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Weakening of decadal variation of Northern Hemisphere land
monsoon rainfall under global warming
Yeyan Jiang1,3, Juan Li1,3, Bin Wang 2, Youngmin Yang1 and Zhiwei Zhu 1✉

Over the past century, Northern Hemisphere (NH) land monsoon rainfall (NHLMR) experienced significant decadal to multidecadal
variations, mainly driven by an east–west sea surface temperature (SST) contrast over the Pacific (EWPC) and an interhemispheric
North Atlantic–South Indian Ocean SST dipole (NAID). However, how the NHLMR’s decadal variation would vary and whether the
oceanic forcing could continue to drive it in a warming world remain unexplored. Here, by analyzing 24 Coupled Model
Intercomparison Project Phase 6 (CMIP6) models’ historical simulations and future projections, we show that the leading mode of
decadal NHLMR will retain its nearly-uniform spatial pattern and representation of the NHLMR’s intensity. In the future, the
significant periodicities of decadal NHLMR are shortened as emissions levels increase. The intensity of decadal NHLMR variation will
experience a comprehensive decline under various emission scenarios, which may link to the weakened intensity of NAID and
EWPC. Although the relationship between EWPC and decadal NHLMR is slightly weakened in the future, EWPC will remain a primary
driver while NAID is no longer. The significant historical correlation between NAID and NHLMR is mainly attributed to the influence
of increased anthropogenic aerosols emission. However, the NAID-NHLMR linkage would no longer exist owing to the decline of
anthropogenic aerosol emission in the future.
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INTRODUCTION
Monsoon is a forced response of the coupled atmosphere-land-
ocean system to annual variation of solar radiation1. Sufficient
monsoon precipitation sustains nearly two-thirds of the world’s
population and is the source of industrial, agricultural, and
domestic water. Thus, it is vital to economic and social
development2–4. Projecting future changes in global monsoon
rainfall is of fundamental societal and scientific importance.
Primary sources of the uncertainties in projecting near-term
future changes of global monsoon come from the internal
variability and the uncertainties in the model’s representation of
the real world5. The projected near future change of monsoons is
critically affected by decadal variability. Therefore, understanding
the monsoon’s decadal variability and its associated physical
process in a warmer climate is crucial to future climate prediction
and adaptation.
Previous studies have shown that East Asian and Indian

monsoon precipitation experienced decadal variability in the
historical period6–9. Efforts have been made to explore the causes
of decadal variability in individual regional monsoons. Decadal
variation of East Asian land monsoon rainfall was primarily linked
to cooling over the central-eastern tropical Pacific and warming
over the extratropical North Pacific and western tropical Pacific10.
The interdecadal shift of the Indian summer monsoon (ISM)
around the late twentieth century was attributed to Interdecadal
Pacific Oscillation (IPO)11. Furthermore, Atlantic Multidecadal
Oscillation (AMO) and IPO also significantly contribute to the
decadal variations in West Africa monsoon12. However, on the
decadal or longer time scale, monsoon rainfall is mainly regulated
by planetary-scale factors13. Investigating monsoon decadal
variability from a global perspective might be more appropriate.

Thus, by analyzing long-term observation data, the decadal
variability of Northern Hemisphere land monsoon rainfall
(NHLMR), which profoundly impacts the global hydroclimate, is
found to be primarily driven by an east-west thermal contrast in
the Pacific (EWPC) and a north-south hemispheric thermal contrast
in the Atlantic and Indian Oceans (NAID)14. Both the EWPC and
NAID drivers are regional manifestations of IPO/AMO related SST
anomalies, which are demonstrated to modulate monsoon
precipitation substantially15,16.
How would NHLMR vary, and why there be such changes in the

future? Progress has been made in projecting the trend and mean
state of NHLMR in the warming climate4,17–21. The NHLMR is
projected to increase under Shared Socioeconomic Pathway (SSP)
1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 using the Coupled Model
Intercomparison Project Phase 6 (CMIP6) models22,23. The rising
temperature in the future will increase atmospheric moisture,
resulting in the “wet gets wetter” pattern24 if the circulation
pattern remains little changed. However, future monsoons would
vary considerably from region to region20,25. The northern
hemisphere (NH) monsoon would significantly increase compared
to its southern hemisphere (SH) counterpart due to the “NH-
warmer than-SH” pattern induced by greenhouse gases (GHGs)
radiative forcing26. Furthermore, the GHGs forcing-induced “land-
warmer than-ocean” and the “El Niño-like” warming patterns will
amplify the differences between northern hemispheric regional
monsoons4,19,27. These two essential warming patterns might
particularly contribute to the different circulation changes
between the South and East Asian monsoons28. The fast land
warming and associated Tibetan Plateau thermal forcing would
strengthen the East Asian summer monsoon. In contrast, El Niño-
like oceanic warming would weaken the South Asian summer
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monsoon. However, how the NHLMR’s decadal variation will
change and whether the oceanic forcing will continue to drive it in
a warming world remains unexplored.
In this work, based on the latest projection in the Scenario

Model Intercomparison Projection29 (ScenarioMIP) of CMIP6, we
aim to project decadal variation of NHLMR and its linkages with
oceanic drivers in the warming climate. Because the good
performance of models’ historical simulations is the prerequisite
to a reliable projection of the future changes25, we first evaluate
the performance of 24 state-of-the-art models in simulating the
decadal variability of NHLMR and its relationship with the two
oceanic drivers. By doing so, the projection of future NHLMR is
further conducted based on historical constraints. At last, the
possible reason for the changes in the oceanic drivers is discussed.

RESULTS
Performance of CMIP6 models in historical simulation of
decadal variations of NHLMR
Figure 1a shows the leading empirical orthogonal function (EOF)
mode of observed decadal NHLMR from 1901 to 2014. Consistent
with the previous studies14,30, this first mode of the decadal
NHLMR shows a nearly uniform spatial pattern associated with
low-level southerly wind and convergence across all the land
monsoon domains over NH. Since the coherent spatial feature of
this mode, the NHLMR index is defined as the area-averaged of
the summer mean precipitation over the entire NH land monsoon
domain14,30. The decadal NHLMR index is highly consistent with
the principal component (PC1) of the decadal NHLMR EOF mode
(r= 0.90, p < 0.01), and it represents the decadal variations of the
tropical general circulation, the NH hydrological cycle, and the

decadal variations of the four sub-region (North America, Northern
Africa, Indian, and East Asia) monsoon members14.
The historical simulations from the 24 models’ ensemble mean

(MME) (Fig. 1b), as well as almost half of the individual models
(Supplementary Fig. 1), could reproduce these features realisti-
cally. To objectively quantify whether CMIP6 models can capture
the uniform pattern of NHLMR, the Same Sign Rate (SSR) is
employed over the domain of NHLMR (see “Method”). As shown in
Table 1, compared with observation (SSR= 0.79), more than half
of the models (13 of 24 models) have comparably high SSR skills
(SSR ≥ 0.7). Besides the SSR, the temporal correlation coefficient
between the simulated NHLMR index and the simulated PC1 of
NHLMR (TCCNHLMR&PC1) on the decadal time scale in each model is
further calculated as a criterion to evaluate whether the NHLMR
index can represent NHLMR in these models. Considering both
two measures (SSR ≥ 0.7 and TCCNHLMR&PC1 ≥ 0.6), nearly half of the
CMIP6 models (11 of 24 models) could reproduce the decadal
NHLMR reasonably.
Next, we assess to what extent the CMIP6 models could reproduce

the relationship between NHLMR and its oceanic divers during the
historical period. The correlation map between the NHLMR index and
SSTAs (Fig. 2b and Supplementary Fig. 2) shows that the SST contrast
over the Pacific is evident in nearly all 24 models. Thus, the NHLMR
index is well correlated with the EWPC index, suggesting that all the
models could capture the physical linkage between the NHLMR and
the oceanic driver in the Pacific (Table 1). However, fewer models
could reproduce the physical relation between the NHLMR and the
oceanic driver of the interhemispheric SST contrast in the Atlantic and
Indian Oceans (NAID), which is mainly attributable to the poor
simulation in the Southern Indian Ocean (SIO) region (Fig. 2b and
Supplementary Fig. 2). Most of the CMIP6 models and MME
underestimated the significant negative correlations over the SIO

mm/day

Fig. 1 The leading EOF mode of the decadal NHLMR in observation and MME/BMME. The spatial pattern of the first EOF mode of the
detrended and 4-year running mean summer (MJJAS) NHLMR and its associated 850-hPa winds derived from (a) observation, MME from (b)
historical simulation, as well as (c) future projections under SSP2-4.5 scenario. d, e is the same as (b, c), but for BMME. The 850-hPa wind
anomalies (vectors; m s−1) are regressed onto PC1 of NHLMR. The number on the left corner of each subfigure represents the explained
variance of the EOF mode. The result of MME (BMME) is the average of the EOF modes obtained from all CMIP6 models (best six models). The
NH land monsoon domains are outlined by the red contours. The period for the observation and historical simulations (future projections) is
from 1901 to 2014 (2015 to 2100).
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region; some even exhibit a positive correlation. The bias is also
reflected in the correlations between the NHLMR and NAID index
(Table 1). Eight of 11 models that reproduce the decadal NHLMR
could capture the NHLMR’s linkages with EWPC and NAID index with
TCCs significant at 95% level.
To further explore the underlying mechanisms responsible for

the oceanic drivers of decadal NHLMR, we examine decadal
modes of the observed global SST (Supplementary Figs. 3–5). The
leading mode shows a zonal SST contrast over the Pacific
(Supplementary Fig. 3), which bears a close similarity to the EWPC
pattern (Fig. 2a). The western subtropical Pacific exhibit apparent
warm SSTAs, accompanied by sharp cold SSTAs in the equatorial
eastern Pacific. In addition, the principal component of this mode
is highly correlated with NHLMR (r= 0.53, p < 0.01) and EWPC
index (r= 0.93, p < 0.01). Thus, this SSTA mode is called the EWPC
mode. Supplementary Fig. 3 shows that the MME and most CMIP6
models reasonably reproduce the EWPC mode over the Pacific.
The other two significant modes of global SST in observation

feature a prominent warm North Atlantic (defined as the NA
mode) and a cold southern Indian Ocean (defined as the SIO

mode), respectively (Supplementary Figs. 4 and 5). The NA mode
resembles a warm global SSTA pattern with salient anomalies over
North Atlantic, while the cold SSTAs are outstanding in the SIO
mode. Note that the NAID index is significantly associated with
both the PCs of NA and SIO modes with a correlation coefficient of
0.57 and 0.51, respectively (Supplementary Fig. 6). The two PCs
can reconstruct the NAID index well with a high correlation
coefficient of 0.76 (Supplementary Fig. 6). Therefore, the NA and
SIO modes are the critical sources of NAID forcing. Considering
this, the models’ fidelity in simulating these two SST modes is
measured. For the NA mode (Supplementary Fig. 4), nearly all
CMIP6 models can well reproduce the warming NA SSTAs,
corresponding to the good simulations in the positive NA SSTAs
signals for the NHLMR (Fig. 2b). However, this is not the case when
simulating the SIO mode. CMIP6 models systematically under-
estimated the cold SIO SSTAs (Supplementary Fig. 5), correspond-
ing to the poor simulation of the negative SST correlation in SIO
(Fig. 2b and Supplementary Fig. 2).
It is found that PCs of the first three major modes of the decadal

SSTAs can well reconstruct the NHLMR index (rec-NHLMR index2,

Table 1. The performance of CMIP6 models in simulating the decadal NHLMR variation and its relationship with oceanic drivers from historical
experiments during the period of 1901–2014.

Model Decadal NHLMR NHLMR and Oceanic drivers Three major global SST modes

SSR TCC
(NHLMR&PC1)

TCC
(NHLMR&EWPC)

TCC
(NHLMR&NAID)

TCC
(NHLMR& reconstructed NHLMR)

ACCESS-ESM1-5 0.83 0.87 0.60 0.13 0.49

BCC-CSM2-MR 0.49 0.10 0.51 0.56 0.67

CanESM5 0.58 0.13 0.63 0.49 0.75

CESM2 0.71 0.57 0.68 0.36 0.68

CESM2-WACCM 0.81 0.88 0.60 0.18 0.65

CNRM-CM6-1 0.68 0.22 0.47 0.31 0.63

CNRM-ESM2-1 0.53 0.27 0.28 0.42 0.45

EC-Earth3-Veg 0.74 0.51 0.49 0.48 0.51

FGOALS-g3 0.60 0.51 0.57 0.17 0.44

FIO-ESM-2-0 0.52 0.16 0.55 0.30 0.67

GFDL-CM4* 0.73 0.82 0.75 0.42 0.78

GFDL-ESM4 0.58 0.50 0.55 0.11 0.61

HadGEM3-GC31-LL* 0.80 0.89 0.50 0.48 0.80

INM-CM5-0 0.54 0.21 0.46 0.38 0.55

IPSL-CM6A-LR 0.66 0.64 0.59 0.10 0.69

KACE-1-0-G 0.77 0.84 0.53 0.24 0.49

MCM-UA-1-0 0.68 0.48 0.67 −0.04 0.78

MIROC6* 0.70 0.92 0.41 0.58 0.56

MIROC-ES2L 0.65 0.31 0.45 0.29 0.67

MPI-ESM1-2-HR* 0.84 0.91 0.64 0.45 0.74

MRI-ESM2-0* 0.73 0.63 0.58 0.35 0.61

NESM3* 0.71 0.80 0.50 0.49 0.75

NorESM2-MM* 0.79 0.95 0.80 0.48 0.83

UKESM1-0-LL* 0.72 0.77 0.55 0.68 0.76

MME 0.68 0.58 0.56 0.35 0.65

BMME 0.77 0.85 0.62 0.50 0.78

OBS 0.79 0.90 0.52 0.76 0.82

The columns from left to right represent the SSR, temporal correlation coefficient (TCC) between NHLMR index and PC1 of NHLMR, EWPC index, NAID index,
and the reconstructed NHLMR index by using PCs of three major SSTAs modes in each CMIP6 model, respectively. The results with respect to the observation
(OBS), the ensemble mean of all 24 models (MME), and the best six models (BMME) are also provided. The TCCs of MME (BMME) are the average of the
temporal correlation coefficients obtained from the 24 individual models (best six models). The bold TCCs are significant at a 95% confidence level. The bold,
asterisk and italic model names denote selected models according to their performance in simulating decadal NHLMR variability, the relationship with oceanic
drivers and three major global modes, respectively.
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r= 0.82), which has a comparable capability with that by using
EWPC and NAID index (rec-NHLMR index1, r= 0.82) in observation
(Supplementary Fig. 7). The above findings further demonstrate
that the first three major internal decadal modes of global SST are
tightly connected to EWPC and NAID forcings and, therefore, the
decadal variation of NHLMR.
How does the model simulate the decadal variation of NHLMR

considering the joint effects of the three essential global SST
modes? The reconstructed NHLMR index using three modeled PCs
is evaluated against the simulated NHLMR index. Table 1 shows
the correlation coefficients between the reconstrued and simu-
lated NHLMR in each CMIP6 model. The best six models (i.e., GFDL-
CM4, HadGEM3-GC31-LL, MPI-ESM1-2-HR, NESM3, NorESM2-MM,
and UKESM1-0-LL) can not only well reproduce the decadal
NHLMR but also nicely capture its relationship with oceanic drivers
(i.e., the decadal NHLMR can be well reconstructed by the
modeled three global SST major modes, with TCC larger than 0.7).
It is expected that the best six models’ ensemble mean (BMME)

could reasonably reproduce the dominant mode of decadal
NHLMR (Fig. 1d), the correlation between NHLMR and EWPC/NAID
(Fig. 2d), as well as the three major modes of global SST
(Supplementary Figs. 3–5). Given the historical consistency in
observation and simulation, future projection is conducted using
the ensemble mean of the best six models. The ensemble mean of
all 24 CMIP6 models (MME) is also analyzed for comparison.

Projected future decline of decadal NHLMR
The projections (from 2015 to 2100) of the spatial pattern of
leading EOF mode of decadal NHLMR revealed from MME and
BMME are in high agreement, while a slight difference exists in the

East Asian monsoon (Fig. 1c, e). Note that the explained variances
show a decrement under SSP2-4.5, especially revealed by BMME.
Nevertheless, the uniform pattern of the leading mode of decadal
NHLMR still exists in the warming world. Therefore, it is
unsurprising that the averaged rainfall over the NH land monsoon
domain can well represent the leading mode of the decadal
NHLMR variability in the twenty-first century (Supplementary
Table 1). Although the correlation coefficients have decreased
compared to the historical period, the decadal NHLMR index is still
applicable to represent decadal NHLMR variation in a warming
climate.
The power spectral of the NHLMR index shows that nearly all

CMIP6 models can well reproduce the observed period of around
10 years but have difficulties capturing the observed period of
around 20 years in the historical run (Supplementary Fig. 8a).
Generally, the projected NHLMR index exhibits significant periods
of around 5–20 years under the warming climate. Note that the
significant periodicities are more concentrated around 10 years as
the emissions level increased in the future (Supplementary Fig.
8b–d), indicating the significant periodicities are shortened under
the high emissions scenario.
Figure 3a compares the changes in the intensity of decadal

NHLMR under different scenarios. The intensity is measured by the
standard deviation of NHLMR index. Although most CMIP6 models
and MME simulated intensities are lower than the observed, the
observation is within the range of the models’ spread, indicating
the models’ ability to reproduce the observed intensity of decadal
NHLMR variation. Furthermore, closer to the observation, BMME
simulated a higher intensity compared to MME in historical
experiments. The future intensities of decadal NHLMR from MME
and BMME decrease, especially under low and medium emissions.

Fig. 2 SSTAs associated with the decadal NHLMR index in observation and MME/BMME. The correlation coefficients of boreal summer
(MJJAS) SST (shading over the ocean), land rainfall (shading over the land) and 850-hPa winds (vectors) with respect to the decadal NHLMR
index in (a) observation, and MME from (b) historical simulation and (c) future projections under SSP2-4.5 scenario. d, e is the same as (b, c),
but for BMME. The result of MME (BMME) is the average of the correlation maps obtained from all CMIP6 models (best six models). The NH
land monsoon domains are outlined by the red contours. The blue and purple lines outline the areas used for defining the NAID and EWPC
indexes, respectively. The correlation coefficients significant at a 95% confidence level by a Monte Carlo test are dotted. The period for the
observation and historical simulations (future projections) is from 1901 to 2014 (2015 to 2100).
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Reasons for future weakening of decadal variation of NHLMR
Two possible reasons link to the future weakening of the decadal
variability of NHLMR. One is the changes in the intensity of the
two oceanic forcings, i.e., NAID and EWPC. Compared to
observation/historical experiment, the intensity of NAID, EWPC
weaken notably in future projections (Fig. 3b, c). Another is the
changes in the relationship between decadal NHLMR and oceanic
forcings. Thus, we check the global SSTA associated with decadal
NHLMR variation in a warmer climate. Figure 2c, e displays the
correlation between the decadal NHLMR index and global SST in
the future. The positive correlations over the western subtropical
Pacific will be slightly muted. However, the warm western
subtropical Pacific and cold eastern tropical Pacific remain robust.
Thus, the EWPC index is significantly related to the NHLMR index

(Supplementary Table 1), suggesting the Pacific east-west SST
contrast in driving the decadal NHLMR variation will persist under
a warming climate. Conversely, the north-south hemispheric SST
contrast will no longer affect NHLMR in the warming scenario. The
projected correlations between SIO and NHLMR will continue to
be insignificant, and the positive correlation over NA will weaken
in the warming world (Fig. 2), decoupling NHLMR and NAID
(Supplementary Table 1). In addition to the absent correlation
between NAID forcing and decadal NHLMR, correlation between
EWPC and NHLMR index is also slightly reduced in the warming
world (from 0.56 to 0.48 for MME, and from 0.62 to 0.57 for BMME,
Supplementary Table 1).
The changes in the connection between decadal NHLMR

variation and its oceanic drivers may originate from the changes
in the global SST internal modes. Thus, future changes in the three
major modes of global SST are examined (Supplementary Figs.
9–11). As shown in Supplementary Fig. 9, no noticeable future
changes are found over Pacific for EWPC mode (Supplementary
Fig. 9c, e). However, the strength of positive SSTAs over NA in the
NA mode decreased remarkably (Supplementary Fig. 10c, e),
contributing to the absence of linkage between NHLMR and NA in
a warming world (Fig. 2c, e). Meanwhile, in comparison with the
historical run, no significant changes of SIO SSTAs in SIO mode are
found (Supplementary Fig. 11c, e), which is consistent with the
insignificant relationship between decadal SIO SSTAs and NHLMR
index (Fig. 2c, e).
In future scenarios, would the global SST major modes relate to

the NHLMR-related oceanic drivers? To address this question, we
calculate the correlation coefficients between PCs of each SST
major mode and the NHLMR-related SSTA indices (Supplementary
Table 2). The correlations between the PC of the EWPC mode and
the EWPC index remain robust and even higher in the future,
suggesting the more crucial role of EWPC. Meanwhile, compared
with historical runs, negative correlations between the SIO index
and the PC of the SIO mode remain underestimated, suggesting
its role is unchanged in the warming world. Note, however, the
correlation coefficients between PC of the NA mode and NA index
significantly decrease in the future (from 0.73 to 0.48 for MME, and
from 0.76 to 0.52 for BMME, Supplementary Table 2), correspond-
ing to the weakening warming signal in North Atlantic under
global warming as shown in Supplementary Fig. 10.
Although the relationship between the EWPC and decadal

NHLMR is slightly weakened, the NHLMR decadal variability would
be dominated by EWPC, while the oceanic driver of NAID would
almost disappear in the warming climate, mainly due to the
weakened positive SSTAs over the North Atlantic as indicated by
the projected global SST major modes. Note that, we also examine
the decadal variation of NHLMR and its related physical process
under low and high emission scenarios (SSP1-2.6 and SSP5-8.5).
The results are consistent with SSP2-4.5.
What might influence the role of the oceanic driver of decadal

NHLMR variability? Why would the NAID forcing of NHLMR
disappear under the warming climate? We hypothesize that the
changes might be affected by greenhouse gases forcing and/or
natural forcing. Besides, previous studies suggested that anthro-
pogenic aerosol (AA) forcing profoundly influences on decadal to
multidecadal changes in North Atlantic SST31–36 and global
monsoons37–42. Considering that less AA would be emitted in
the future43,44, the role of AA is also investigated.
Historical simulations of HadGEM3-GC31-LL during 1901–2014

are analyzed because HadGEM3-GC31-LL is the only available
model that included experiments with natural forcing (hist-NAT),
greenhouse gases (hist-GHG), anthropogenic aerosol (hist-AA),
and all forcing (ALL) among the best six models.
It is found that the spatial patterns of the leading EOF mode of

decadal NHLMR are uniform (Fig. 4a–d) with high SSR scores of
0.80, 0.67, 0.78, and 0.78 in all forcing, NAT, GHG, and AA forcing,
respectively. Thus, the domain-averaged NHLMR index continues

mm
/m

on
th

Fig. 3 The intensity of decadal variability NHLMR and two oceanic
forcings in observation and CMIP6 models. The standard deviation
of (a) decadal NHLMR index (units: mmmonth−1), (b) NAID and (c)
EWPC index (units: °C, the value has been multiplied by 10) in
observation (red dot) and CMIP6 models from historical simulation
(black box), future projections under SSP1-2.6 (aquamarine box),
SSP2-4.5 (red box) as well as SSP5-8.5 (blue box) scenarios. The
upper (lower) edge of the box represents the 75th (25th) range, and
the vertical line segments represent the range from 5 to 95% from
all CMIP6 models. The horizontal line within the box is the median.
The pink and green dots represent the decadal variability obtained
from BMME and MME, respectively. The intensity of MME (BMME) is
the average of the standard deviations obtained from all CMIP6
models. The period for the observation and historical simulations
(future projections) is from 1901 to 2014 (2015 to 2100).
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to represent NHLMR (Supplementary Table 3). However, relatively
lower TCC can be observed in the hist-NAT simulation due to
relatively large spatial heterogeneity of the leading EOF mode. The
SSTAs related to the decadal NHLMR index suggest that EWPC
always appears regardless of what types of external forcings
(Fig. 4e–h), but significant North Atlantic warming SST anomalies
only appear in the presence of AA forcing. No significant
correlations exist between the North Atlantic SST and NHLMR
under the NAT and GHG forcing, suggesting the importance of the
AA forcing in linking the North Atlantic SST and NHLMR. Table 2
further manifests that the high correlation coefficient between the
decadal NHLMR and NAID index from the all-forcing experiment is
mainly due to the higher correlation under the AA forcing rather
than that under the NAT or GHG forcing. These results indicate
that the significant positive correlations between decadal NHLMR
and NA SSTAs mainly result from the historically high emissions of
AA. Thus, given the decreasing of AA emissions in the future,
we infer that NA SSTAs would not be the driver of decadal NHLMR
anymore. On the other hand, significant and higher TCCs
between EWPC and NHLMR can be obtained in GHG and AA
forcing (Table 2).
The NA SST mode under different external forcings (Supple-

mentary Fig. 12e–h) further demonstrates that AA forcing plays a
more important role in favoring warmer NA SSTAs since the
highest TCC between the PC of NA mode and the NA index can be
observed in AA forcing (Supplementary Table 3). In contrast, the
other two global SST major modes associated with EWPC and SIO
SST patterns have no significant differences among external
forcings, except for the colder SIO SSTAs under NAT forcing
(Supplementary Fig. 12a–d, i–l and Table 3).

DISCUSSION
In this study, we first evaluate the performance of CMIP6 models
in simulating the decadal variability of NHLMR and its associated
oceanic drivers in historical experiments. Different with previous
studies that mainly concern models’ capability in simulating
monsoon precipitation variations45–47, here we emphasize how
model simulate the underlying ocean-atmosphere interaction
processes and physical mechanisms behind monsoon variability,
which is more important for model improvement. Meanwhile, a
reasonable simulation in the critical physical process may allow for
more reliable future projections. Thus, models’ performance on
five physical features related to the decadal variation of NHLMR
are considered as the criteria for selecting reliable models, which
consists of (1) the SSR of leading EOF pattern of decadal NHLMR,
the TCC between simulated NHLMR index and simulated (2) PC1
of NHLMR, (3) EWPC index, (4) NAID index, and (5) the NHLMR
index reconstructed by three SST modes. Periodicity is left out
since the model’s capabilities in simulating physical mechanism
do not depend on whether the simulated periodicity match to the
observation or not.
Using reliable models, we further investigate the decadal

NHLMR variation and its associated SST drivers under a warming
climate. The projections of the leading mode of decadal NHLMR
variation continue to show a coherent pattern. The significant
periodicities of decadal NHLMR are shortened as emissions levels
increase in the future. The intensity of the decadal NHLMR index
weakens under all three emission scenarios from 2015 to 2100,
which may link to (1) the weakened intensity of the two oceanic
forcings, i.e., NAID and EWPC and (2) the weakened relationship
between the decadal NHLMR and the two oceanic forcings. Note
that the second reason is not an independent one because when
forcing weakens, the relationship should weaken too. Although
the relationship between EWPC and decadal NHLMR is slightly
weakened in the future, EWPC has a persistent impact on the
decadal NHLMR variability in the warming climate. However, the
NAID no longer couples with decadal NHLMR under global
warming due to weakened warming SSTAs over NA.
Why will the NAID forcing of NHLMR disappear under the

warming climate? By comparing all forcing and single-forcing (i.e.,
NAT, GHG, and AA) historical experiments, it is found that the
warming NA SSTAs and their significant correlations with NHLMR
are mainly due to the increased emissions of AA. So, these features
would be disappeared with the decreasing of AA in the future, as
revealed by SSP2-4.5 scenario. Besides, the relationship between
the EWPC (SIO SSTAs) and decadal NHLMR is almost the same

mm
/da

y

Fig. 4 The impact of external forcings on NHLMR decadal variations and its relationship with oceanic drivers during the historical period
(1901–2014). Spatial patterns of the first EOF mode of decadal NHLMR from historical experiments conducted by (a) all forcing, (b) natural
forcing only, (c) greenhouse gases forcing only, and (d) anthropogenic aerosols forcing only in HadGEM3-GC31-LL. e–h are the same as (a–d),
but for the correlation maps of boreal summer (MJJAS) SST (shading over the ocean) and land rainfall (shading over land) with respect to the
decadal NHLMR index. The correlation coefficients significant at a 95% confidence level by a Monte Carlo test (method) are dotted. The NH
land monsoon domains are outlined by the red contours.

Table 2. The role of external forcings in the relationship between
decadal NHLMR and its oceanic drivers during the historical period
(1901–2014).

TCC ALL hist-NAT hist-GHG hist-AA

EWPC&NHLMR index 0.50* 0.31 0.50* 0.54*

NAID&NHLMR index 0.48* 0.01 0.30 0.55*

The TCCs of the decadal NHLMR index with respect to EWPC and NAID
index under all forcing (ALL), and the individual forcing of natural forcing
(hist-NAT), greenhouse gases (hist-GHG), and anthropogenic aerosols (hist-
AA) simulations in HadGEM3-GC31-LL. The bold (asterisk) numbers
represent the correlations significant at a 95% (99%) confidence level.
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among various forcings, and the corresponding EWPC (SIO) mode
will have no significant differences in the warming world. Our
findings highlight the important role of anthropogenic aerosols on
the decadal SST variations in the North Atlantic and its
connections with the decadal NHLMR, which is seldom discussed
in previous studies.
This study paves a promising way and provide some implica-

tions for studying decadal variations of the global monsoon in the
twenty-first century. In consideration of the physical mechanism
related to decadal variation of NHLMR, the performances of BMME
are closer to observation, making our conclusion more robust. The
weakening decadal variation of NHLMR imply that the decadal
prediction of NHLMR may be more difficult. We also reveal that
models have common bias in simulating the linkage between SIO
SST and decadal NHLMR, which may result in slight bias in the
projection. It also hints that improving the performance in
simulating SIO SST may help to the models’ decadal prediction.
The negative SIO SSTAs merely appear in the hist-NAT simulation
(Supplementary Fig. 12j), indicating that the NAT forcing may link
to such a bias in simulating SIO SSTA, but more experiments are
needed to confirm this speculation in future studies.
Here we examined the impacts of external forcing on the

decadal NHLMR variation in the historical experiments. Separating
and quantifying the internal and external forcing of the decadal
variations of NHLMR merits further investigations. The reason why
the intensity of EWPC is reduced in the future projection is not
discussed in this paper but deserves in-depth studies.

METHODS
Observational datasets and CMIP6 simulations
Observational monthly precipitation data is derived from the
Climatic Research Unit (CRU) time series version 3.23 (TS3.23) on a
0.5° × 0.5° grid during 1901–201448. Monthly SST is obtained from
the arithmetic mean of two datasets: the Hadley Centre Sea Ice
and Sea Surface Temperature dataset49 (HadISST) with a horizontal
resolution of 1° × 1° and the National Oceanic and Atmospheric
Administration extended reconstructed SST version 4 (ERSSTv4)50

with 2° × 2° resolution for 1901–2014. The monthly data of 850-
hPa wind taken from the Twentieth Century Reanalysis (20CR)
version 2c (V2c)51 with a resolution of 2° × 2°. To focus on the
decadal-multidecadal variation, all the datasets are detrended and
a 4-year running mean52,53 are applied. For the 4-year running
mean time series, the year represents the second year of the
4-year mean period.
Monthly data output by historical simulations and projections

under three Shared Socio-Economic Pathways (SSPs), i.e., SSP1-2.6,
SSP2-4.5, and SSP5-8.5 scenarios from 24 CMIP6 models are used
(Supplementary Table 4). We first calculate the EOF modes/
correlation coefficients for individual models, then average the
modes/correlation coefficients obtained from all CMIP6 models as
the result of MME20. By doing so, the internal variabilities remain
in MME.
To investigate the effect of different external forcings on EWPC

and NAID, we analyzed historical simulations forced separated by
natural forcing (hist-NAT), greenhouse gases (hist-GHG), and
anthropogenic aerosol (hist-AA) in HadGEM3-GC31-LL. The
historical simulations are forced by both natural forcings (i.e.,
solar irradiance and volcanic aerosols) and anthropogenic forcings
(i.e., GHGs and AAs). While the hist-GHG, hist-AA, and hist-NAT
simulations are the same as the historical simulations, except that
they are only forced by well-mixed GHGs, AAs, or natural forcings,
respectively54. All the data are re-gridded to 2.5° × 2.5° grids. The
period of the historical run is 1901–2014 in this study, and the
future projections are examined in the period of 2015–2100.

Northern Hemisphere land monsoon rainfall
Following Wang and Ding55, the land monsoon domain is defined
as the summer-minus-winter precipitation exceeding 2mm day−1,
and the summer precipitation exceeds 55% of the annual total.
Local summer (winter) is defined as May to September (November
to March) for the NH.

Same sign rate (SSR)
To quantify the models’ performance in simulating the uniform
pattern of the leading mode of decadal NHLMR, we define the
same sign rate (SSR) as the number of positive precipitation
anomalies grids divided by the sum grids in the entire NH land
monsoon area in observation and each individual model
respectively. The formula is shown as follows:

SSR ¼ num positive precipitation anomaliesð Þ
num NH landmonsoonð Þ ; (1)

where “num” represents the number of grids.

EWPC and NAID index
According to Wang et al.14, the EWPC index is defined as the SSTA
averaged over the western Pacific K-shaped region minus that
over the eastern Pacific triangle region, as outlined in the purple
line in Fig. 2a. This index indicated the east-west thermal contrast
in the Pacific well. Similarly, the NAID index refers to the SSTA
averaged over the North Atlantic (0°–60°N, 80°W–0°, NA, which is
also defined as NA index) minus that averaged over the South
India Ocean (0°–40°S, 50°–110°E, SIO, which is also defined as SIO
index), which measures the north-south interhemispheric thermal
contrast.

Monte Carlo test
To test the correlation coefficients between the time series at the
decadal time scale, the Monte Carlo test56 is employed,
considering the reduced effective degree of freedom. The
procedure includes the following three steps:

● Step 1: Generating two random independent normal distribu-
tion time series (for instance, the sample size is n= 114 for the
historical period 1901–2014); then 4-year running mean time
series can be obtained.

● Step 2: The correlation coefficient (CC) between these two-
time series (the sample size is n− 3) is calculated. Repeating
Steps 1 and 2 5000 times and get 5000 CCs.

● Step 3: Arrange these CCs in ascending order, and find the
95% (99%) percentile, which is the critical CC value at a 95%
(99%) confidence level. Repeating the above steps 50 times to
get the averaged critical value. The critical value of CC is 0.26
(0.36) for n= 114 at the 95% (99%) confidence level. Similarly,
the critical value of CC is 0.30 (0.41) for n= 86 for the period of
2015 to 2100 at a 95% (99%) confidence level.

DATA AVAILABILITY
The data that support the findings of this study are freely available. CMIP6 model
data are from the Earth System Grid Federation (https://esgf-node.llnl.gov/search/
cmip6/). Observational precipitation CRU is from the University of East Anglia (http://
badc.nerc.ac.uk/data/cru/). Observational sea surface temperature HadISST is from
Met Office Hadley Centre (https://www.metoffice.gov.uk/hadobs/hadisst/), ERSST v4
is provided by the NOAA/ESRL PSD (https://psl.noaa.gov/data/gridded/
data.noaa.ersst.v4.html/). 20CR (V2c) dataset is provided by the U.S. Department of
Energy, Office of Science Biological and Environmental Research (BER), and by the
National Oceanic and Atmospheric Administration Climate Program Office (https://
psl.noaa.gov/data/gridded/data.20thC_ReanV2c.html/). All data needed to evaluate
the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Additional data related to this paper may be requested from the authors.
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The data in this study are analyzed with NCAR Command Language (NCL; http://
www.ncl.ucar.edu/). The relevant codes in this work are available, upon request, from
the corresponding author Z.Z.
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