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Abstract

Using nine model simulations from the PMIP3, we study simulated mean Indian summer (June—September) climate and its
variability during the Last Millennium (LM; CE0850-1849) with emphasis on the Medieval Warm Period (MWP; CE1000-
1199) and Little Ice Age (LIA; CE1550-1749), after validation of the simulated ‘current day (CE1850-2005) climate and
trends. We find that the simulated above (below) mean-LM summer temperatures during the MWP (LIA) are associated
with relatively higher (lower) moisture, and relatively higher (lower) number of concurrent El Nifios (La Nifias). Impor-
tantly, the models simulate higher (lower) Indian summer monsoon rainfall (ISMR) during the MWP (LIA) compared to the
LM-mean, notwithstanding a strong simulated negative correlation between NINO3.4 index and the area-averaged ISMR.
Interestingly, the percentage of the simulated strong El Nifios (La Nifias) associated with negative (positive) ISMR anoma-
lies is higher (lower) in the LIA (MWP). This nonlinearity is explained by the simulated background climate changes, as
follows. Distribution of simulated anomalous 850 hPa boreal summer velocity potential during MWP in models indicates,
relative to the mean LM conditions, a zone of anomalous convergence in the central tropical Pacific flanked by two zones of
divergence, i.e. a westward shift in the Walker circulation. The anomalous divergence centre in the west during the MWP
also extends into the equatorial eastern Indian Ocean, triggering in an anomalous convergence zone over India and relatively
higher moisture transport therein and therefore excess rainfall during the MWP as compared to the LM-mean, and hence an
apparent weakening in the El Nifio impact.

1 Introduction

Instrumental records of climate seldom date back prior to
the 1850s. Therefore, analysis of proxy climate data, aided
by climate modelling, has been the principal means to eval-
uate past climate variability. Past climate records exhibit
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significant variability on millennial to interannual timescales
(Stocket et al. 2013, henceforth referred to as TS-IPCC13).
Interestingly, reports based on a large number of publica-
tions point out to significant centennial climate variations
during the last two millennia (PAGES 2 k Consortium, 2013;
TS-IPCC13). Paleo-data based studies identify two signifi-
cant periods in the last millennium (LM), i.e. Common Era
(CE) 0850-1849, prior to when the instrumental observa-
tions started. These two periods are, (1) a relatively warmer
period known in literature as the ‘Medieval Warm Period’
(MWP, CE 950-1350), roughly followed by (2) a relatively
cooler period, the Little Ice Age (LIA, CE 1500-1850) (e.g.
Lamb 1965; Grove 1988; Graham et al. 2010; Mann et al.
2009). The extent of these warmer (MWP) and cooler (LIA)
periods varies from region to region in terms of timing, dura-
tion and magnitude of the temperature anomalies (Stocker
et al. 2013; Dixit and Tandon 2016). Paleoclimate recon-
structions from various well-dated proxy data suggest that
during the MWP, some regions experienced temperatures as
warm as mid-twentieth century, whereas some others such
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as the extratropics, southern hemisphere land region were as
warm as the late-twentieth century (TS-IPCC13). As can be
seen, these studies do not report the conditions at a regional
scale. Particularly, there are no proxy or modelling stud-
ies that have reported on the temperature conditions over
the Indian subcontinent, which is a major hotspot of cli-
mate variability, largely from the perspective of the summer
monsoon rainfall. The Indian Summer Monsoon Rainfall
(ISMR; June-September; JJAS) variability is manifested on
intra-annual, interannual, decadal, centennial and millen-
nial to multi-millennial time scales (Ramesh et al. 2010;
Chakraborty et al. 2012). Paleo-monsoon records from well-
dated proxy data from the Arabian Sea (e.g. Sarkar et al.
2000; Gupta et al. 2003; Staubwasser et al. 2003; Tiwari
et al. 2005), the Arabian Peninsula (e.g. Fleitmann et al.
2003, 2007; Neff et al. 2001), and the Indian subcontinent
(e.g. Berkelhammer et al. 2012; Dixit et al. 2014a, b, 2015;
Dixit 2013; Dutt et al. 2015; Nakamura et al. 2015) show
centennial-to millennial-scale changes in the ISMR during
the Holocene.

In a recent review, Dixit and Tandon (2016) suggest that
MWP and LIA effects are well reflected in the ISMR, with
a caveat that proxy data exhibit heterogeneity in terms of the
timing and duration. Proxy records also suggest that during
the last millennium, ISMR was the higher during the MWP
and relatively weaker during the LIA (Yadava et al. 2005).
However, the data density is rather sparse in time and space
to quantify the decadal through the centennial scale temporal
structure of ISMR variability during MWP and LIA.

A speleothem-based reconstruction of ISMR variabil-
ity by Sinha et al. (2007) exhibits an evolution conform-
ing to solar activity (for which atmospheric radiocarbon
activity is used as a surrogate) only during the MWP. An
increased summer monsoon precipitation during the MWP
is suggested to be linked to the ENSO that has been modu-
lated by solar forcing variations in a few proxy-data studies
(Berkelhammer et al. 2010; Emile-Geay et al. 2007). The
speleothem-based monsoon reconstruction of Sinha et al.
(2007, 2011) suggests a severe weakening of Indian Summer
Monsoon (ISM) during the LIA, apparently associated with
multi-year to decades-long droughts particularly between
thirteenth and seventeenth centuries. Another proxy record,
from the Dandak cave in Central India, shows a 30% rainfall
reduction during the fourteenth century (Yadava et al. 2005).

Obviously, the recent ~ 150-year period is the best doc-
umented period in terms of instrumental observations.
Uncertainties, however, exist in terms of the quality and
spatial density of data even for this period. The obser-
vational records of ISMR from the beginning of the last
century show that its interannual and inter-decadal vari-
ability is significantly associated with that of the El Nifio-
Southern Oscillation (ENSO; e.g. Sikka 1980; Keshava-
murty 1982; see Ashok et al. 2004 for further references).
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Typically, the warmer (cooler) ENSO events are associated
with lesser (higher) than normal rain over India during
the boreal summer, concurrent with the Indian monsoon
season. Prasad et al. (2014), based on proxy climate data,
infer that the long-term influence of ENSO like conditions
on ISM began only 2ky BP, and is coincident with South-
ern Indo-Pacific warm pool (IPWP) warming. They also
suggest that the [IPWP-ISM links and large scale advection
of moist air toward India vary on a multi-centennial scale.
Kitoh et al. (2007), in a model study, observe decadal vari-
ability in the ENSO-ISM relation. Through a 31-yr moving
correlation analysis, they show that, during the LM, the
ISMR-ENSO correlations vary over a wide range, specifi-
cally —0.71 to +0.07, with an overall correlation of —0.34
for the LM.

Thus, the variability of Indian summer monsoon during
the LM has been relatively less studied, particularly from
the modelling perspective. It is also noticeable that all
the model studies cited above (Kitoh et al. 2007; Prasad
et al. 2014) primarily employed single GCMs. From this
perspective, it is interesting to explore multi-model sim-
ulations such as those from the PMIP3, to study Indian
summer monsoon conditions during the LM, specifically
the MWP and the LIA. Such a study would obviously
explore the capability of these models in capturing at least
a millennium of the past climate. Importantly, it would
also facilitate a quantification of the multi-model spread,
which, if acceptably low, will provide a view of the climate
of the relevant period that would complement the knowl-
edge from proxy-data studies. Furthermore, such a multi-
model study would serve as a benchmark for addressing
longer periods of climate variability relevant to the Indian
summer monsoon using models.

With this motivation, here we study the multi-model
simulated ISMR variability and its teleconnections with
the ENSO during the LM, using various relevant PMIP3
datasets with an emphasis on the simulated Medieval
Warm Period (MWP; CE 1000-1199 as against the CE
0950-1350 from the proxy-observations) and Little Ice
Age (LIA; CE 1550-1749 as against the CE 1500-1850
from proxy observations). To be clear, we consider the 200
warmest (relatively coldest) year-period as the simulated
MWP (LIA) period for maintaining uniformity between
global and regional analysis of ENSO-ISM teleconnec-
tions from the PMIP3 LM simulations, with the knowledge
that the temporal and spatial signatures of the MWP and
LIA varied from region to region, at least in terms of mag-
nitude (e.g. Stocker et al. 2013; Dixit and Tandon 2016).

In the following section, we describe the various reana-
lysed, observed, and PMIP3 datasets we use. We present
our results in the subsequent section, and provide a con-
cluding summary in the last section.
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2 Data and methodology

It is indeed a challenging prospect to validate the simu-
lated Indian summer monsoon features from the PMIP3
simulations for the LM period, given the sparse and scanty
observations. Fortunately, the corresponding model simu-
lations of the CMIPS5 vintage for the historical period (CE
1850-2005), i.e. the current day climate, can be validated
using various observed/reanalysed gridded datasets, keep-
ing in mind the uncertainties associated with such datasets
during the pre-satellite period. Therefore, in this study, we
start by exploring the fidelity of simulated Indian summer
monsoon climate from historical simulations (henceforth
referred to as HS) that cover the CE 1850-2005 period in
which instrumental observations are available. Specifically,
the criteria we adopt for validation of the historical model
simulations are, the ability of the models to reproduce the
observed trends in surface temperature and rainfall over
India during the summer monsoon season, and to simulate
the observed negative correlation between the ISMR and
the concurrent NINO3.4 Index. It may be noted that this
exercise is primarily carried out only for nine CMIP5 mod-
els for which the PMIP3 simulations for the LM period are
available for the CE 0850-1849 period (LM), under the class
termed as ‘past1000’ (henceforth referred to as p1000).

As outlined by Taylor et al. (2012), for the HS, the models
were forced with observed atmospheric composition changes
with natural and anthropogenic aerosols or their precursors,
natural sources of short-lived species, and time-evolving land
cover. On the other hand, the p1000 results were obtained
by forcing the models with well-mixed greenhouse gases,
changes in volcanic aerosols, land use, and solar irradiance
changes (Taylor et al. 2012; Schmidt et al. 2011; Schmidt
et al. 2012). The nine models whose simulation outputs were
used in this study are: BCC-CSM1-1, IPSL-CM5A-LR,
FGOALS-s2, MPI-ESM-P, GISS-E2-R, CCSM4, CSIRO-
Mk3L-1-2, MRI-CGCM3 and HadCM3. These datasets have
been downloaded from “http://cera-www.dkrz.de/WDCC/ui/

Index.jsp”. The acronyms used for the model simulations,
are presented in Table 1. We evaluate the fidelity of the HS
simulations by comparing with the observed Indian summer
monsoon rainfall and various other reanalysed climate data-
sets. The various observational/reanalysed data sets used for
the validation of the HS are, the Hadley Centre Interpolated
sea surface temperature (HadISST; Titchner and Rayner
2014) for the CE 1870-2014 period, the ERA-20CM sea
surface temperature (SST) and skin temperature (SKT) data-
sets (Hersbach et al. 2015) for the CE 1900 to 2010 period.
(using two SST datasets throws light on any uncertainties
associated with the data quality therein) and the India Mete-
orological Department (IMD) gridded rainfall datasets for
CE 1901-2009 period (Rajeevan et al. 2006), available at
1.0° latitude X 1.0° longitude resolution and covering the
land region bound by 66.5°E-101.5°E; 6.5°N-39.5°N. The
Global Precipitation Climatology Project Version 2 (GPCP;
Adler et al. 2003) and CPC Merged Analysis of Precipitation
(CMAP; Xie et al. 1997) were used. The multi-level NCEP/
NCAR Reanalysis version 1 datasets of horizontal winds
available for the 1948-2009 period (Kalnay et al. 1996) are
also used. For uniformity, all the simulated precipitation and
near air surface temperature data sets were re-gridded to
2.0° latitude x 2.0° longitude resolution grids. The histori-
cal simulations from the individual models are validated by
comparing various climate statistics with the correspond-
ing climate statistics from observed and reanalysed data-
sets for the CE 1901-2005 period. As is the practice, the
various reanalysis datasets are approximated to represent
the ‘observations’.

We compute the well-known NINO3.4 index, which is
defined as the area-averaged SST anomaly over the region
bounded by 170°W-120°W; 5°S-5°N, to represent the ENSO
variability. A representative Indian summer monsoon rain-
fall (ISMR) index, which we designate as the AAISMR,
is obtained by area-averaging the mean June-through-
September (JJAS) rainfall over the land region bounded by
65°E-95°E; 10°N-30°N. The area-averaged temperature for

Table 1 CMIP5/PMIP3 Last

. . ) X S. no CMIP5/PMIP3 models p1000 (last millennium) simu- Historical simulation Acronyms
Mlllenn.lum ar.1d Hlst.orlcal lation temporal coverage temporal coverage
simulations with their temporal
span, and acronyms of the 1 BCC-CSM1-1 CE 0850-1849 CE 1850-2005 BCC
models used 2 ccsM4 CE 0850-1849 CE 1850-2005 ccsM4
3 IPSL-CMS5A-LR CE 0850-1849 CE 1850-2005 IPSL
4 MPI-ESM-P CE 0850-1849 CE 1850-2005 MPI
5 GISS-E2-R CE 0850-1849 CE 1850-2005 GISS
6 FGOALS-s2 CE 0850-1849 CE 1850-2005 FS2
7 HadCM3 CE 0850-1849 CE 1850-2005 HADCM3
8 CSIRO-MK3L-1-2 CE 0850-1849 CE 1850-2005 CSIRO
9 MRI-CGCM3 CE 0850-1849 CE 1850-2005 MRI
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the Indian region is also obtained by averaging the surface
temperature over this region (AAISMT).

To check the ENSO-ISM relationship and its variability
during LM, we calculate the monthly anomalies of surface
temperature and precipitation from their respective clima-
tological monthly means. The anomalies of any parameter,
such as, say, the JJAS temperature, for each model have been
obtained by subtracting the 1000-year climatological value
of the individual seasonal values. Linear correlation analy-
sis is used to estimate the ENSO-ISMR relationship during
various periods.

We carry out a trend analysis, the significance of which
has been evaluated through the Mann—Kendall test. The sta-
tistical significance of linear correlation, and that of the par-
tial correlation, has been evaluated using a 2-tailed Student’s
t-test. Further, while ascertaining the statistical significance
of correlation differences from the MWP to LIA, we employ
a bootstrapping test with 1000 simulations. We use the boot-
strapping subroutine “bootstrap_correl”, provided by the
freely available NCL package from NCAR. This routine
takes the two input time series (the model-simulated ISMR
& NINO3.4 SSTA for MWP, for example, in our case) for
which the correlations need to be obtained. Based on these
input series, it generates 1000 timeseries pairs randomly, and
computes correlations between each pair. After that, the cor-
relations are ordered as per magnitude. The fifth highest cor-
relation, for example, gives us the 0.005 significance level
(i.e. 99.5% confidence level) for the correlations, and so on.
In case of correlation differences between two simulations,
such as the MWP & LIA simulations by the same model,
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the differences of correlations are ordered as per magnitude
to mark the significant threshold values.

3 Results
3.1 Validation of the HS

Figure 1a, b respectively show the 11-year running mean of
near-surface air temperatures averaged over the globe and
that averaged over Indian region, from the nine models of
the HS; Fig. Ic, d show the corresponding time series of
anomalies. It is seen from Fig. Ic, d that all the models can
simulate the observed increasing temperature trend reason-
ably, notwithstanding an inter-model spread. Further, we
find that the observed as well as and the simulated trends are
significantly above the corresponding interannual standard
deviations (Fig. 1). Figure 1d suggests that the surface tem-
peratures over India have also continued to rise till the end
of the twentieth century, which agrees with a study based
on station observations (Revadekar et al. 2012). Several
recent studies suggest a decreasing trend in Indian summer
monsoon rainfall (e.g. Guhathakurtha et al. 2007; Krishnan
et al. 2016; Sano et al. 2011) in recent decades. Figure 2a
shows the observed and simulated AAISMR.The corre-
sponding AAISMR anomalies are present in Fig. 2b. We
find relatively higher inter-model spread in the AAISMR
relative to the corresponding surface temperatures (Fig. 1b,
d). We show the area-averaged climatological seasonal cycle
of the Indian rainfall during CE 1901-2005 in Figure Al,
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Fig. 1 11-year running mean of simulated surface air temperature (°C) obtained by area-averaging a globally b over India; the corresponding

temperature anomalies (°C) are shown in panels ¢ and d, respectively
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and mean climatological distribution (CE 1979-2005) of
the observed and model-simulated Indian summer monsoon
rainfall in Figure A2. From Figures Al and A2, it is evident
that all the models except CCSM4 show a dry bias. We also
find statistically significant decreasing trend at the end of
the twentieth century in the AAISMR simulated by three
models (CCSM4, GISS and MPI), in agreement with the
observations. The trends in the other models are not sta-
tistically significant. The interannual standard deviation for
these the area-averaged rainfall and temperature over India
during JJAS, from observations as well as from the indi-
vidual model simulations, are presented in Table A1l. We

BCC CCSM4 CSIRO

GISS FS2 HADCM3 IPSL MPI MRI

icance level from a 2-tailed Student’s t-test, yellow and green lines
represent the corresponding correlation values from observations)

find that simulated standard deviations from various models
fall within a+20% range of observations.

On a different note, an increase in warm ENSO events,
be it canonical or Modoki (e.g. Ashok et al. 2007), has been
observed in the late twentieth century with an increase in
global temperature (e.g. Collin 2000; Cai et al. 2015). The
models are able to reproduce this trend qualitatively to a
reasonable extent, as seen by the higher number of simulated
warm events, represented by the positive NINO3.4 index
(Table A2).

That the ENSO is a major driver of interannual vari-
ability of the Indian summer climate is evidenced by
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the negative correlation of — 0.5 (Fig. 3a) between the
AAISMR and NINO3.4 index derived from the HadISST
for the period CE 1901-2005, statistically significant at
0.01 level from a 2-tailed Student’s t-test. Note that, the
analogous correlation obtained by using the NINO3.4
index from the ECMWF SST data sets is — 0.57. The
corresponding NINO3.4-AAISMR correlations from the
HS are also presented in Fig. 3a. Seven out of the nine
models simulate the negative correlations with a range
of — 0.21 to — 0.51, which are statistically significant at
the 0.05 significance level from a 2-tailed Student’s t-test.
The CCSM4 and FGOALS-s2 models simulate weaker
correlation coefficients of — 0.12 (significant at 0.2 level)
and — 0.1, respectively.

The AAISMT (CE 1901-2005) yields moderate cor-
relation coefficients of 0.34 and 0.38 with the concurrent
NINO3.4 index from HadISST and that from the ECMWF
SST datasets, respectively; both values are statistically
significant at 0.05 level from a 2-tailed Student’s t-test.
Corresponding correlations of all the models are statisti-
cally significant at 0.05 level from a 2-tailed test, though
they vary over a wide range of values varying from 0.19
to 0.74 (Fig. 3b).

In summary, the BCC-CSM1-1, IPSL-CM5A-LR,
MPI-ESM-P, GISS-E2-R, CCSM4, HadCM3, CSIRO-
Mk3L-1-2, MRI-CGCM3 and FGOALS-s2 models meet
our criteria for their p1000 simulations to be used for
further analysis to understand the LM variability.

3.2 p1000 analysis

To ascertain that there is a reasonable agreement of variabil-
ity among the LM simulations from the models, we present
in Table A3 the JJAS standard deviations (o) of the simu-
lated area-averaged global surface temperatures, AAISMT,
AAISMR and the NINO3.4 index for the whole period as
well as three overlapping 500-year sub-periods, namely, CE
850-1349, CE 1100-1599, and CE 1350-1849. The simu-
lated statistics from the individual models fall within the
+ 1o range of the corresponding statistic (Table A3) in gen-
eral, except the o of the simulated NINO3.4 index from the
FGOALS-s2 model. This shows that the simulated variabili-
ties across the models are, in general, in reasonable agree-
ment with one another.

Figures A3a shows a 101-year running average of a time
series of globally-averaged simulated surface temperature
for the JJAS season during LM i.e. from CE 0850-1849,
(henceforth T), and Figure A3b, the corresponding time
series representing the surface temperature over the Indian
subcontinent (henceforth Ty). The 101-year running window
has been applied to identify the long term changes. We note
that the simulated signals in all the models evolve coherently
in time, but with significant spread across the models.

To visualise the evolution more clearly, we calculate the
101-year running mean of temporal anomalies of the T
(Fig. 4a) and T, (Fig. 4b). We see a relatively more coher-
ent inter-model evolution in the anomalies of the T (Fig-
ure A3a) as compared to the T (Figure A3b). Importantly,
while there are fluctuations in temperature during LM, we
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Fig.4 101-year running mean anomalies of near surface air temperature (°C) obtained by area-averaging a globally, b over the Indian Region;

The MWP & LIA period are shown in red and blue boxes, respectively
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see models showing a warming signal during the MWP (CE
1000-1199) and cooling during the LIA (CE 1550-1749),
in a general agreement with the earlier studies (e.g. Fig. 1b
of TS-IPCC13). Interestingly, in addition to these two well-
known epochs, we see a few more warm and cold climatic
periods, but with a shorter duration.

The spread at the time series of T} in different models
(Figure A3b) is slightly more compared to that for the T
(Figure A3a). The temporal anomalies of T} are more coher-
ent across these models. Figures A3b and 4b also show that
the intermodel-spread in the anomalies of of Ty is relatively
less as compared to the corresponding anomalies of T. The
sharp cooling around CE 1250 seen in the global summer
temperature across the models is simulated over the Indian
region as well (Fig. 4a, b), and is coincident with a strong
volcanic event, identified as Samalas volcanic eruption (Sigl
et al. 2015, Vidal et al. 2016; Gao et al. 2008). In this con-
text, it is worth noting that other volcanic eruptions resulted
in potentially decades-long cooling episodes (Liu et al. 2016;
Sigl et al. 2015; Iles et al. 2014). Such a signal is apparent
from a few proxy records as well (e.g. Fig. 1 TS5 of TS-
IPCC13). Also evident is that all the modelled temperatures
have apparently entered a cooling phase from this point. We
show a proxy record from north India (33°N, 76°E; adapted
from Yadav et al. 2009) with the model simulations (Figure
A3), which indicates a qualitative agreement between the
simulations and the proxy records.

The 101-year running averages of the simulated AAISMR
anomaly are presented in Fig. 5a. A linear trend analysis of

(a)

— MMM — BCC

AAISMR during LM (Fig. 5b) shows a statistically signifi-
cant (at 0.10 levels) but the moderate decreasing trend in
four models throughout the LM, in agreement with find-
ings from several proxy records (e.g. Fig. 8 of Ramesh et al.
2010). Four other models simulate a weak decreasing trend.
In contrast, one model (HadCM3) simulates a moderate
increasing trend. Figure 5a also shows an inter-model spread
in the anomalous evolution of the AAISMR through the
MWP. The time series of the multi-model mean AAISMR
also shows a long-term decreasing trend in the LM (Fig. 5b).
We find that the MWP is marked by relatively higher ISMR
as compared to the LM-mean, and the LIA by a relatively
low ISMR (Fig. 5). In comparison, as seen in Figures A3b
and 4b, the simulated temperature response over India dur-
ing the MWP and LIA is relatively more coherent across
the models, and its evolution qualitatively agrees with the
available proxy records (Yadava et al. 2005; Ramesh et al.
2010; Thamban et al. 2007).

In Table 2, we show the simulated correlation coeffi-
cients between AAISMT and NINO3.4 index for the LM
period, as well as those in the first, middle and the last
500 year period of the LM. Similar correlations between the
AAISMR and NINO3.4 index are presented in the Table 3.
In general, these simulated NINO3.4-AAISMR correlations
are negative, while the corresponding NINO3.4-AAISMT
correlations are positive. Importantly, most of the correla-
tions are significant at 0.05 level from a 2-tailed Student’s
t-test, suggesting that ENSO has been consistently influenc-
ing the Indian climate throughout the LM. Multi-century
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Fig.5 a 101-year running mean anomalies of ISMR (mm/day); The MWP & LIA period are shown in red and blue boxes, respectively. b Linear

trend lines of the area-averaged ISMR during LM, as simulated by the

nine PMIP3 models
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Table 2 Correlations between

CE 0850-1849

CE 0850-1349

CE 1100-1599

CE 1350-1849

0.29 0.23 0.23
0.36 0.39 0.26
0.31 0.38 0.43
0.31 0.30 0.28
0.61 0.58 0.58
0.48 0.49 0.47
0.44 0.37 0.35
0.53 0.61 0.56
0.46 0.51 0.47

CE 0850-1849

CE 0850-1349

CE 1100-1599

CE 1350-1849

S no Models
NINO3.4 and area-averaged
Indian Summer Monsoon 1 BCC 0.26
surface temperatures (AAISMT)
during the Last Millennium, as 2 CCSM4 0.31
simulated by CMIP5 models 3 GISS 0.38
(Significant correlation values 4 HADCM3 0.30
are shown in bold and are 5 IPSL 0.59
significant at 0.05 level from
2-tailed student’s t-test) 6 MPI 0.47
7 FS2 0.41
8 CSIRO 0.55
9 MRI 0.47
Table 3 Correlation between S No Models
NINO3.4 and area-averaged
Indian Summer Monsoon 1 BCC —032
Rainfall (AAIMSR) during
Last Millennium, as simulated 2 CCSM4 —0.12
by CMIP5/PMIP3 models 3 GISS —0.28
(significant correlation values 4 HADCM3 -0.39
are shown in bold (italic) and 5 IPSL —0.70
are significant at less than _
0.05 (0.10) level from 2-tailed 6 MPI 0.43
student’s t-test) 7 FS2 —0.05
8 CSIRO —-0.33
9 MRI —0.36

—-0.34 -0.30 -0.29
—0.08 —-0.11 —-0.17
—-0.24 -0.33 —0.34
-0.37 -0.37 —0.40
—-0.74 - 0.69 —0.66
—-0.43 —0.46 —0.44
- 0.07 —-0.05 —0.03
—-0.31 -0.32 —-0.34
-0.32 -0.35 -0.39

model simulation studies by Whittenberg et al. (2009) show
multi-decadal changes in the ENSO statistics. The consistent
ENSO-monsoon links over a 1000-year simulation across
many models as shown above reconfirms that the ENSO is
indeed an important driver of the interannual Indian summer
monsoon climate variability. However, we must be mindful
of the fact that the above analysis only explores the associa-
tion of an ENSO index with the (AAISMR), which may not
necessarily apply to every local region of the Indian region.

3.3 MWP and LIA analysis

The simulated interannual standard deviations of JJAS
surface temperatures (for both global as well as the Indian
regions), the ISMR and the NINO3.4 index during the MWP
and LIA periods are presented in Table A4. In five out of
nine models, the amplitude of simulated NINO3.4 stand-
ard deviations during LIA are lower than those during the
MWP, but only marginally so. Standard deviations of other
variables across the MWP and LIA only differ marginally.
Simultaneous correlation coefficients between the sum-
mer NINO3.4 index with the AAISMR during the MWP and
LIA from the individual models are shown in Fig. 6a, and
those with the corresponding AAISMT in the Fig. 6b. The
signs and magnitudes of all these correlations are compara-
ble to the corresponding correlations from observations dur-
ing the HS, as well as statistically significant at 0.1 level. In
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fact, the simulated avea-averaged AAISMR-NINO3.4 index
correlations for both MWP and LIA periods, except those for
the FGOALS-s2 model, are statistically significant at 0.05
level from a 2-tailed Student’s t-test. Notably, for the Indian
region, the magnitudes of the correlations with the ENSO
index are stronger in the case of the surface temperature
as compared to the rainfall (Fig. 6). Interestingly, for five
(six) models out of the nine, the magnitudes of the correla-
tion coefficients of the NINO3.4 index with the AAISMR
(AAISMT) are weaker in the LIA relative to the correspond-
ing correlations over the MWP.

We also carry out a bootstrapping significance test (1000
simulations) for the AAISMR-NINO3.4 correlation; we find
that the results for all nine models are significant at 0.005
level. Further, four out of nine models show weaker mag-
nitude in correlations during the LIA relative to the MWP
(Fig. 7a). These correlations indicate a strong multi-decadal-
through-centennial modulation of the association between
the ENSO and ISM during LM. The difference of AAISMR-
NINO3.4 correlations between the MWP and LIA in four
models (CCSM4, CSIRO, IPSL and MRI) is statistically
significant at 0.10 level, as seen from the bootstrapping tests
(Fig. 7b).

To explore this aspect further, we present the simulated
frequencies of ‘strong’ El Nifios and La Nifias during the
MWP and LIA by the individual models in Table 4. For
this calculation, we catalogue a simulated ENSO event as
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Table 4 Categorization of El Nifios and La Nifias as as per the normalized strength of the NINO3.4 index of each particular ENSO. ‘c’ in the
following table represents the standard deviation of the NINO3.4 index

S. No El Nifio classification La Nifia classification
>0.56< 1o Weak El Nifio between (—1c and —0.50) Weak La Nifia
2 >lo Strong El Nifio <-1lo Strong La Nifia

strong when the amplitude of the NINO3.4 index exceeds
one standard deviation i.e. ‘1¢’ (Table 5). The majority
of models consistently simulates more number of strong
El Nifios in MWP as compared to the number of strong
El Nifios in LIA, and the majority of models consistently
simulates more number of strong La Nifias in LIA as com-
pared to the number of strong La Nifias in MWP, as shown
in the Table 5; this result is statistically significant at 0.05
level from a two-tailed Student’s t-test carried out for dif-
ference of means. Interestingly, a majority of the PMIP3
models (six) simulate more strong El Nifios as compared
to strong La Nifias during the MWP (Table 5). On the
other hand, the number of strong La Nifias is marginally
more than that of strong El Nifios in seven models during
the LIA. This clearly shows, strong El Nifios are more
dominant in the tropical Pacific during MWP in majority
of the models and ‘strong’ La Nifias are more dominant in
the tropical Pacific during the LIA.

We also show the simulated multi-model mean (MMM)
SST differences of the MWP from that of the LM, along
with the corresponding anomalous SST for the LIA relative
the LM, in Figures AS, which shows that the tropical SST
were relatively warmer (cooler) during the MWP (LIA).

The background changes in temperatures may modulate
the relative strengths of El Nifios and La Nifias (e.g. Federov
& Philander 2000). This may be a possible cause for more
strong EI Nifios in MWP and La Nifias in LIA. On the other
hand, in the recent period, El Nifios and La Nifias have been
suggested to cause an anomalous increase and decrease in
global temperature, respectively (e.g. Trenberth et al. 2002).

Importantly, a study using a Cane-Zebiak type of coupled
model (Mann et al. 2005) suggests La Nifia-like conditions
during the MWP. In this context, it is pertinent to note that
several proxy based studies (Cobb et al. 2003; Graham et al.
2007; Mann et al. 2009) suggest either a weak ENSO vari-
ance, or more La Nifias during the MWP. A study by Henke
et al. (2017) based on precipitation proxy data compilation
shows a propensity of more El Nifio-like LIA compared to
the MWP; however as per Henke et al. (2017), the difference
is not statistically significant and, is not apparent in a proxy-
derived temperature compilation. On the other hand, a study
by Conroy et al. (2008), finds that their diatom record is not
consistent with the SST interpretation with that of a coral
record (Cobb et al. 2003). Specifically, while the diatom
record suggests warmer SST in the eastern equatorial Pacific
during some part of the medieval period, the coral derived
SST indicates a cooling trend in the same location. Con-
roy et al. (2008) suggest a more heterogeneous SST in the
region. Notably, Henke et al. (2017) claim that their result
is insensitive to the choice of definition for the MWP and
LIA. Therefore, a higher number of the PMIP3-simulated
El Nifios as compared to La Nifias in almost all the models
during the MWP is supported to a good extent by Conroy
et al. (2008)’s observations, and agrees reasonably well with
the proxy-temperature analysis of Henke et al. (2017).

Given this agreement across the models, which have a
more detailed oceanic component as compared to simpler
models such as that used in Mann et al. (2005), the relevance
of any positive skewness in ENSOs for global tempera-
ture during the MWP (as against the influence of external

Table 5 Frequency table S No

. 7 Models MWP (CE 1000-1199) LIA (CE 1550-1749)
of simulated El Nifios and
La Nifias during MWP (CE Weak El Strong Weak La Strong Weak El Strong Weak La Strong
1000-1199) and LIA (CE Nifios El Nifios Nifias La Nifias Niflos El Nifios Nifias La Niiias
1550-1749)
1 BCC 47 33 20 36 41 29 31 35
2 CCSM4 25 45 21 24 37 27 29 29
3 GISS 32 42 25 30 34 28 23 41
4 HADCM3 38 41 35 23 26 23 31 34
5 IPSL 42 32 22 34 36 23 26 40
6 MPI 29 40 32 26 36 33 32 39
7 CSIRO 53 35 69 30 63 34 64 32
8 MRI 64 27 70 32 73 31 61 30
9 FS2 39 41 27 30 27 27 43 35
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forcing) needs to be verified by making some AGCM sensi-
tivity experiments, which we plan to do in near future.

Despite the statistically significant correlations between
the simulated AAISMR-NINO3.4 index, it will be interest-
ing to explore any non-linearity in the association. When
averaged over the nine models, the percentage of strong El
Nifio events with concurrent negative AAISMR anomalies
(henceforth referred to as EL™) is about 69 and 77 during
the MWP and LIA, respectively (Table 6; Fig. 8). To be
specific, five models simulate a significantly higher propor-
tion of EL™ during the LIA (90%, 78%, 85%, 87% and 82%
of strong El Nifios in LIA) as compared to those in MWP
(70%, 51%, 63%, 70% and 68% of El Nifios in MWP). Other
models simulate an almost equal number (up to a difference
of 1%) of EL™. Thus, we can say that the simulated strong
El Nifios during the LIA tend to be more ‘efficient’ as com-
pared to those in MWP in causing negative ISMR anomalies.

On the other hand, it is evident from the Table 6, the
model-averaged percentage of strong La Nifias with positive
AAISMR anomalies (referred to as LN') shows a higher
percentage during MWP (70%) than that during the LIA
(62%). Five models simulate significantly higher numbers
of LN*, among all La Nifias during MWP (75%, 71%, 97%,
57%, 70%, 81% and 50%) as compared to those in LIA (68%,
55%,91%, 33%, 59%, 70% and 43%). One model simulates
an almost equal number of LN*. Therefore, we infer that the
simulated strong La Nifias are apparently more ‘efficient’ in
causing positive AAISMR anomalies during MWP relative
to those in LIA.

The above results indicate the propensity of the simulated
El Nifios during the LIA and La Nifias during the MWP to be
relatively more ‘efficient’ in delivering the canonical impact
on the summer monsoon rainfall in India, notwithstanding

the statistically significant NINO3.4-AAISMR correlations
(Fig. 6a). This suggests a possibility of background changes
modulating the interannual Indian summer monsoon rainfall-
ENSO association. These slow background changes counter
the El Niflo impacts in several local regions of India. This is
the reason why we have a relatively high rainfall over India
despite having more El Nifios, and the ENSO correlation
with the area-averaged rainfall being moderately negative,
but still statistically significant.

3.4 Possible dynamics involved

We present the results from analysis of multi-model mean
and other two representative models in Fig. 9 to delineate,
the possible dynamics behind the relatively higher rainfall
during the MWP and lesser rainfall during the LIA over
India. Prior to that, we shall briefly ensure that the models
qualitatively reproduce the observed zonal convergence-
divergence zones associated with the Walker circulation in
the tropical Pacific. The variability of the Walker circula-
tion, is critical for transferring the ENSO impacts on climate
elsewhere beyond the eastern tropical pacific.

The large scale Walker circulation is illustrated by the
distribution of the anomalous JJAS velocity potential at the
850 hPa (xg50) from the NCEP observational analysis for
the period CE 1948-2005 and the HS qualitatively similar
and models are able to simulate the NCEP-NCAR reanalysis
convergence-divergence pattern in the tropical Pacific for the
1948-2005 period (figures not shown).

Note that, as far as the Fig. 9 is concerned, the term
‘difference/differential” for any parameter during the MWP
(LIA) refers to the excess/deficit of the said parameter dur-
ing the MWP (or LIA) as compared to that for the LM.

Table 6 Percentages of ‘strong’ (a) El Nifios with positive (EL*) and negative (EL") area-averaged ISMR anomalies, and (b) La Nifias with
positive (LN*) and negative (LN™) area-averaged ISMR anomalies during both MWP and LIA

Models MWP EL* LIA EL* MWP EL™ LIA EL™ MWP LN* LIA LN* MWP LN~ LIA LN~
BCC 30 10 70 90 75 68 25 31
CCSM4 33 44 67 55 71 55 29 45
GISS 29 21 79 78 56 58 43 41
HADCM3 49 22 51 78 69 76 30 23
IPSL 00 13 100 87 97 91 3 8
MPI 32 18 68 82 57 33 42 67
CSIRO 37 15 63 85 70 59 30 38
MRI 30 13 70 87 81 70 19 30
FS2 44 48 56 52 50 43 50 57
AVERAGE 32 23 69 71 70 62 30 38

Positive (4)=Positive anomalies of area-averaged ISMR (AAISMR)

EL*) =Positive (negative) AAISMR Anomalies associated with El Nifios

LN*) =Positive (negative) AAISMR Anomalies associated with La Nifias

Negative (—) =Negative anomalies of area-averaged ISMR (AAISMR)
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Fig. 8 Scatter plots showing simulated NINO3.4 index (°C) on the X-Axis and simulated area-averaged ISMR (mm/day) on Y-Axis during both
MWP and LIA. The last descriptor string in each panel indicates the name of the model and the period

That is, i.e. Pyywp—P; .\, for example, P being any climate
variable such as the rainfall. From the distribution of dif-
ferent fields in boreal summer ¥ g5, simulated by models
shown in Fig. 9, we see a zone of excess convergence in
the central tropical Pacific, flanked by two zones of excess
divergence in the equatorial Pacific during the MWP rela-
tive to the LM, suggesting a relative westward shift in
the Walker circulation during the MWP. We also see a
similar shift relative to the simulations from the historical
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period (Fig. 9). This may suggest a background change
during the MWP as compared to the LM, and other sub-
periods such as the LIA. Importantly, the simulated excess
divergence centre in the western pacific, extends into the
equatorial eastern Indian Ocean, which we believe results
in an excess convergence zone over India during the MWP
relative to the LM (Fig. 9), and therefore excess rainfall
during the MWP as compared to the LM. The differential
convergence patterns of the large-scale circulations during
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Fig.9 Distributions of simu-
45N

lated 850 hPa differences in the
time-averaged JJAS velocity
potential “x 850’ (m? s~ dif-
ferences. The descriptor string
above each panel indicates the

name of the model and the
periods over which the differ-
ence is calculated. The top left
panel, for example shows the
GISS model simulated excess EQ
of mean JJAS x 850 (m?s™h

as compared to that for the 45S

LM. Statistical significance
45N

at 80% confidence level from %
Student’s t-test is showed in
contours

60E 120E 180

-0.05 -0.04

the MWP and LIA relative to the historical period (Figures
not shown) are qualitatively similar to the anomalous pat-
terns relative to the LM (Fig. 9). Seven models simulate
moderately excessive convergence over India during MWP
relative to Historical period, while six models simulate
surplus divergence over India during the LIA.

From Figure A5, we can conjecture that there is an associ-
ation in the aforementioned circulation changes with those in
the SST, for example, an increase in low level convergence
of zonal winds over the central equatorial pacific during the
MWP associated with a concurrent increase in the SST rela-
tive to the LM mean condition (Fig. 9a, Figure AS5a).

The composite spatial distribution of rainfall anomalies
over the Indian domain are statistically significant at 0.10
level from a 2-tailed Student’s t-test (Fig. 10). Having said
this, as a majority of the models indicate a similar sign of
anomalies in major portions of the region, the results may
qualitatively be considered as conforming across these mod-
els. We also see a modest warming across the Indian region

Fig. 10 Shaded regions repre-

I I
-0.03 -0.02 -0.01 ©

60W

60W 180

120W 120W

in all simulations of the MWP (Figures not shown) in agree-
ment with Fig. 4b.

The 850 hPa convergence distribution relative to that dur-
ing the LM (Fig. 9) suggests stronger convergence in the
eastern tropical Pacific compared to the LM. An anomalous
divergence center over India results in relatively lesser rain-
fall during the LIA compared to both MWP and LM. From
this, it is evident that there is a shift in large-scale Walker
circulation patterns.

Importantly, we also find an general increase in the
simulated specific humidity during MWP, particularly over
the tropics (Fig. 11). This may indeed be due to increase
in temperature during MWP. We also find an anomalous
increase in the simulated moisture transport into the Indian
region during summer monsoon, mostly significant during
both the MWP and LIA (Fig. 11). The increased background
convergence over India (Fig. 9) during the MWP may also
facilitated this inward excess of background moisture trans-
port. This, along with an increases in local moisture retained

sent the extent of statistically
significant (at 90% confidence
level) composite a rainfall
anomalies, and b surface tem-
perature. The statistically sig-
nificance has been ascertained
using a 2-tailed Student’s t-test

(a)
45N % 43

(b)
45N § &
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Fig. 11 Distributions of simu-
lated differences in the multi-
model mean 850 hPa JJAS
specific humidity for a MWP
and b for LIA. Statistically sig-
nificant differences at 95% con-

§ © N, < = =, & V" -
fidence level f -tail 455 —LFe =g e e — —
dence level from a two-tailed 0  60E 120E 180 120 60W O 60E 120E 180 120W 60W 0O
Student’s t-test are marked with
black contour lines. Panels I I I
c—f show the distributions of -0.05 -0.04 —-0.03 -0.02 —0.01 0 _ 0.01 0.02 0.03 0.04 0.05

simulated zonal and meridional

extents of moisture transport at (C) MMM MWP—LM Zonal

(e) MMM LIA—LM Zonal

850 hPa that are significant at 45N ¢
90% confidence level from a
two-tailed Student’s t-test. The
descriptor string above each
panel indicates the periods over

e

which the difference is calcu-
lated for the multi-model mean

(MMM) 45N 173

45S

120 180

0 60E

in the atmosphere owing to the increasing temperatures
(Fig. 11a), may have resulted in a relative increases in ISMR
during the MWP.

4 Conclusions and scope for future studies

The global climate has experienced significant centennial
climate variability in the last two millennia (IPCC 2013).
Proxy-data based studies identify two significant periods
in the last millennium (LM): (1) a relatively warm period
known in the literature as the ‘Medieval Warm Period’
(MWP, CE 950-1350) followed roughly after 150-200 years
by (2) a relatively cooler period referred to as the Little Ice
Age (LIA, CE 1500-1850). Notably, variability of the ISM
in reference to the above mentioned climatic events is rela-
tively less studied. While a few proxy records document such
periods in the Indian region, the paucity of data introduces
uncertainty in quantifying the climate state parameters dur-
ing those events.

To complement the proxy-studies, we carry out an analy-
sis of the available PMIP3 data sets from nine models. We
find that all the models simulates the warming (MWP) and
cooling (LIA) temperatures during epochs CE 1000-1199
and CE 1550-1749 roughly commensurate with the
proxy-observations.

A majority of the models qualitatively reproduces a
wetter (drier) Indian summer monsoon season in the MWP
(LIA) relative to the mean Indian summer monsoon dur-
ing the LM. The models simulate a statistically significant
ENSO-Monsoon association during the LM in similar to
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the current day climate. Interestingly, we find a propensity
of the simulated strong El Nifios (La Nifias) during the
LIA (MWP) having a relatively more ‘efficient’ canoni-
cal impact, notwithstanding the statistically significant
NINO3.4-ISMR correlation. Importantly, most models
simulate more ‘strong’ El Nifios during MWP as compared
to ‘strong’ La Nifias. And also, most models simulate more
‘strong’ La Nifias during the LIA as compared to ‘strong’
El Nifios. Despite such a relatively high occurrence of
strong El Nifios relative to the LIA, a relatively westward
shift in the simulated anomalous summer Walker circula-
tion as compared to the mean LM condition. This change
in background circulation is apparently associated with a
simulated background change in the tropical Indo-pacific
SST, in most of the models. The multi-decadal/centennial
shift Walker circulation is reflected in an apparent anom-
alous divergence in the equatorial eastern Indian Ocean
during the MWP, which in turn results in concurrent
anomalous convergence and excess rainfall in the Indian
region. Some model studies (e.g. Ashok et al. 2004) indi-
cate that a presence of anomalous low level divergence in
the eastern equatorial Indian Ocean is critical in causing
an anomalous divergence over the peninsular Indian region
and thereby leading to less than mean rainfall there. All
this suggests a modulation of the interannual ISMR-ENSO
associated with slow background changes. It is reasonable
that the convergence/divergence patterns in the eastern
equatorial Indian Ocean, which is more of a peripheral
region for ENSO impact, may change depending on the
background changes in circulation. Importantly, the rela-
tive increase in the simulated ISMR during the MWP is
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also associated with an increase in specific humidity, and
increased moisture transport into the Indian region during
the MWP.

The simulated surface temperature over India is only
modestly higher during MWP as compared to the corre-
sponding LM average, owing to the spread of the signals
across the models. A plausible reason, which has not been
ascertained in this study, is whether the simulated Indian
summer rainfall during the MWP mostly comes from a
number of extreme rainfall events as compared to the LM-
average, a situation somewhat analogous to warmer and
wetter scenario due to the increased saturated water vapour
associated with increased temperature in the background of
global warming (e.g. Lehmann et al. 2015; Goswami et al.
2006). One also needs to be sensitive to the plausibility that
at least some of the changes in the Indian climate (and such
changes in several other regions) during the LM may also
be due to ‘direct’ impacts of the changes in the radiative
forcing through the LM, rather than just due to the ‘internal’
variability such as the changing ENSO characteristics. We
plan to conduct a suite of atmospheric GCM experiments in
addition to some specially designed coupled experiments in
this connection. Apart from this, we also plan to analyse the
future scenarios to identify any analogous or contradicting
scenarios to those we see in the PMIP3.

In this manuscript, we also carry out an analysis of the
changes in the simulated pre-monsoon and monsoonal sea-
son temperature gradient between the area-averaged land
temperatures in the Indian region and the Indian ocean to
its south. While the results suggest a weakening of such
temperature gradient from the MWP to the LIA in majority
of the models, the changes are very weak in magnitude.

Our results, of course are subject to the model uncertain-
ties and inter-model spread. Having said this, an agreement
across a majority of the models, and the agreement with the
findings from available proxy data, gives us confidence in
the results. It will be interesting to examine, in more detail,
the mechanism/reasons for the simulated distinct summer
Walker circulation signatures in the tropical Indian ocean
during the MWP & LIA, and delintate the relative contri-
butions of local increase in moisture over India due to the
increased warming in MWP and that transported inward due
to the circulation changes. Another important aspect that we
hope to study is to explore whether the models are able to
simulate the shrinking of the ‘Indo-Pacific’ rain belt dur-
ing the LIA as documented in Denniston et al. (2016) from
proxy-data sets, and if they do, whether such a shrinking has
arole to play in the changed ENSO-Monsoon links, at least
in the model world.
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