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Abstract. There are a number of clear examples in the instru-the observed relationship between the two systems during
mental period where positive El Niflo—Southern Oscillation the instrumental period. However, in the multidecadal do-
(ENSO) events were coincident with a severely weakened Inmain (30-90 yr) the phasing between the systems is reversed
dian summer monsoon (ISM). ENSO'’s influence on ISM pre-such that periods of strong monsoons were, in general, coin-
cipitation has therefore remained the centerpiece of variougident with periods of enhanced ENSO variability. This result
predictive schemes of ISM rainfall for over a century. The is counterintuitive to the expectation that enhanced ENSO
teleconnection between ISM precipitation and ENSO has unvariance favors an asymmetric increase in the frequency of
dergone a protracted weakening since the late 1980s, sudel Nifio events and therefore a weakened monsoon system.
gesting the strength of ENSO’s influence on ISM precipita- The finding implies that the prominent multidecadal variabil-
tion may vary on multidecadal timescales. The recent weakity that characterizes the last 1000 yr of the ISM is not likely
ening has occurred despite the fact that the ENSO system hagtributable to multidecadal shifts in ENSO. If there is a con-
experienced variance levels during the latter part of the 20thinued trend towards enhanced ENSO variance in the coming
century that are as high as any period in the past millenniumdecades, the results presented here do not suggest this will
The recent change in the ENSO-ISM coupling has promptedorce a reduction in ISM precipitation.

questions as to whether this shift represents a natural mode of
climate variability or a fundamental change in ENSO and/or
ISM dynamics due to anthropogenic warming or aerosol im-
pacts on the ISM. Here we place the 20th century ENSO-1 Introduction

ISM relationship in a millennial context by assessing the

phase relationship between the two systems across the timdn improved understanding of the dynamical relationship
spectrum using a a series of high-resolution reconstruction§etween the El Nifio—Southern Oscillation (ENSO) and the
of ENSO and the ISM from tree rings, speleothems and/ndian summer monsoon (ISM) has value in constraining fu-
corals. The results from all the proxies suggest that in thelure projections of the monsoon system. The ENSO-related
high-frequency domain (5—-15yr), warm (cool) sea surfacelndo-Pacific tropical sea surface temperature (SST) anoma-
temperatures in the eastern tropical Pacific lead to a weakles have been considered as the dominant externally driven

ened (strengthened) monsoon. This finding is consistent witforcing of monsoon variability\Webster et a).1998 Kumar
et al, 2009. The dynamical linkage between these two
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systems principally results from the SST-induced east—wesis a problem ideally suited for general circulation models
shifts in the Walker circulation and its interaction with the (GCMs) (e.g., Jourdain et aJ.2013 where the response of
regional monsoon Hadley circulatiobVgbster et a).1998 the systems to various forcing mechanisms could be tested.
Krishnamurthy and Goswan00Q Ashok et al, 2004). For However, systematic errors in simulating the mean state and
example, El Nifio’s impact on ISM rainfall is particularly variability of both ENSO and the ISM systems have ham-
strong when the locus of deep atmospheric convection shiftpered the ability to utilize this toolAnnamalai et al.2007,
to the central Pacific (central El Nifio) and the strongest de-Collins et al, 2010. Therefore, neither empirical observa-
scending lobe of the Walker cell is focused over the easterriions, because of their brevity, nor model simulations are
equatorial Indian Ocearr@sullo and Webste2002 Kumar  adequate in assessing the long-term nature of the influence
etal, 1999 Kumar et al, 2006 — driving an anomalous mon- that ENSO has on the ISM. As a consequence, there are
soon Hadley circulation whose descending limb suppressesignificant limits on the predictability of the monsoon sys-
the convection-driven monsoon rainfall over the Indian sub-tem across timescales. For example, if the recent increase
continent. The extreme manifestation of this coupling is ex-in ENSO variance represents long-term trends towards a
emplified (albeit, sporadically) by the co-occurrence of largemore active ENSO system, it would be important to predict
El Nifio events and devastating droughts in the Indian subwhether this would in turn lead to a shift in the mean state
continent such as during 1876-1878, 1918-1919, and 1982ef the monsoon. Proxy reconstructions of ENSO and ISM
1983 Kumar et al, 2009. can therefore provide constraints on the nature of this cou-
In observational data, the strength of the ENSO-ISM re-pling, particularly in the low-frequency domain under vary-
lationship (characterized by linear correlations between anyng climate boundary conditions. Here we utilize a number
of the broad indices of ISM rainfall and SST anomalies in of high-resolution, well-dated reconstructions of the two sys-
the tropical Pacific, respectively) has varied on inter-decadatems from tree rings, speleothems and corals to test whether
to multidecadal timescales exhibiting high (low) inverse cor- multi-decadal shifts in ENSO variance have a consistent in-
relations at times when the ENSO variance shows highfluence on the ISM system.
(low) amplitude modulationTorrence and Webstel999
Krishnamurthy and Goswan2000. This has led to the sug-
gestion that ENSO influences ISM rainfall through the same2 Methods
physical mechanism on both interannual and interdecadal
timescales and that the waxing and waning of the coupling i2.1 Monsoon reconstructions
related to frequency/amplitude modulation of ENSO events
and changes in the tropical Pacific mean staterénce and A number of previous studies (e.dBerkelhammer et al.
Webster 1999. In addition, decadal shifts in the North Pa- 201Q Sinha et al.2007, 2011 have demonstrated that ISM
cific SSTs (i.e., the Pacific Decadal Oscillation) also pro- variability can be robustly reconstructed on a variety of
duce an influence on the strength of ENSO teleconnectionsimescales using the oxygen isotopic variabilis/80) of
(Gershunov and Barnett998. The recent breakdown in the speleothems from central India. Here, we utilize a continu-
relationship between the two systems (elumar et al, ous 1400-year-long ISM reconstruction derived from a pair
1999 has, however, occurred in the context of increasedof overlapping speleothems from two sites: Dandak and Jhu-
ENSO variance since the 1980s, with the late 20th centurymar caves, located at19° N; 82° E in the southern region
ENSO variability reaching a level as high as any other periodof the core monsoon zone (CMZ) defined a48-27 N
during the last millenniuml( et al., 2011 Cobb et al. 2003 and 69-88E (Fig. 1). Details on the sampling methodolo-
2013. A range of hypotheses have been offered to explaingies and age models of these two records are described in
the recent breakdown: global warmingumar et al, 1999, previous studiesBerkelhammer et 31.201Q Sinha et al.
a southeastward shift of the subsiding limb of the Walker cell2011), and for the purpose of this study we have taken the
(Collins et al, 2010, changes in the ENSO spatial character- two published record\CDC), linearly interpolated them to
istics (Kumar et al, 2006, and the co-occurrence of ENSO an annual timescale and averaged the two (over the period of
and Indian Ocean Dipole (I0OD) eventaghok et al, 2004 overlap) to produce a composité?O record. We deem this
Ummenhofer et al2011). In contrast, it has been argued that compositing valid as thé80 profiles from Jhumar (2007—
the relationship has largely remained intact and any fluctua1075 AD) and Dandak (1562—625 AD) are well correlated
tions in its strength are merely a sampling artifact such thatver the period of overlapr(= 0.62, n = 353; 95 % [0.43;
low-frequency changes in the correlation statistics betweer®.74]), suggesting the independent age models are robust and
ENSO and the ISM time series occur much in the mannetthe isotopic variability is not a function of the local cave en-
expected from purely stochastic processgsréhunov etal.  vironment (Fig. 1).

2001 . There is a significant (inverse) correlation between the
Understanding the nature of the ENSO—-ISM relationshipspeleothems80 and CMZ JJAS precipitation (defined as
and specifically constraining the dynamics that have generthe average of instrumental JJAS precipitation from 18 to

ated the recent change in the coupling between the systen&7° N and 69 to 88E) time series during the instrumental
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Fig. 1. (a) Correlation map between JJAS precipitation and regional precipitation across India. The result indicates the significance of this
site as a broad indicator of CMZ monsoon precipitat{).The 20th century section of the speleoth&lr?O and JJAS rainfall. The observed
precipitation amounts were treated with a 3yr smooth to mimic mixing of waters in the {@rShe completss180 time series from the

JHU-1 (black) and Dandak (blue) records. Details of these records can be fo8mthinet al(2011) andBerkelhammer et a{2010.

period (1903-2006 ADp =70, r = —0.46 with 95% CI  the modeled area-weighted precipitation amount over the
[—0.59; -0.32]) (Fig. 1). Significance and confidence inter- CMZ (Fig. 2). Similar correlation coefficients are also found
vals for the correlation estimates were obtained using blockor other broad ISM rainfall indices in the isotope simula-
bootstrap resamplindMudelsege2010, which takes into ac- tions such as the homogeneous monsoon zone and the In-
count deviations from normal distributional shape and tem-dian monsoon index (IMI)Wang and Faji1999 Wang et al,
poral autocorrelation. Further validation of the skill of this 2009, indicating the isotopic ratio in the precipitation at this
proxy comes from the observation that the record captures aite is a broad indicator of monsoon strength and not sensitive
number of known historical droughts such as those duringto domain boundaries or the choice of monsoon index.
1876-1878, 1861-1863, and 1790-1796 Afnpa et al. The sensitivity of the isotopes in the precipitation, and
2007 and captures the series of protracted regional mon-consequently the speleothem proxy, to the overall strength
soon “megadroughts” in the late 14th century observed inof the Indian monsoon system arises because of its location
tree ring records from SE Asid(ickley et al, 201Q Sinha  at the near distal end of the landward portion of the low-level
etal, 2007). jet that is the primary conduit for moisture transport from
The robustness of the speleothems in capturing monsoothe Arabian Sea onto the Indian subcontinent (Fig. 2). As
variability arises from the presence of a strong “amount ef-a consequence, the isotopic ratio in the vapor and the pre-
fect” (Dansgaard1964 over south Asia, which has been cipitation at this site aggregate all upstream processes (e.g.,
documented in both modeling and observational studiegainout) that have influenced the Arabian Sea branch of the
(Dayem et al.201Q Vuille et al., 2005 Pausata et gl2011). monsoon system as it crosses the continent (Fig. 2). For ex-
In order to test the regional manifestation of the “amount ef-ample, mean westerly flow is weaker with a large reduction
fect”, we utilize simulations with a hudged isotope-enabledin moisture flux during anomalous monsoon seasons asso-
GCM, IsoGSM {oshimura et al.2008, which has been val- ciated with El Nifio eventsHasullo and Webste2002. The
idated for parts of India in a previous studgegrkelhnammer  low-level jet generates strong cyclonic vorticity in the bound-
et al, 2012. The model shows that the region from where ary layer that aids in the initiation of convection over the
this proxy was generated experiences a strong inverse relantire CMZ region. The convective-related monsoon rainfall
tionship between th&'80 in the precipitation§:80,) and  variability in the CMZ is significantly correlated- & 0.75,
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b 2.1.1 ENSO reconstructions

A number of attempts have been made to reconstruct con-
tinuous centennial to millennial length time series of ENSO
variability by extracting inter-annually resolved climate sig-
nals from tree rings and coralErhile-Geay et a).2013 Li

et al, 2011 Cobb et al. 2013 Mann et al, 2009. These
reconstructions are generally well-calibrated and verified;
though as a consequence of differences in the targeted in-
08 06 04 02 00 02 04 06 08 dex of ENSO to reconstruct, some significant differences

Fig. 2. (a) Correlation between JJAS80,, from nearest grid cell €& be found between the proxy recoréisnfle-Geay et a).
to the proxy and the precipitation rates in the surrounding grid cells2013 Li et al,, 2011). While the most accurate reconstruc-
using the 1IsoGSM model ofoshimura et al(2008. The analysis  tions of ENSO variability are presumably from proxies that
shows how upstream precipitation across India become aggregategre located within ENSQO'’s center of action (i.e., the cen-
in §*80,, at the proxy site. The vectors indicate the average surfacetral tropical Pacific), such reconstructions are generally short
wind fields during JJAS(b) A composite of 2400 trajectories from  and discontinuous. Proxy reconstructions from ENSO’s tele-
2002 to0 2011 using the HYSPLIT mod@1axler and Rolpi2003.  connected regions (such as the western USA) tend to be
chh trajectory was run for 90 h from the proxy site and initialized longer and continuous (e.gStahle et al. 1998 D’Arrigo
twice per day at 06:00 and 12:00 UTC at 1500.gla et al, 2005 but rely on an assumption that the sign and
strength of the teleconnection with ENSO has remained con-
stant over time. Various ensembles of both direct and dis-
tal proxy reconstructions of ENSO show similar behavior at
1901-2010 AD) to variations in the IMI regiokMang etal.  decadal scales, but the amplitude of multidecadal to centen-
2009 Goswamj 1998 — broadly reflecting the large-scale njal variability diverges between reconstructions as a result
rainfall variability in the region west of-80° E on intrasea-  of inherent aspects of the proxy such as hysteresis effects,
sonal (e.g., active and break periods) to inter-annual (e.9.common in speleothems due to mixing in the karst, that favor
ENSO) timescales. While the upstream processes that influtow-frequency power or the “segment length curse” in tree
ence the isotopic ratio in the moisture are myriad, and therering proxies Cook et al, 1995 that favors high-frequency
fore a direct transfer between rainfall amount aﬁ&)p is power.
not likely stationary or linear, these collective monsoonal e utilize a remote ENSO-teleconnection-based tree ring
processes are the dominant control on the annually averagggtoxy (Li et al., 2011), two continuous sections~L350—
31805 variability, explaining~25-30 % of the total variance 1450 and~1630-1700) of a coral-based ENSO reconstruc-
of §1%0 in the speleothems. tion (Cobb et al. 2003 and a composite multi-proxy ENSO
An additional monsoon reconstruction is utilized by ex- reconstruction that utilizes tree rings, corals, sediments and
tracting all central Indian grid points from the Monsoon tropical ice coresEmile-Geay et a).2013. The former is
Asia Drought Atlas (MADA) Cook et al, 2010. Thisis a  a millennial-length, continuous reconstruction of the canon-
gridded network of annually resolved JJA Palmer Droughtical (eastern Pacific) ENSO amplitude derived from the first
Severity Index (PDSI) derived from over 300 tree ring principal component of the gridded North American Drought
width chronologies across Asia. The record extends from theatlas (NADA) — a large data set of tree-ring-based drought
present to 1300 AD, and while the network contains only areconstructionsGook et al, 2004 (Fig. 3).Li et al. (2011
single chronology from central India, the grid points from derive ENSO variance by applying a bi-weight 21 yr run-
India have strong verification statistics against instrumentahing variance to the first principal component (PC-1) of
PDSI, suggesting there is sufficient information in the net-NADA. The ENSO variance generated from the tree ring
work of the larger Asian monsoon system to capture varia-network is significantly correlated to various modern in-
tions in the ISM. For this study, an unweighted areal averageiices of ENSO and arises because of the dominant influence
JJA PDSI between 78-88V and 14-21Nis taken to repre-  ENSO has on moisture availability (and consequently tree
sent a broad indicator of monsoon strength (Fig. 3). The adgrowth) in water-limited regions in western North America.
vantage of this proxy over the speleothem record describegyhile there is an important distinction between ENSO vari-
above is that it has an absolute annually averaged timescalegnce (the spread of the amplitude over a time window) and
and therefore no consideration of age model uncertainty i£NSO amplitude, variance tends to be a good proxy for El
needed. However, unlike the speleothem record, we presumRifio strength because there is an asymmetrical quality to
some low-frequency variability of the monsoon system re-the ENSO system such that changes in variance tend to be
constructed from MADA is lost during the treatment of the driven by increases in the frequency of El Nifio evers-(
tree ring dataQook et al, 1995. derson et a).2013 Larkin and Harrison2002. The NADA
ENSO record has excellent skill during the calibration period

40 60 80 100 120 40 60 80 100 120
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Fig. 3. (a) Annually interpolated speleothem monsoon reconstruction from Fig. 1 shown as iséfSi@) anomalies relative to the mean

of the time seriesY axis is reversed so that dry periods point dogn).The central Indian monsoon reconstruction based on the average of
all grid points in central India from the MADA databagedok et al, 2010. A Lanczos filter is applied to the data to accentuate variability
in the 5-15 yr window(c) Nifio3.4 SST anomalies from the multi-proxy composité&afile-Geay et al(2013. The reconstruction uses the
ERSSTv3 instrumental data to train the proxi{@3.The first principal component of the NADA network framet al. (2011), which largely
reflects SSTs in the eastern tropical Pacific. A similar band-pass filter is applied to the dath)ageiThe bi-weight variance of the PC-1

of the NADA ENSO reconstructiori{ et al., 2011). (f) Two long continuous sections of the Palmyra céf0 time series fronCobb et al.
(2003. As in (a), they axs is reversed so that warm SSTs are up.

and agrees with shorter-term proxy reconstructions of ENS.1.2 Model results

including those derived from discontinuous coral sequences

from the tropical Pacific. This record is currently the longest While the paper is intended to to deal primarily with proxy
interannual ENSO reconstruction spanning the last millen-results, analysis of the ENSO-ISM coupling is also explored
nium. We utilize both the PC-1 (interannual ENSO ampli- in two 1000yr control simulations using the Goddard In-
tude) and the derived ENSO variance in estimations of thestitute for Space Studies (GISS) and Max Planck Institute
relationship between ENSO and the ISM. (MPI1) models from the CMIP5 databaskaglor et al, 2012).

We also utilize two multi-decadal coralt8o sequences These two simulations have notably different skill in their
from Palmyra Atoll in the central tropical Pacific to validate ability to capture ENSO variability with the former (GISS)
our findings using an alternative to the remote reconstructioaving a notably weaker representation (&gang and Jin
(Fig. 3). Because of the brevity of the coral records, these2012. However, testing the coupling of ENSO and the ISM
data are not used to investigate |Ow-frequency aspects dﬁ distinct from assessing the representation of ENSO or ISM
the ENSO-ISM coupling but rather to provide an additional independently. For example, a weak representation of ENSO
independent and Pacific-based proxy. Lastly, the composité" @ given GCM may not imply the model does not cap-
Nifio3.4 reconstruction oEmile-Geay et al(2013 is used  ture the teleconnection that couples ENSO and the ISM. The
as an additional validation of the results. This reconstructionanalyses presented are not intended to be exhaustive but pro-
composites multiple high-resolution tropical proxies to tar- vVide some insight into a methodology to study the nature of
get variability in Nifio3.4 SSTs. As discussedimile-Geay  the coupling between ENSO and the ISM in state-of-the-art
et al.(2013, the choice of instrumental SST data set to train general circulation models. For both control simulations, the
the proxy influences the reconstructed centennial-scale varilSM is defined as the sum of precipitation amount from June
ability, but the reconstruction is not sensitive to this choiceto September between 7888 and 14-21N, and ENSO
at interannual to multidecadal timescales. Hereafter, we dis{Nif103.4) is defined as the annually averaged SSTs-iof0
cuss the ENSO reconstruction using ERSSTv3 for validationfo —120° W and —5 to 5° N. No additional processing was
though the results discussed do not vary markedly betweeapplied to the data extracted from the model simulations.
data sets.
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2.1.3 Phase estimation phase analysis presented here is intended, in part, to assess
the role ENSO may play in pacing the dominant multidecadall
In order to assess the ENSO-ISM teleconnection, we deterpower of the ISM.
mined the coherence and phase angle between the two sys- To evaluate whether the differences in the phase angle be-
tems using combinations of the proxies listed above (e.g.tween ENSO and the ISM in the low-frequency (30—90 yr)
coral ENSO vs. speleothem ISM, tree ring ENSO vs. treeand high-frequency (5-15yr) bands are significant against
ring ISM, speleothem ISM vs. composite ENSO). The ad-the age model uncertainties, we performed a numerical sim-
vantage of a spectral approach, as opposed to correlationlation where the timescales of two sinusoidal signals (fre-
analysis, is it allows for a delineation of the relationship be- quencies f1 and 2 with predefined phase differencekgf
tween these systems at different timescales. This is criticalvere perturbed with a Gaussian random number genera-
because by combining proxies, each favoring different partdor. We then estimated the phase difference for the jittered
of the spectrum (tree rings and corals favoring the high fre-series,dpni_sim, Using a periodogram. The standard devia-
quency and speleothems favoring the low frequency), a simtion of dpn;_simfor the low-frequency bound f1=1/(30-90 yr)
ple correlation between the time series yields ambiguous reand the high-frequency bound f2 = 1/(5-15 yr) was calculated
sults regarding the nature of the ENSO-ISM teleconnectionfrom 10 000 simulations.
The approach utilized here follows that describedTay- The results are presented as phase wheels (Figs. 4 and 6)
rence and Webstgi1999 to characterize the ENSO-ISM where the direction of the arrow relative t6 (ue right) rep-
coupling but extends the analysis into lower frequency as+esents the phase angle between the time series. The length
pects of the relationship using the longer time series affordeaf the arrows indicates the strength of the coherence, and
from the proxy records. The phase angle between the overenly arrows where the phase angle is significant at the 90 %
lapping periods of the aforementioned ENSO and ISM re-confidence interval is shown. The phase wheels can be inter-
constructions is done using cross-spectral analysis with th@reted as follows: a large number of arrows clustering near
multi-taper coherence methoGliave et al.1987. The ap-  an angle suggests a strong likelihood that the two time se-
proach is based closely on the cross-spectral analysis techiies exhibit coherence at that spectral window. If only a few
nique described byHuybers(2004 where coherence is as- arrows are present near an angle, there is statistically signifi-
sessed at progressive windows spanning the time spectruncant coherence in this band, but we have less confidence that
and the phase angle is calculated by finding the lag that maxithere is a persistent phase relationship in that window. All
mizes the correlation between the time series in each spectrarrows that are green capture the phase angle for all bands
window. For tree ring and coral proxies, the uncertainty inin the high-frequency window (5-15yr), whereas all arrows
the phase angle is calculated using a Monte Carlo approacthat are purple show the phase angle for each band in the
where the phasing of iterations of time series with similar low-frequency window (30-90 yr). Finally, before any phase
spectral properties provides confidence bounds. These timanalysis was conducted, the speleothem and coral proxies
series are assumed to have no age uncertainty. Uncertainty imere inverted such that positive values capture strong ISM
the phase angle between the speleothem time series furtheeriods and warm ENSO conditions, respectively. As such,
considers the influence that age model uncertainty has in théhe “expected” relationship between ENSO and ISM time se-
phase angle estimation. ries is 180 (i.e., strong ENSO events being concurrent with
We focus the discussion hereafter on two windows of thediminished ISM precipitation).
time spectrum: &igh-frequencyand that includes all power
in the 5-15 yr window and w-frequencypand encompass-
ing power in the 30-90 yr window. The high-frequency band
is intended to shed light on the long-term stability of the 3 Results
known dynamical connection between the ISM and ENSO
during the instrumental perioKgmar et al, 1999. The  The cross-spectra and phase coherence between the
high-frequency band should assess variations at the interspeleothem ISM reconstruction and NADA PC-1 amplitude
annual timescale; however, as a consequence of multi-yeaime series suggest that, in the high-frequency domain (5—
mixing times for water in the karst, the speleothem monsoonl5yr), periods of positive ENSO amplitude were associ-
proxy likely integrates variability across3—-8 yr. Therefore, ated with reduced ISM rainfall (Fig. 4a). A qualitatively
we deem the 5-15yr band as the highest frequency windovsimilar result emerges when the cross-spectra between the
in which confidence in the proxy can be asserted. The low-speleothem ISM and ENSO composite (EG) are calculated
frequency window was chosen as a response to earlier worlFig. 4b). However, there were notably fewer spectral bands
based on one of the speleothems in the composite, whiclwhere the coherence was significant using this ENSO re-
showed the presence of strong multidecadal power of theonstruction. A similar phase relationship{80°) emerges
ISM (Berkelhammer et 312010. The source of this mul- when the cross-spectra between the speleothem ISM and
tidecadal variability remains unknown as its period is too coral ENSO reconstruction fro@obb et al (2003 are cal-
long to be studied using instrumental observations alone. Theulated (Fig. 4c). The consistency between proxies indicates
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Fig. 4. Results from cross-spectral analysis between all proxy time series shown in Fig. 3. Arrows to the right indicate time series that are in
phase with one another, while arrows to the left indicate time series that are anti-phased. Only arrows are shown when coherence between th
time series is significant at the 90 % confidence interval. The length of the arrow indicates the strength of the coherence, and the concentric
circles indicate increasing (labeled) levels of coherence. The shaded wedges indicate estimates of uncertainty, which accounts both for age
model uncertainties and those that arise from noise in the time series. All green arrows and wedges are for phasing in the high-frequency
(5-15yr) window, and purple arrows and wedges are for phasing in the low-frequency (30-90 yr) windows. Lastly, the speleothem and coral
time series were inverted such that for all analysis arrows to the left (right) indicate strong (weak) monsoon associated with weak ENSO.
(a) Speleothem ISM%inha et al.2011) against tree ring ENSQ.{ et al., 2011), (b) speleothem ISMSinha et al.2011) against composite

ENSO Emile-Geay et a) 2013, (c) speleothem ISMSJinha et al.2011) against coral ENSQZobb et al.2003, (d) speleothem ISMSinha

et al, 2017 against MADA ISM Cook et al, 2010, (e) MADA ISM (Cook et al, 2010 against tree ring ENSQ_{ et al., 2011), and(f)

MADA ISM (Cook et al, 2010 against coral ENSOGobb et al.2003.

that the phase angles are relatively insensitive to the choicéFig. 4a). We estimate uncertainty in the calculated phase an-
of ENSO proxy, though the degree of significance does varygle could theoretically be as much as°5&hile the phase

We find no statistically significant phase relationship be-angle difference we calculate is between 90 and 18@ow-
tween ENSO amplitude from NADA and the speleothem ing this result is not an artifact of age model uncertainty.
ISM reconstruction in the low-frequency (30—90yr) domain. As an additional test of the ENSO-ISM coupling, we
However, if the cross-spectral analysis is done using ENSCalso consider the phase relationship between ENSO recon-
variance fromLi et al. (2011), a coherent near-in-phase structions and the MADA-derived monsoon time series. In
(~180) relationship emerges (Fig. 4a). This result showsFig. 4d, the cross-spectra between the two monsoon time se-
that multidecadal periods of enhanced ENSO variance wereies (speleothem and tree ring) are shown. The result shows
associated with generally stronger monsoons. The strengtthe two proxies are nearly in phase with one another. While
of the coherence appears to be particularly strong betweethe phasing is not exactly’Qas expected if the two proxies
900 and 1500 AD though continues, albeit intermittently, af- are responding to the same forcing, they generally are in
ter the 15th century (not shown). For example, some of thephase within 1-3yr (i.e.< 90° of 5-15yr). There is no
wettest intervals of the ISM occur after the 17th century co-statistically significant coherence between the two time se-
inciding with a multi-centennial period of the highest ENSO ries in the low-frequency domain, which is apparent in that
variance in the NADA PC-1 reconstruction. Results from thethe MADA time series misses a number of the significant
10000-iteration Monte Carlo simulation illustrate that even sustained monsoon droughts observable in the speleothem
with conservative estimates of age model uncertainty, the difrecord Ginha et al. 2011). The MADA time series shows
ference in the phase angle between ENSO and the ISM timan anti-phased relationship with the NADA ENSO ampli-
series in the high- and low-frequency windows is significanttude, further confirming the robustness of the finding that
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Fig. 5. Time series of the monsoda, b) and Nifio3.4(c, d) from the GISSa, c)and MPI(b, d) models. The ISM precipitation is the sum

of JJAS precipitation over India, and the ENSO time series is the annually averaged SSTs over the Nifio 3.4 region. These 1000 yr monthly
resolved data were taken from the CMIP5 datab@aglér et al, 2012. No additional processing such as normalization was applied to the

data.

positive ENSO amplitude is associated with a weakened ISV (a) GISS past1000 (Nino 3.4-Monsoon) (b) MP1 past1000 (Nino 3.4-Monsoor)
(Fig. 4e). There is some indication of a°9phase angle in o ”

the low-frequency window, but the coherence is of low sig- o o
nificance. Finally, we test the coherence between ENSO an = N

the ISM using the coral ENSO and MADA ISM proxies
(Fig. 4f). The results here provide further evidence of co-
herent coupling between ENSO and the ISM in the high
frequency.

To test the ENSO-ISM coupling in the model simula-

0° 180"

————— 90% Cl for coherence
——3-15 year window 270° 270°

the model-derived ENSO and ISM time series (Fig. 5). The—sesearinion

cross-spectr{?ll analy§|S using results from the .G.ISS mOdeII—‘ig. 6. Phase relationships between ENSO and the ISM for the two
shows that, in the high-frequency domain, positive (nega-

) ) modeled time series in Fig. 5. Phase wheels can be interpreted iden-
tive) ENSO amplitude leads to a weakened (strengthenedﬂmuy to those shown in Fig. 4.

ISM with a very high degree of confidence (Fig. 6a). In the

low-frequency domain, we also find some indication of a re-

versal of this phasing, similar to what was observed with theAn important question that we can now assess with the proxy
proxies (Fig. 4a). However, we acknowledge that the stadata is whether the persistent high-frequency ENSO—ISM
tistical significance of the phasing in the low frequency is coupling can explain the presence of strong multidecadal
weak (judging by the small number of arrows). The MPI power in the ISM. Our a priori expectation was that be-
model shows the same relationship as the GISS simulation igause enhanced ENSO variance is driven by more frequent El
the high-frequency domain (inverse relationship) (Fig. 6b).Nifio events, multidecadal periods of increased (decreased)
However, contrary to GISS, the MPI simulation suggests aENSO variance would drive sustained periods of weakened
similar phase relationship between ENSO and the ISM in(strengthened) ISM rainfall. Therefore, changes in the fre-
both the high- and low-frequency domains. quency of large or persistent El Nifio events would produce
low-frequency variability in ISM rainfall. The results pre-
sented in Fig. 4a imply, counterintuitive to our expectation,
that a more active ENSO state occurs simultaneously with

An important finding that emerges from this study is that an increase in ISM_rainfaII. V\(hile we acknowledge the chal_-
across a number of proxies, there is a persistent high1enges and uncertainty in deriving low-frequency ENSO vari-

frequency coupling between the 1ISM and ENSO. The dy_ance from NADA, a few pointed examples of periods of
namics of this coupling (weak monsoon during positive enhanced ENSO variance associated with a weakened ISM

ENSO events) has been discussed extensively with res;pef:)trovide confidence in this finding. For example, the major
to instrumental data (e.gkumar et al, 200§. The proxy ISM droughts of the late 14th century occur in the context of

data show there has been a consistent influence of ENSO Oﬁdu%ed ENSO vari?ﬂ?cgbbaseldzindependently on the coral-
the ISM over the last millennium. The nature of this coupling ased ENSO proxy dobb et al(2003.
is also captured in the two model simulations analyzed here.

4 Discussion
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A number of mechamsm; could expla|.n the fact that peri-  oasf Distributution of ENSO PC-1
ods of enhanced ENSO variance occur simultaneously with a Al data
strengthened ISM. One possible explanation is that changes ~ ®*[ — Pperiods of highest variance
in ENSO variance are being driven by an increase in La Nifia 035}
events. This is somewhat contradictory to the assumed driver
of changes in ENSO variancAriderson et a).2013, but if
this were the case, periods of high variance would be associ- 3 0.25
ated with more La Nifia events and consequently a stronger & 02
ISM. However, an analysis of the reconstructed ENSO dis-
tribution during periods of high variance does not indicate 015
an asymmetry that favors La Nifia (Fig. 7). An alternative o1l
explanation is that, in the low-frequency domain, the two
systems are phase-locked through a common forcing mech- %9
anism, which leads to both an increase (decrease) in ENSO 0 ; ; ; ; ; ;
variance and a strengthened (weakened) ISM.

One mechanism to explain the presence of shared mul-
tidecadal power between these systems is through perioditig. 7. Distribution of the annual PC-1 scores frdmet al. (201])
variability in the North Atlantic SSTs. It is well-documented Using all data (blue shading) and during windows of increased vari-
that North Atlantic SSTs are characterized by power with 50-21¢€ € 1.5, Fig. 3d). The distribution is wider during periods of
90yr periodicity Enfield et al, 2003 and have an impact on increased variance but does not have a tail favoring La Nifia.
both ENSO variance and ISM rainfathoswami et al(2006
show that much of the multidecadal power of ISM rainfall
during the instrumental period can be linked to shifts in North ~ An additional candidate to explain the low-frequency cou-
Atlantic SSTs. The authors argue that warming in the Northpling of ISM and ENSO is through decadal variability in
Atlantic influences tropospheric temperatures over EurasidNorth Pacific, often characterized by the Pacific Decadal Os-
and consequently the meridional temperature gradient ovecillation (PDO) SST patternMantua and Hare2002). The
India. This change in the temperature gradient, in turn, lead$DO has a warm and cold phase with a teleconnection pat-
to an increase in ISM rainfall. A similar finding has been tern in the Northern Hemisphere that is similar to corre-
shown on millennial timescales where warmer conditions insponding warm and cold phases of ENS&e(shunov and
the North Atlantic are associated with a stronger monsoorBarnett 1998. The PDO has a known influence on the ISM,
(Gupta et al.2003. A number of studies have also looked such that the warm phase of the PDO is associated with a
at the impact that changes in the North Atlantic SST fieldsweakened ISM, as a consequence of a similar dynamical
have on ENSO variancdimmermann et al(2005 show  mechanism associated with a weakened ISM during warm
that cooling of the North Atlantic leads to a deepening of ENSO eventsKrishnan and Sug2003. The PDO can mit-
the tropical Pacific thermocline, which stabilizes the ENSOigate or exacerbate the strength of ENSO teleconnections
system (i.e., reduces variance). While their analysis focuseduch that warm (cold) ENSO events coincident with warm
on millennial-scale events, the oceanic teleconnection mech{cold) phases of the PDO have enhanced teleconnection pat-
anism they describe also operates in model simulations orerns, whereas warm (cold) ENSO events during cold (warm)
multidecadal timescales. Therefore, positive (negative) SST®DO periods have a diminished influence on the Northern
in the North Atlantic would lead to both an increase (de- Hemisphere ENSO teleconnectio®efshunov and Barnett
crease) in ISM rainfall and ENSO variance. However, it must1999. Therefore, if there were anti-phased behavior between
also be noted that the link between ENSO variance and Nortthe PDO and ENSO, it could result in a strengthened ISM co-
Atlantic SSTs proposed blimmermann et al2005 is con-  incident with positive ENSO events.
trary to the findings ofDong et al.(2006, who describe Lastly, a number of recent studies such as thafiefney
the presence of an atmospheric bridge where cooling in thet al. (2013 argue for a dominant role of dynamics internal
North Atlantic reduces easterly flow in the tropical Pacific to the Indian Ocean (I0) in producing multidecadal hydrocli-

nsity

PC-1 Value

leading to a shallower thermocline aedhancedENSO vari-  mate variability across the 10 basin. 10 dynamics are a crit-
ance. The difference between the findings of these studieial source of variance in the monsookshok et al, 2004
is likely embedded in the fact that the former (i.&im- and likely an important determinant of low-frequency mon-

mermann et al.2005 focused on an oceanic teleconnection soon behavior§inha et al.2011). If the multidecadal power

while the latter (i.e.Dong et al, 2006 focused on an atmo- in the ISM is paced by internal dynamics in the 1O, the posi-
spheric bridge. Because we are interested here primarily itive phasing between ENSO and the ISM in the proxy records
the low-frequency nature of the ENSO-ISM coupling, it is potentially implies the presence of a relationship between |10
appropriate to consider the oceanic mechanism as it wouldlynamics and the ENSO system. For example, if basin-wide
have a characteristic tendency for lower frequency power. shifts in the 1O are influencing shifts in ENSO variance, than
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the results here suggest that the 10’s direct influence on th&€NSO variance continues, the results presented here do not
monsoon is stronger than from the teleconnections that insuggest this will lead to a weakened monsoon. In fact, if the
fluence the ISM through ENSO. Additional analyses utiliz- coupling between the systems during the proxy era remained
ing long high-resolution proxy reconstructions of 10 SSTs stable, the opposite trend (an increase in ISM rainfall) would
(and east—-west IO SST gradients) as well as modeling sibe more likely. An assessment of model-simulated ENSO
mulations would be needed to constrain whether |10, Northand ISM rainfall under different radiative forcing scenarios
Pacific, North Atlantic or additional dynamical mechanisms would be needed to lend confidence to this assertion, and a
are driving the coupling between ENSO variance and ISMmethodology to isolate model simulations that correctly cap-
rainfall in the low-frequency domain. ture the coupling between the systems is presented here.
One possible trajectory towards resolving the mechanism

that drives the coupling would be through isolating model
simulations that reproduce the observed phase difference bexcknowledgementsive gratefully acknowledge the National
tween ENSO-ISM coupling in the high- and low-frequency Science Foundation grant to A. Sinha (ATM: 0823554) and
domains. There is some indication in Fig. 6 that realistic Chinese National Science Foundation #41230524 and NBRP
phasing between the systems emerges in the GISS modef2013CB955902 support to H. Cheng for funding a portion of this
This is a curious result because this model has a less realigesearch.
tic representation of the ENSO system than the MPI model
(Zhang and Jin2012). While a larger ensemble of models is Edited by: S. Bronnimann
certainly needed, the first-pass analysis presented here sug-
gests modeledouplingbetween the ISM and ENSO may be
distinct from the robust representation of the two systems in-References
dependently in the models.
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