Geophysical Research Letters
RESEARCH LETTER
10.1002/2015GL063557
Key Points:
• Natural variability dominates
the recent ENSO-monsoon
relationship change
• Forced rainfall change may weaken
the ENSO-monsoon relation in
the future
• CMIP5 models show large
intermodel spread

Supporting Information:
• Text S1, Figures S1–S3, and Table S1

Correspondence to:
X. Li,
xqli@ldeo.columbia.edu

Citation:
Li, X., and M. Ting (2015), Recent
and future changes in the Asian
monsoon-ENSO relationship:
Natural or forced?, Geophys.
Res. Lett., 42, 3502–3512,
doi:10.1002/2015GL063557.

Received 19 FEB 2015
Accepted 1 APR 2015
Accepted article online 7 APR 2015
Published online 7 May 2015

©2015. American Geophysical Union.
All Rights Reserved.

LI AND TING

Recent and future changes in the Asian monsoon-ENSO
relationship: Natural or forced?
Xiaoqiong Li1,2 and Mingfang Ting1
1 Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York, USA, 2 Department of Earth and
Environmental Sciences, Columbia University, New York, New York, USA

Abstract The Asian monsoon-ENSO (El Niño–Southern Oscillation) relationship in the 20th and 21st
centuries is examined using observations and Coupled Model Intercomparison Project Phase 5 (CMIP5)
model simulations. CMIP5 models can simulate the ENSO-monsoon spatial structure reasonably well
when using the multimodel mean. Running correlations show prominent decadal variability of the
ENSO-monsoon relationship in observations. The modeled ENSO-monsoon relation shows large intermodel
spread, indicating large variations across the model ensemble. The anthropogenically forced component of
ENSO-monsoon relationship is separated from the naturally varying component based on a signal-to-noise
maximizing empirical orthogonal function analysis using global sea surface temperature (SST). Results show
that natural variability plays a dominant role in the varied ENSO-monsoon relationship during the 20th
century. In the 21st century, the forced component is dominated by enhanced monsoon rainfall associated
with SST warming, which may contribute to a slightly weakened ENSO-monsoon relation in the future.

1. Introduction
The Asian monsoon variability and change have attracted tremendous attention in the climate research community [e.g., Kumar et al., 2006; Turner and Annamalai, 2012; Wang et al., 2014] due to the system’s serious
impacts on the region’s socioeconomic development [e.g., Kumar et al., 2004; Mirza, 2011]. On interannual
time scale, the Asian summer monsoon variability is strongly associated with the El Niño–Southern Oscillation (ENSO), as suggested by the abundance of observational, modeling, and paleoclimate studies [e.g., Kumar
et al., 2006; Cook et al., 2010; Mishra et al., 2012]. During a warm ENSO event with anomalously high sea surface temperature (SST) over the eastern tropical Paciﬁc, convection in the western Paciﬁc shifts to the central
and eastern Paciﬁc, which then suppresses the convection in the Asian monsoon region as well as the western Paciﬁc warm pool region, resulting in monsoon failure [e.g., Rasmusson and Carpenter, 1983; Ropelewski
and Halpert, 1987; Webster and Yang, 1992; Lau and Nath, 2000; Wang et al., 2003].
Recent observational analyses, however, suggest that the ENSO-monsoon relationship may have weakened or
broken down for the recent decades [Kumar et al., 1999; Kinter et al., 2002]. Some studies suggest it is likely that
anthropogenic global warming may have been the cause of the weakening relationship. Kumar et al. [1999]
examined observed data and proposed two possible reasons for the changing ENSO-monsoon relation due
to global warming: ﬁrst, the southeastward shift of the climatological Walker Circulation due to greenhouse
warming disconnects the Indian monsoon from the region of ENSO impact; second, the increased winter
and spring surface temperature and reduced snow cover over Eurasia due to greenhouse warming enhances
land-sea thermal contrast and favors a stronger monsoon, thus reduces the negative impact of El Niño on
monsoon rainfall. Ashrit et al. [2001], based on a single realization of the Max-Plank Institute climate model,
conﬁrmed that the increase in ground temperature over Eurasian continent due to greenhouse warming led
to a stronger monsoon and thus a reduced impact from ENSO. Thus, there are indications in both models and
observations that a weakening of the ENSO-monsoon relationship could occur in a warmer future climate. On
the contrary, several studies suggest that this weakening relationship is more likely due to natural climatic
variability rather than a response to global warming [e.g., Kripalani et al., 2003; Kitoh, 2007]. Using multiple
model simulations for the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4)
for the 20th century and global warming experiments in which the atmospheric CO2 concentration was raised
to twice the preindustrial value, Annamalai et al. [2007] showed that the ENSO-monsoon correlation in the
warming runs is very similar to that in the historical simulations, countering the argument that the connection
will weaken as climate warms.
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It is noted that the ENSO-monsoon system has undergone signiﬁcant interdecadal changes in observations
[Torrence and Webster, 1999], paleoclimate reconstructions [Berkelhammer et al., 2014], and long-term control simulations of coupled general circulation models (GCMs) [Kitoh, 2007; Hunt, 2014]. Krishnamurthy and
Goswami [2000] proposed the hypothesis that the interdecadal variations of the Indian summer monsoon
and tropical SST are part of a tropical ocean-atmosphere coupled mode. Chowdary et al. [2012] suggest that
the interdecadal variations of ENSO teleconnections over the Indo-western Paciﬁc is mainly governed by
ENSO variance itself. Several studies have proposed possible mechanisms linking the decadal change of the
ENSO-monsoon system to other large-scale climate variability. For example, Kinter et al. [2002] related the
change to north Paciﬁc SST and atmospheric circulation. Krishnamurthy and Krishnamurthy [2014] showed
that the Paciﬁc Decadal Oscillation (PDO) can enhance (counteract) the ENSO-monsoon relation when ENSO
and PDO are in (out of ) phase. Chang et al. [2001] suggest that the weakening ENSO-monsoon relation is most
likely due to the strengthening and poleward shift of the jet stream over the North Atlantic. Using a coupled
GCM, Chen et al. [2010] found that the Atlantic Multidecadal Oscillation (AMO) could induce coupled feedbacks in the tropical Paciﬁc and modulate the multidecadal variation of the ENSO-monsoon connection. Some
studies also address the inﬂuence of statistical stochasticism in analyzing the relationship between ENSO and
monsoon rainfall [Hunt, 2014]. Gershunov et al. [2001] point out that running correlations between pairs of
stochastic time series are typically characterized by low-frequency evolution; thus, the decadal ﬂuctuations
in the observed ENSO-monsoon relationship can be explained by sampling variability alone.
The ENSO signal has long been regarded as an important seasonal predictor for monsoon rainfall [e.g., Webster
and Yang, 1992; Ju and Slingo, 1995]. Thus, understanding how the ENSO-monsoon relationship might change
on longer time scales has strong implications to successful monsoon forecasts. In particular, it is vital to understand whether the recent weakening of the ENSO-monsoon relationship is related to anthropogenic climate
change, and if so, how one would expect it to change in the future. The lack of consensus in previous studies
reveals substantial uncertainties in observations and model simulations, as well as analysis methods. Many
questions remain to be addressed, such as the robustness of the change in ENSO-monsoon relationship in different models and how the anthropogenically forced component can be separated from the naturally varying
ENSO-monsoon relationship.
We examined the ENSO-monsoon relationship for the 20th and 21st centuries using observations and the
World Climate Research Programme (WCRP) Coupled Model Intercomparison Project Phase 5 (CMIP5) model
simulations. We address the following question in this paper: What are the forced and natural patterns of the
ENSO-monsoon teleconnection and how is this relationship changing in the future? The paper is organized
as follows. Section 2 describes observational data sets and model simulations used in the study, as well as
analysis methodology. Section 3 presents results regarding the natural and forced SST-monsoon relationship.
The main conclusions are summarized in section 4.

2. Data and Methods
For observed precipitation, we used monthly data from the Climate Research Unit (CRU) at the University of
East Anglia version 3.2 [Harris et al., 2014]. The spatial resolution is 0.5∘ × 0.5∘ , interpolated to 1∘ × 1∘ to allow
for a higher rain gauge count within each grid box. Only the grid boxes where at least one rain gauge existed
in any month of the June-August (JJA) season for at least 80 years during the 1901–2005 period were used in
the analysis in order to improve the data reliability. We used observed monthly SST from the National Oceanic
and Atmospheric Administration (NOAA) National Climate Data Center Extended Reconstructed Sea Surface
Temperatures (ERSST) version 3b [Smith et al., 2008] and winds from the 20th Century Reanalysis (20CR) Project
version 2 [Compo et al., 2011], both with a 2∘ × 2∘ spatial resolution.
Model simulations in this study include a multimodel ensemble of CMIP5 models [Taylor et al., 2012] used in
IPCC AR5. We used monthly output of 34 models for preindustrial control simulations, as well as all realizations
for historical simulations and future projections under the high-end representative concentration pathway
8.5 (RCP8.5) emission scenario. Altogether 103 realizations were analyzed for the historical period and 71 for
RCP8.5 (see Table S1 in the supporting information). All model outputs were interpolated to a 1∘ × 1∘ spatial
resolution for precipitation and 2∘ × 2∘ for SST and winds.
In order to separate the naturally varying ENSO-monsoon relation and the forced response of rainfall to SST
warming, we applied signal-to-noise (S/N) maximizing empirical orthogonal function (EOF) analysis [Allen
and Smith, 1997; Venzke et al., 1999; Chang et al., 2000] to JJA seasonal averaged global SST of the CMIP5
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multimodel ensemble to extract the externally forced signal, as in Ting et al. [2009, 2011]. Given the multimodel, multirealization ensemble, the total covariance matrix of the ensemble mean can be assumed as a sum
of two linearly independent matrices, one for forced signal and one for internal variability (climate noise). We
ﬁrst determined the spatial structure of the internal modes of variability through an EOF analysis on the noise
matrix, formed using the second century of the simulated SST in the preindustrial control run for each of the
corresponding CMIP5 model in the analysis. These noise EOFs (retaining 80% of the total variance) were used
to form a spatial prewhitening transformation matrix to ﬁlter the internal variability that was not removed by
the multimodel ensemble averaging, so that the spatial covariance in the ensemble average is largely due to
forced change. The leading EOF mode of the ensemble mean gives the dominant forced signal (see supporting information). We used the leading principle component (S/N PC1) as the forced index. For observations
and each realization of model simulations, we regressed JJA seasonal average SST anomalies (SSTtotal ) onto
S/N PC1 to obtain the forced component:
k(x, y) = r(x, y)

𝜎SSTtotal (x,y,t)
𝜎PC1(t)

,

SSTforced (x, y, t) = k(x, y) ⋅ PC1(t),

(1)

(2)

where r(x, y) is the correlation coeﬃcient between grid point SST and S/N PC1 and 𝜎 the corresponding standard deviation. We calculated the diﬀerence between SSTtotal and SSTforced to obtain the natural component
(SSTnatural ):
SSTnatural (x, y, t) = SSTtotal (x, y, t) − SSTforced (x, y, t),
(3)
as in Ting et al. [2009, 2011]; Kelley et al. [2012]. We then averaged SSTtotal , SSTnatural and SSTforced over the Niño
3.4 box (5∘ S–5∘ N, 170∘ W–120∘ W) [Trenberth, 1997] to obtain the total, natural and forced Niño 3.4 SST indices,
respectively. The forced Niño 3.4 SST index for each CMIP5 model (using the ﬁrst realization) and ERSST, as
well as the total and natural Niño 3.4 SST indices for ERSST are provided in the supporting information.

3. Results
We ﬁrst examined the spatial structure of the ENSO-monsoon relationship in observations and CMIP5 models.
Figure 1 shows regressions of JJA seasonal average monsoon rainfall and global SST onto the total Niño 3.4 SST
index for observations (Figures 1a and 1b), CMIP5 historical simulations (Figures 1c and 1d) for 1901–2005,
and future projections under the RCP8.5 scenario for 2006–2099 (Figures 1e and 1f ). The CMIP5 results
(Figures 1c–1f ) are the multimodel mean (MMM) patterns of the regression coeﬃcients. In calculating the
MMM, we ﬁrst computed each model’s ensemble mean regression pattern and then performed multimodel
ensemble average using each model’s ensemble mean. The observed (Figure 1a) and modeled (Figure 1c)
rainfall patterns both show the expected strong inverse relationship with ENSO over the Indian subcontinent.
The robustness is indicated by the statistical signiﬁcance in Figure 1a and the high degree of model agreement
in Figure 1c. The CMIP5 MMM captures the ENSO signal in monsoon rainfall variability reasonably well. The
global SST regressions show the canonical ENSO patterns in both the observation (Figure 1b) and the CMIP5
MMM (Figure 1d). The ENSO-related SST anomaly in the CMIP5 MMM extends farther west compared to the
observed pattern. This has been noted in previous studies to be a systematic bias of CMIP5 models, driven
by unrealistic westward displacement and overestimation of the equatorial wind stress in the western Paciﬁc
[Taschetto et al., 2014]. For RCP8.5, the rainfall pattern (Figure 1e) exhibits clearly weakened ENSO-monsoon
connection with low model agreement in the Indian subcontinent. The SST pattern (Figure 1f ) displays mixed
signals of both ENSO and global warming trend. Thus, the change in rainfall pattern in Figure 1e may be a
combination of natural variability and anthropogenic forcing.
To illustrate the temporal evolution of the ENSO-monsoon relation, we computed running correlations with a
31 year sliding window between the total Niño 3.4 SST index and the all-India average rainfall (weighted area
average of 5∘ N–30∘ N, 70∘ E–90∘ E), for the JJA season. We used the second century of preindustrial control
runs for the 34 models to examine the natural ﬂuctuations without any external forcing, as shown in Figure 2a.
The correlation values are plotted against the midpoint years of the 31 year window and box-whiskers of the
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Figure 1. Regressions of JJA (a, c, e) precipitation and (b, d, f ) global SST onto total Niño 3.4 SST index for (a, b) observations (CRU, ERSST) 1901–2005, (c, d)
CMIP5 34 model MMM historical 1901–2005, and (e, f ) RCP8.5 2006–2099 simulations. For observed precipitation (Figure 1a), only the grid boxes where at least
one rain gauge existed in any month of the JJA season for at least 80 years are plotted. Stippling denotes 5% signiﬁcance based on two-sided Student’s t test in
Figures 1a and 1b and 26/34 model agreement in Figures 1c–1f. Units are in mm day−1 ∘ C−1 for Figures 1a, 1c, and 1e, and ∘ C ∘ C−1 for Figures 1b, 1d, and 1f.
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Figure 2. A 31 year running correlation between JJA India area averaged precipitation (5∘ N–30∘ N, 70∘ E–90∘ E) and total
Niño 3.4 SST index plotted against the midpoint years for CMIP5 (a) preindustrial control runs, (b) historical and (c)
rcp8.5, using the ﬁrst realization for each model. The colored dots are correlation coeﬃcients for individual models,
plotted every 5 years. Models are ranked and assigned colors based on the correlation values for the ﬁrst 31 year period.
The box edges give the 25th to 75th percentiles, the whiskers extend from each end of the box to the maximum values
within 1.5 times the interquartile range, and the black line in each box shows the median. Green thick lines show CMIP5
MMMs, black thick line in Figure 2b shows the result of observations using CRU and ERSST. Dashed lines denote 5%
signiﬁcance based on two-sided Student’s t test.
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model spread are plotted every 5 years. The box edges give the 25th to 75th percentiles, and the whiskers
extend from each end of the box to the maximum values within 1.5 times (w = 1.5) of the interquartile range,
which corresponds to approximately ±2.7 standard deviation and 99.3% coverage if the data were normally
distributed. The correlation coeﬃcients of each model are plotted in colored dots. We ranked the models
based on the correlation values for the ﬁrst 31 year period and assigned each model a corresponding color.
The green line shows the MMM. The corresponding results for the historical and RCP8.5 simulations are shown
in Figures 2b and 2c, using the ﬁrst realization for each model. The black thick line in Figure 2b is the observed
31 year running correlation based on ERSST and CRU precipitation, for a slightly extended period to 2011.
The observed ENSO-monsoon relationship in Figure 2b shows a weakening trend since the 1970s, with a ∼0.25
maximum decrease in correlation value from below −0.6 to slightly above −0.4. However, there are prominent decadal ﬂuctuations throughout the twentieth century, with a range of ∼0.35 in correlation value. The
ﬁrst half of the century shows a similar weakening trend with a maximum decrease (∼0.3) slightly exceeding
the recent period. Additionally, the correlation trend reversed after 1990, suggesting a possible strengthening of the correlation in the most recent years. A signiﬁcance test using the method in Gershunov et al. [2001]
shows that the variation of the running correlation in observations during the twentieth century is not significantly diﬀerent from what one would expect for correlated Gaussian noise processes at the 5% level. Thus,
one cannot rule out the possibility that stochastic noise may contribute to a low-frequency correlation change
as large as in observations. Comparing to model-simulated results, the observed ﬂuctuations in correlation in
Figure 2b is within the spread of the CMIP5 historical runs as well as the preindustrial simulations (Figure 2a).
The modeled ENSO-monsoon relation ranges from weakly positive to highly negative values, while the MMMs
in preindustrial and historical simulations are both signiﬁcantly weaker than that for observations. This implies
that although the MMM is able to capture the spatial pattern of the ENSO-monsoon connection (Figures 1a
and 1c), there are large uncertainties within the model ensemble in the magnitude and, in some cases, even
sign of the ENSO-monsoon relationship. The correlation values for individual models (colored dots) show that
the spread comes from discrepancy from model to model rather than ﬂuctuations within any single model, as
the group of models with higher (lower) correlations remains rather consistent with time. In other words, models with higher correlation values tend to remain high throughout the century and vice versa. The MMM of
historical simulations (Figure 2b) has little change compared to the preindustrial runs (Figure 2a). In the RCP8.5
case (Figure 2c), the MMM shows a slightly decreased correlation, dropping below the statistical signiﬁcance
value denoted by the dashed line.
Figure 2 suggests that anthropogenic forcing has a minor eﬀect in the RCP8.5 case with strong anthropogenic
warming, but contributes little to the ENSO-monsoon relation in the historical period. Thus, the weakening ENSO-monsoon relation in the recent decades is more likely due to decadal variability rather than the
global warming trend. It is possible that greenhouse warming could contribute to a slight weakening of the
ENSO-monsoon relationship in the future. However, internal variability tends to dominate, and there is substantial uncertainty with low agreement among the models. Comparing our results to earlier studies, Ashrit
et al. [2005] showed a much stronger weakening of the ENSO-monsoon relation in the 21st century, particularly after 2050. Ashrit et al. [2003], on the other hand, reported no systematic change of the ENSO-monsoon
relation due to greenhouse warming. These diverse results also indicate a high degree of uncertainty possibly
due to model discrepancies in terms of ENSO-monsoon simulations [Annamalai et al., 2007].
To separate the natural and forced ENSO-monsoon components, we applied regression analysis onto the
natural and forced Niño 3.4 SST indices. Figure 3 shows the rainfall (Figures 3a, 3c, and 3e) and global
SST (Figures 3b, 3d, and 3f ) regression ﬁelds associated with the natural Niño 3.4 SST index for observations (Figures 3a and 3b), CMIP5 historical (Figures 3c and 3d) and RCP8.5 (Figures 3e and 3f ). Both the
observed (Figure 3a) and CMIP5 historical rainfall regressions (Figure 3c) are very similar to that for the total
Niño 3.4 index in Figures 1a and 1c, indicating that natural variability plays the dominant role in the varied
ENSO-monsoon relationship during the twentieth century. The natural component of the SST regressions
(Figures 3b and 3d) are also similar to the total ﬁelds (Figures 1b and 1d), with weaker positive correlations over
regions such as western tropical Paciﬁc, tropical and northern Atlantic, and the Southern Ocean. The natural
components of the regression patterns for RCP8.5 (Figures 3e and 3f ), on the other hand, show distinctively
diﬀerent features from the total regressions (Figures 1e and 1f ). The rainfall pattern (Figure 3e) gives a clear
negative ENSO signal over India and is remarkably similar to the historical case (Figure 3c). The SST regression
(Figure 3f ) displays the typical ENSO pattern almost undistinguishable from the historical SST regression in
Figure 3d and signiﬁcantly diﬀerent from that in Figure 1f when the forced component is included. The high
LI AND TING

CHANGES IN ENSO-MONSOON RELATIONSHIP

3507

Geophysical Research Letters

10.1002/2015GL063557

Figure 3. Shading and stippling as in Figure 1, but using natural Niño 3.4 SST index. Arrows show regressions of 850 hPa winds onto natural Niño 3.4 SST index;
units are m s−1 ∘ C−1 .

degree of similarity between Figures 3c and 3e and between Figures 3d and 3f indicates that the unforced
ENSO-monsoon relationship as simulated in CMIP5 MMM is insensitive to the external radiative forcing. In
all three cases, the 850 hPa wind regressions (arrows) show westerly anomalies in the western Paciﬁc, indicating that there is a shift of the Walker circulation toward the central Paciﬁc and the Asian monsoon is part
of that shift. In the northern Indian Ocean, there are easterly wind anomalies that oppose the climatological
monsoon circulation. This anticyclonic feature over the Arabian Sea and the surrounding land areas has been
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Figure 4. As in Figure 3, but using forced Niño 3.4 SST index.

addressed in Lau and Nath [2000] and Lau and Wang [2006] to be associated with the anomalous diabatic
cooling in the western tropical Paciﬁc during El Niño events. These circulation changes are consistent with the
reduced monsoon rainfall during a warm ENSO phase.
The forced SST-monsoon relationship can be seen from the rainfall regressions to the forced Niño 3.4 SST
time series (see supporting information), as shown in Figure 4 for observations (Figure 4a), CMIP5 historical
(Figure 4b), and RCP8.5 (Figure 4c). The global SST regression to the forced Niño3.4 index is clearly a global
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warming pattern in all three cases (Figures 4b, 4d, and 4f ), consistent with the S/N EOF pattern (see supporting
information). The corresponding rainfall regression pattern associated with the forced SST for the observation
(Figure 4a) displays a drying trend in the southwest and northeast and wetting over central India. The CMIP5
historical (Figure 4c) shares some similarity with the observed pattern in India, in sharp contrast to that in east
China, where the observed and modeled patterns are opposite to each other. Note that both the statistical
signiﬁcance in Figure 4a and the model agreement in Figure 4c are relatively low, indicating a high degree of
uncertainty for the forced response in the historical period. The RCP8.5 (Figure 4e) gives a clearly enhanced
rainfall trend across the Asian monsoon domain, with relatively high model agreement for most of Asia. The
wetting signal associated with SST warming in the RCP8.5 scenario has contributed to the weakening of the
negative Indian monsoon pattern in the 21st century (Figure 1e), given the fact that the natural component
associated with ENSO generally remains unchanged (Figure 3e). The enhanced monsoon rainfall associated
with forced SST is consistent with Li et al. [2015], who extracted the radiatively forced monsoon rainfall signal
directly using the S/N EOF analysis on rainfall rather than SST. Based on moisture budget analysis, Li et al.
[2015] further showed that this future wetting trend is dominated by the thermodynamic contribution to the
total mean moisture convergence. The 850 hPa winds regressions (arrows) show distinct diﬀerences for 20CR
(Figures 1a and 1b), CMIP5 historical (Figures 1c and 1d), and RCP8.5 (Figures 1e and 1f ) for both the monsoon
region and the Paciﬁc, which may have contributed to the discrepancies in the forced rainfall responses. These
circulation changes are consistent with Li et al. [2015], who attributed the diﬀerences to the relative roles of
aerosol and greenhouse gas (GHG) forcing during the historical period.

4. Summary
In this study, we have examined the ENSO-monsoon relationship for the 20th and 21st centuries using observations and CMIP5 model simulations. Running correlations between all-India rainfall and Niño 3.4 SST index
show prominent decadal variability of the ENSO-monsoon relationship in observations. It is likely that the
weakening in ENSO-monsoon relation in the recent decades is dominated by natural decadal variability rather
than the global warming trend. The modeled ENSO-monsoon temporal correlation shows large intermodel
spread, with the MMM signiﬁcantly weaker than that for the observation. Although CMIP5 models tend to simulate well the ENSO-monsoon spatial structure when using the MMM, there is large uncertainty in the strength
of the correlation within the model ensemble, ranging from slightly positive correlation in some models to
strongly negative in others. In the RCP8.5 case, CMIP5 MMM shows a slightly weaker correlation than that
in preindustrial and historical simulations, suggesting that the ENSO-monsoon relationship may change in
the future.
We have applied S/N maximizing EOF analysis onto JJA seasonal averaged global SST of the CMIP5 ensemble
to extract the externally forced signal and separated the anthropogenically forced component from the naturally varying component of ENSO variance. Results show that the natural component of the ENSO-monsoon
relationship in the observed, CMIP5 historical, and the RCP8.5 scenario simulations are very similar in their
spatial structure, indicating that the unforced ENSO-monsoon relationship is insensitive to the strength of the
radiative forcing. When the radiative forced component is included, on the other hand, the ENSO-monsoon
relationship in observations and CMIP5 historical simulations are relatively unchanged from the unforced
component, but the RCP8.5 simulations show a slightly weaker negative relationship. The results suggest that
natural variability is the dominant factor in determining the ENSO-monsoon relationship in observations and
CMIP5 historical simulations. However in the 21st century, the wetting signal associated with SST warming
may contribute to a weakening ENSO-monsoon relationship.
Our results have revealed that the negative ENSO-monsoon correlations are overall weak in CMIP5 MMM
compared to observations and the variability among the models is rather large. Furthermore, there are large
uncertainties in the forced rainfall response to SST warming during the historical period. It has been shown
that GCMs have some diﬃculties in simulating and predicting regional monsoon variability and change, with
aerosols being the major source of uncertainty [Turner and Annamalai, 2012; Li et al., 2015]. Although it is
noted that CMIP5 models are more skillful than CMIP3 models [Sperber et al., 2013], there are still signiﬁcant
intermodel spreads [Wang et al., 2014]. The ENSO-monsoon relationship could be a possible basis to evaluate
the models and separate models into diﬀerent categories for further mechanism-based studies. For example,
if a model has a weak or opposite sign (positive) relationship between ENSO and Asian monsoon compared
to observations, how would that diﬀerence aﬀect the forced monsoon response to SST change? How would
this type of models diﬀer in their anthropogenically forced responses compared to the models that have
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stronger (negative) ENSO-monsoon relationship? Further study will be conducted to study the mechanisms
contributing to the diﬀerences in the models, as well as their possible implications for future monsoon change.
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