; Li  et  al.,  2021;
Peng et al., 2021). The above results are generally consistent
with many previous studies (e.g., Gong et al., 2011; Yang et
al.,  2017; Ying  et  al.,  2017, 2018)  in  which  relationships
between both the PDO and AO with the East Asian monsoon
and climate in China have been found during different sea-
sons. 

3.3.2.    Sources from the eastern tropical Pacific Ocean

The  GPP  fields  associated  with  the  R-PC2  during
spring, summer and autumn are displayed in Figs. 3j, m and
p, respectively. Associated with the spring R-PC2, the GPP
fields have a tripolar spatial structure, with negative anoma-
lies  in  southeastern  and  northeastern  China  and  positive
anomalies between the lower reaches of the Yangtze and Yel-
low rivers (Fig. 3j) in the phase shown here. Corresponding
to the summer R-PC2, meanwhile, there is a dipole pattern,
with  higher-than-normal  conditions  in  southern  China  and
lower-than-normal  conditions  in  northeastern  China  (Fig.
3m). For the autumn R-PC2’s related GPP, there are negative
loadings  in  central-eastern  China  and  positive  loadings  in
southeastern China (Fig. 3p). Again, there are large similari-
ties between the spatial distributions of the GPP associated
with  the  R-PC2  (Figs.  3j, m and p)  and  those  with  the  T-
PC2  (Figs.  2g, i and k),  suggesting  dominant  effects  from
the climate forcing component in these regions.

The most notable features that appear in the simultaneous
SST correlation maps associated with the R-PC2 of GPP dur-
ing spring to autumn (Figs. 3k, n and q) are the significant
positive values over the eastern tropical Pacific Ocean, indi-
cating  that  ENSO is  the  possible  source  of  the  interannual
variability  for  China’s  GPP  during  these  seasons.  The
results  are  consistent  with  the  correlation  maps  of  China’s
GPP associated with the Niño3.4 index (figures not shown),
which  also  indicate  a  close  linkage  between  ENSO  and
China’s GPP from spring to autumn. Previous studies have
revealed that ENSO is one of the major factors affecting the
interannual variations of China’s soil moisture (Ying et al.,
2016)  and  temperature  (Nian  et  al.,  2020),  as  well  as  the
East Asian summer monsoon and monsoonal rainfall (Wu et
al., 2009; Wang et al., 2015; Ying et al., 2016, 2017), via its
regulation  of  air–sea  interactions  over  the  Pacific–Eurasia
region. However, there are much stronger ENSO–GPP corre-
lations for autumn (autumn; Fig. 3q) than in the warm seasons

Table 2.   Total variability of the mean seasonal variations in GPP
pattern  [leftmost  column;  (KgC  m−2 month−1)2],  the  residual
variability  from  the  trend  and  the  GPP  memory  of  the  seasonal
mean GPP pattern [second column; (KgC m−2 month−1)2], and the
percentage of the residual to total variability (third column; %).

Season T- variability R- variability R/T variability

spring 0.061 0.039 64
summer 0.195 0.117 60
autumn 0.120 0.078 65
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(spring and summer; Figs. 3k and n). In particular, the tempo-
ral correlations of the Niño3.4 index associated with the sec-
ond R-PC in spring, summer and autumn are 0.28, 0.28 and

0.47  when  calculated  simultaneously,  and  0.32,  −0.34  and
0.49 when calculated at the lead time (statistically significant
at  the 95% confidence level),  respectively.  Consistent  with

 

 

Fig. 3. Correlation maps of contemporary GPP (left-hand column), SST (middle column) and 500-hPa geopotential height
(right-hand column) associated with the (a–c) spring R-PC1, (d–f) summer R-PC1, (g–i) autumn R-PC1, (j–l) spring R-PC2,
(m–o) summer R-PC2 and (p–r) autumn R-PC2, respectively. The shaded areas in the correlation maps are significant at the
95% confidence level, using the Student’s t-test.
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this, a previous study by Ying et al. (2017) reported a similar
seasonality  in  the  lead–lag  and  simultaneous  relationship
between  ENSO  and  precipitation  in  eastern  China  from
spring  to  autumn,  based  on  precipitation  observations,  in
which  stronger  ENSO–precipitation  correlations  were  seen
in autumn [Fig. 8b of Ying et al. (2017)] than that in spring
and  summer  [Fig.  3j of  Ying  et  al.  (2017)].  Other  studies
have  indicated  that  this  seasonality  in  the  behavior  of
ENSO–precipitation correlations might be due to the ENSO
signal  in  autumn  persisting  throughout  the  entire  period,
whereas  the  signal  in  spring  and  summer  has  an  apparent
interdecadal  change around the late  1970s (Wu and Wang,
2002; Wang  et  al.,  2008; Ying  et  al.,  2015).  Explanations
for the seasonality in the GPP–ENSO relationship is still an
interesting  and  open  question  that  needs  further  examina-
tion.

When examining the atmospheric circulation anomalies,
the  simultaneous  500-hPa  geopotential  height  associated
with the spring R-PC2 (Fig. 3l) displays a distinct meridional
dipole in the western Pacific, resembling the western Pacific
Oscillation (WPO) pattern of Frederiksen and Zheng (2004;
their S-REOF3 in Fig. 4; pattern correlation with canonical
WPO for spring is 0.66), which is closely related to ENSO.
Corresponding  to  this  anomalous  circulation  in  spring,  the
soil moisture and the precipitation show negative anomalies
in  southern  China  and  positive  anomalies  in  the  area
between  the  Yangtze  and  Yellow  rivers  (Figs.  4j and  k);
plus,  the  temperature  displays  warmer-than-normal  condi-
tions in southern China and cooler conditions in central east-
ern China (Fig. 4l), which is responsible for the anomaly cen-
ters of the GPP EOF2 in these regions (Fig. 3j). Based on in-
situ observations, Ying et al. (2017; their Fig. 7e) concluded
that  El  Niño  and  positive  WPO are  significantly  related  to
drier (wetter) rainfall patterns in the south (north) over eastern
China in spring, which is consistent with our results above.

For the summer GPP R-PC2, the most noticeable feature
in the associated 500-hPa height field is an anomalous posi-
tive  center  located  around  Lake  Baikal  (Fig.  3o).  Previous
studies  have  found  that  this  dual  blocking  high  condition
over Lake Baikal is favorable for suppressed rainfall in north-
eastern China (Shen et al., 2011; Ying et al., 2018), which is

consistent  with  our  results.  In  particular,  an  increase
(decrease)  in  soil  moisture  and  rainfall  (Figs.  4m and  n),
and decrease (increase) in temperature (Fig. 4o) over southern
China (northeastern China), facilitate this particular GPP spa-
tial pattern (Fig. 3m).

Associated with the GPP R-PC2 of autumn, the simulta-
neous 500-hPa height  shows significant  positive anomalies
over the northwestern Pacific Ocean (Fig. 3r),  which is the
region  most  influenced  by  the  western  Pacific  subtropical
high (WPSH), suggesting the WPSH is an important factor
affecting  the  GPP  anomalies  over  China  during  autumn.
The  anomalously  drier  conditions  in  central-eastern  China
(Figs. 4p and q), as well as the anomalously wetter (Figs. 4p
and q) and cooler conditions (Fig. 4r) in southern China, cor-
respond to the anomalous GPP dipole structure as shown in
Fig. 3p. The results agree with Ying et al. (2017), in which
ENSO and the WPSH were identified as the most important
factors  affecting  the  interannual  variability  of  autumn  sea-
sonal  mean rainfall  in eastern China,  and an ENSO-related
precipitation  pattern  in  autumn  similar  to  our  GPP  EOF2
was observed. 

3.4.    Fractions  of  variance  explained  by  the  SST  and
circulation teleconnections

Based  on  the  above  results,  we  calculated  the  fraction
of variance of seasonal GPP explained by the key SST and cir-
culation  factors,  using  Eq.  (3),  in  order  to  further  evaluate
the relative contributions of the identified ocean–atmosphere
teleconnections  of  the  interannual  variability  of  China’s
GPP.  Here,  the  key  SST  and  circulation  factors  are  repre-
sented  by  a  projection  of  seasonal  mean  SST  and  height
fields on their corresponding correlation maps with the GPP
R-PC. In general, the key SST and circulation teleconnection
factors can produce a large amount of GPP interannual vari-
ance, with an average percentage explained variance of 13%,
23%  and  19%  over  China  during  spring,  summer  and
autumn, respectively. The spatial distributions of the fraction
of variance explained by the key SST and circulation factors
(Fig. 5) display maximum centers (more than 30%) over cen-
tral-eastern  China  and  southwestern  China  in  spring  (Fig.
5a), central-eastern China and northeastern China in summer

Table  3.   Correlation  coefficients  between  the  GPP R-PC and  the  contemporary  (third  column)  and  lead-time  (fifth  column)  climate
indices. The years used in the climate indices are denoted by (1) for the preceding year.

GPP R-PC Climate indices Correlation (contemporary) Climate indices Correlation (lead-lag)

spring R-PC1 spring AO 0.45*** Feb AO 0.43***
spring PDO −0.36** spring(1) PDO −0.33**

spring R-PC2 spring Niño-3.4 0.28* Feb Niño-3.4 0.32*
summer R-PC1 summer AO 0.26* May AO 0.30*

summer PDO −0.34** spring PDO −0.31*
summer R-PC2 summer Niño-3.4 0.28* D(1)JF Niño-3.4 −0.34**
autumn R-PC1 autumn AO 0.25** Aug AO 0.25*

autumn PDO −0.28* summer PDO −0.28*
autumn R-PC2 autumn Niño-3.4 0.47*** summer Niño-3.4 0.49***

*0.05, **0.01, *** 0.001
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(Fig. 5b), and southeastern China in autumn (Fig. 5c). Mean-
while, these regions make substantial absolute contributions
to the carbon cycle for China, as they have the largest interan-
nual variabilities (Figs. 1b–d) and climatological means (fig-

ure not shown) in GPP across the country as a whole. Thus,
aside  from  the  prolonged  trend  and  the  GPP  memory,  the
SST and atmospheric teleconnections are also crucial to the
interannual variance of China’s GPP.
 

 

 

Fig.  4. Correlation  maps  of  contemporary  soil  moisture  (left-hand  column),  precipitation  (middle  column)  and
temperature (right-hand column) associated with the (a–c) spring R-PC1, (d–f) summer R-PC1, (g– i) autumn R-PC1,
(j– l) spring R-PC2, (m–o) summer R-PC2 and (p–r) autumn R-PC2, respectively. The shaded areas in the correlation
maps are significant at the 95% confidence level, using the Student’s t-test.
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4.    Summary and discussion

A seven-member TRENDY simulation was used to esti-
mate  the  GPP  field  over  China  for  the  period  1951–2010.
By  separating  out  the  significant  effects  from  the  linear
trend and GPP memory,  the dominant  GPP signals  (R-PC)
that are most related to climate forcing factors were derived,
for the seasons of spring to autumn. The key sources of inter-
annual variability from the SST and atmospheric circulations
for the seasonal GPP in China were then identified.  In this
paper, we have gained a more quantitative understanding of
the  sources  of  interannual  variability  of  China’s  GPP from
the ocean–atmosphere teleconnections. The main results can
be summarized as follows:

(1) The seasonal GPP over China associated with the R-
PC1  (R-PC2)  during  spring  to  autumn  show  a  monopole
(dipole or tripolar) spatial structure, with a clear seasonal evo-
lution for their maximum centers from spring to autumn.

(2) The PDO and AO are closely linked with the GPP
R-PC1  from  spring  to  autumn.  This  combined  impact  on
GPP in China is accompanied by a significant anomalous anti-
cyclone or cyclone centered around Japan. ENSO is possibly
the source of  the interannual  variability of  the GPP R-PC2
of  spring  to  autumn.  In  response,  a  WPO-like  circulation,
Lake Baikal blocking, and an anomalous WPSH are closely
related  to  the  GPP  R-PC2  of  spring,  summer  and  autumn,
respectively. Further analysis indicated that these remote rela-
tionships between GPP and both SST and large-scale circula-
tion are regulated by the local hydrothermal conditions of rain-
fall, temperature, soil moisture, and so on.

(3) The fractions of variance of seasonal GPP explained
by the key SST and circulation factors are large, with an aver-
age of 13%, 23% and 19% over China during spring, summer
and autumn, respectively. The spatial distributions of the frac-
tions of variance explained by the key SST and circulation
factors show maximum centers (larger than 30%) over cen-
tral-eastern and southwestern China in spring, central-eastern
and  northeastern  China  in  summer,  and  southern  China  in
autumn. Meanwhile, these are the key regions that dominate
the interannual GPP variability for the country as a whole.

Our  findings  above  are  based  on  analyses  of  multi-
model ensemble datasets from TRENDY. A critical question
is  whether  the  GPP–teleconnection  relationships  exist  in
each  individual  model.  To  address  this  question,  we  per-
formed the same analysis for the seven individual models as
those  that  were  done  for  the  multi-model  ensemble  from
TRENDY.  Based  on  the  seven  individual  model  outputs,
the spatial structures of the contemporary GPP correlations
associated  with  the  two  dominant  R-PC  from  spring  to
autumn  (Figs.  S2  and  S3  in  the  ESM)  are  quite  similar  to
that for the multi-model ensemble from TRENDY (left col-
umn of Fig. 3). In addition, when examining the correlation
coefficients between the GPP R-PC based on the seven indi-
vidual model outputs and the simultaneous (or lagged) climate
indices,  the  significant  GPP–teleconnection  relationships
observed  in  the  multi-model  ensemble  from  TRENDY
could also be seen for the seven individual models (Tables
S1 and S2 in the ESM) in most cases. Although as expected,
the  GPP–teleconnection  correlation  values  for  the  multi-
model  ensemble  from  TRENDY  are  in-between  those  for
the  individual  models,  this  nevertheless  indicates  that  the
GPP–teleconnection relationships in TRENDY are generally
robust for certain individual models.

Our  work  suggests  that  the  AO,  PDO,  ENSO,  WPO,
Lake Baikal blocking and WPSH are worthy of attention in
terms  of  the  interannual  variability  of  the  seasonal  mean
GPP  in  the  Chinese  mainland  during  spring–summer–
autumn,  spring–summer–autumn,  spring–summer–autumn,
spring, summer and autumn, respectively. Also, we suggest
that there are considerable seasonal differences in GPP–tele-
connection relationships from spring to autumn, correspond-
ing  to  local  hydrothermal  conditions.  These  findings  help
improve  understanding  of  the  interannual  variability  of
China’s GPP. Also, identifying the SST and large-scale circu-
lation factors are key for improving the seasonal forecasting
of GPP, as these slowly varying external forcing factors and
internal  dynamics  could  have  persistent  influences  on
China’s climate (see Table 3 and Text S1 in the ESM). Thus,
it provides an excellent way to estimate and project changes

 

 

Fig. 5. Spatial distributions of the fraction of variance of GPP explained by the SST and circulation factors, for (a)
spring, (b) summer and (c) autumn, respectively.
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in the carbon cycle across China and would also provide sci-
entific support for achieving carbon neutrality targets.

It  is  important  to  acknowledge  that  our  finding  of  an
effect of external forcing and internal dynamics on GPP has
been  reached  without  consideration  of  land-use  change.  If
land-use change and field irrigation are included, it is possible
that  the  effects  of  ocean–atmosphere  teleconnections  may
prove  to  be  smaller  than  found  in  our  study.  Nonetheless,
our results highlight the effect of ocean–atmosphere telecon-
nections on national-scale GPP in natural ecosystems, leading
to a recommendation for a more substantial focus on under-
standing  this  process  in  the  biosphere.  In  particular,  it
should be noted that five out seven models did not include
nitrogen (N) cycle in this  study.  In addition,  the TRENDY
S2 simulation  in  this  study did  not  include  the  phosphorus
(P) cycle. Thus, our simulation did not consider the effects
of  N  and  P  limitations  on  GPP.  Ignoring  these  limitations
may have resulted in an overestimation of GPP (Peng et al.,
2020; Wieder et al., 2015). Therefore, in future work, to fur-
ther verify the present reported results, we plan to carry out
a similar analysis of the simulations but with due considera-
tion paid to P limitation.
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