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Abstract

The Atlantic multidecadal oscillation (AMO) is considered as one of the major drivers of Indian
Summer monsoon (ISM) multidecadal variability, but the exact mechanism of teleconnection
remains elusive. AMO can impact the ISM dominantly by two pathways — by generating upper-
level circulation and heating responses across Eurasia and via the Pacific through the
atmospheric bridge mechanism and associated modulations of Hadley-Walker circulations in
the Indo-Pacific. Using the PMIP3 Last millennium (LM) simulations, the current study
investigates the AMO-ISM teleconnection in the context of these pathways of interaction. A
significant positive correlation is observed between AMO and ISM in five of the eight models.
While the models display only limited skill in simulating the upper-level circulation and
tropospheric temperature responses involved in the Eurasian pathway, they exhibit better skill
in capturing the Pacific SST responses induced by the AMO. Four of the five models capture
the AMO modulation of summer North Atlantic Oscillation (SNAO), but major discrepancies
are observed in the SNAO downstream responses. CCSM4 and MPI exhibit better skill in
simulating the AMO forced upper-level circulation responses across Eurasia, while CSIRO,
GISS and MRI-CGCM3 exhibit better skill in simulating the AMO modulation of extra
tropical-tropical SST gradient over the Pacific. Reliability of decadal climate predictions of
ISM largely depends on the fidelity of current generation global models in simulating the
teleconnection mechanisms which modulate the ISM multidecadal variability, and results from
the current study helps in highlighting some of the main deficiencies in model simulated

teleconnection processes.
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Introduction

The boreal summer monsoon serves as the main source of precipitation over the South
Asian region and forecasting its variability in the intraseasonal and inter-annual timescales is
of great relevance for socio-economic planning and policy making in the South Asian
countries. The interannual variability of monsoon is strongly modulated by the low frequency
modes of variability in the decadal and longer timescales. Observational records indicate that
the seasonal mean Indian Summer monsoon (ISM) exhibits multidecadal variability with a
periodicity of ~60 years (Mooley and Parthasarathy 1984; Krishnamurthy and Goswami 2000;
Goswami 2006; Zhou et al. 2010) and the seasonal mean ISM rainfall was found to be above
the long term mean during the decades 1871-1900 and 1931-1960 and below the long-term
mean during 1901-1930 and 1961-1990 (Mooley and Parthasarathy 1984). The multidecadal
variability of monsoon is also evident in paleoclimate reconstructions from different parts of
the monsoon domain (Burns et al. 2002; Sinha et al. 2007, 2011; Berkelhammer et al. 2010;
Goswami et al. 2016). While climate forcing like changes in solar irradiance and volcanic
activity are known to modulate the monsoon variability in the multidecadal timescales (e.g.
Agnihotri et al. 2002; Bhattacharyya and Narasimha 2005; Bollasina et al. 2011), internal
variability associated with low frequency climate modes over the Atlantic and Pacific Oceans
also play a major role in modulating ISM multidecadal variability (e.g. Krishnan and Sugi
2003; Zhang and Delworth 2006). The major multidecadal mode observed over the Pacific
Ocean, namely the Pacific Decadal Oscillation (PDO) (Mantua et al. 1997) has a periodicity of
around 30-50 years (Deser et al. 2010) and it exhibits an inverse relationship with the ISM
variability (Krishnan and Sugi 2003; Krishnamurthy and Krishnamurthy 2014; Joshi and
Kucharski 2017; Huang et al. 2020). On the other hand, coherent ocean-atmosphere coupled
variability over the North Atlantic basin, the Atlantic Multidecadal oscillation (AMO)
(Bjerknes 1964; Delworth and Mann 2000; Enfield et al, 2001; Knight et al. 2005), exhibits an
in phase relationship with the ISM multidecadal variability. It exhibits a periodicity of about
50-80 years in the instrumental records and in paleoclimate reconstructions (Schlesinger and
Ramankutty 1994; Gray et al. 2004; Parker et al. 2007; Tung and Zhou 2013; Naidu et al.
2020).

The AMO has been established as one of the major drivers of the multidecadal
variability of ISM during the instrumental period (Zhang and Delworth 2006; Goswami et al.
2006; Lu et al. 2006; Feng & Hu 2008; Joshi and Rai 2015; Krishnamurthy and Krishnamurthy

2015), and the decades of warmer (cooler) than normal SST anomalies over the Atlantic are
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associated with higher (lower) than normal precipitation over the ISM domain. Paleoclimate
studies however brings out diverse interpretations of the AMO-ISM relationship. Independent
monsoon reconstructions for the past two millennia based on Dandak cave speleothem
(Berkelhammer et al. 2010) and Bay of Bengal sediment cores (Naidu et al. 2020) (Naidu et
al. 2020) largely attribute the ISM multidecadal variability to AMO. Feng and Hu (2008)
analyzed the proxies of ISM, Atlantic SST and Tibetan heating for the last two millennia and
showed that weak monsoon periods correspond to cooler SST conditions over the North
Atlantic, but strong monsoon periods do not always accompany warmer conditions over the
Atlantic. In another study based on multiple proxy records for the last 500 years, Sankar et al.
(2016) showed that the positive relationship between AMO and ISM was not prominent before
1800. While many modeling studies (e.g. Li et al. 2008; Wang et al. 2009; Luo et al. 2011;
Malik et al. 2017) corroborate the observed relationship between the AMO and ISM, analysis
of a suite of climate model simulations, part of the Coupled Model Intercomparison Project
(CMIP) indicate that the AMO-ISM relationship is highly variable among different models
(Ting et al. 2011; Luo et al. 2018). In the CMIP5 historical simulations, only ~16% of the
models could reproduce a statistically significant relationship between AMO and ISM (Luo et
al, 2018). Nevertheless, the current generation climate models are an indispensable tool for
making long term climate forecasts. The reliability of decadal climate predictions/projections
of monsoon will largely depend on how successful the models are in simulating the different

teleconnection mechanisms which modulate the ISM multidecadal variability.

Studies investigating the multidecadal linkages between the Atlantic and the ISM
identify three main pathways of teleconnection. In the interannual timescale, the North Atlantic
Oscillation (NAO) exerts a downstream impact on the ISM by modulating the surface
temperature over Eurasia and the moisture flux by the south westerly winds over the ISM
domain (Chang et al. 2001; Srivastava et al. 2002; Roy and Kripalani 2019; Krishnamurthy
and Krishnamurthy 2015). Using data from the instrumental period, several studies (Goswami
et al 2006; Folland et al. 2008; Peings and Magnusdottir 2014; Krishnamurthy and
Krishnamurthy 2015) showed that a positive AMO phase is conducive for frequent occurrence
of negative NAO phase over the Atlantic in summer, which in turn leads to strong monsoon
conditions over the ISM domain. Atmospheric heating anomalies associated with warm SST
anomalies over the north Atlantic can also induce planetary wave responses across Eurasia,
which can lead to upper-level circulation anomalies over central Asia can alter the ISM strength

through easterly shear modulation (Luo et al. 2011). Dutta and Neena (2022) showed that this
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mode of teleconnection has a prevalent impact in the multidecadal timescale as well. Several
observation/modelling studies also indicate that the AMO influence on the ISM might be
mediated by the Pacific (Zhang and Delworth 2007; Kucharski et al. 2016; Sun et al. 2017,
2019). Warming over the Atlantic Ocean can induce a secondary warming over the north
Pacific though an atmospheric bridge mechanism. Through circulation responses and
atmosphere-ocean feedbacks, this can lead to strong ISM conditions. The extratropical-tropical
SST gradient over the north Pacific was found to be a crucial factor in the AMO-ISM
teleconnection in CMIP5 model simulations (Luo et al. 2018), as a stronger gradient over the
North Pacific signifies an enhanced Walker circulation and a stronger ISM. In this study we
explore the AMO-ISM relationship in the Last millennium (LM) simulations by climate models
participating in the Paleo climate Modeling Intercomparison Project phase 3 (PMIP3),
considering the above discussed teleconnection mechanisms. LM simulations provide a long
record of Atlantic and ISM variability and it provides an opportunity to examine the impact of
internal climate variability on ISM (Tejavath et al. 2019; Ashok et al. 2022). By examining the
AMO-ISM teleconnections during the LM in different model climates, we hope to gain insight
on the robustness of the relationship over longer time periods. Understanding how the
relationship emerge in different model climates will provide crucial information on the natural
variability of the climate modes, and it holds immense value in the context of decadal climate
prediction. The study also aims to identify the dominant teleconnection pathways through

which the Atlantic influences the ISM.

Data and Methodology

The AMO-ISM teleconnection in the Last Millennial (LM) simulations (850-1850) by
eight climate models from the Paleoclimate Model Intercomparison Project phase 3 (PIMP3)
(Braconnot et al. 2012) archive are analyzed in the study. The LM simulations were included
as a part of the PMIP3 to gain a long-term perspective for detection and attribution studies and
to evaluate the models ability in simulating the multidecadal and longer time scale climate
variability. The LM simulations were forced with historical reconstructions of total solar
irradiance, volcanic aerosols and greenhouse gas concentrations (Schmidt et al. 2012).
Topography, vegetation, and ice sheets were maintained as same as the pre-Industrial control
conditions. Atmospheric and oceanic fields of monthly resolution from eight PMIP3 coupled
global climate model (GCM) simulations were downloaded from the Earth System Grid
Federation (ESGF) data servers and https://www.wdc-climate.de/ui/ (see Table 1 for the list of

models). As an observational counterpart, only for the purpose of comparing with the known
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climate features during the instrumental period, mean sea level pressure, air temperature, and
wind data from 20" Century reanalysis (1901-2012), Hadley Centre Sea Ice and Sea Surface
Temperature data (1901-2012) (HadISST, Rayner et al. 2003), monthly precipitation data from
Global Precipitation Climatology Project V2 (GPCP, Adler et al. 2003) (1979-2012) and a
long record of all-India mean rainfall data (1871-2012) from IITM were used. All observation
and model fields were re-gridded to a 2°x2° uniform grid. Anomalies of different fields were
computed as departures from monthly climatology computed over the last 100 years of LM
simulation, i.e., from 1750-1850. The overall trend in the LM simulations was removed using
least square fit method. To identify the robust multidecadal spectral signature from the long
time series, power spectra was computed using the Welch method (Welch 1967). The power
spectra were estimated by applying fast Fourier transform (FFT) to 200-year segments with
40% overlap, and then the average spectra were computed. The theoretical red-noise spectrum
is estimated from the lag-1 autocorrelation value of the original time series and the 90%

significance limit was estimated using the Chi-square test.

To compute the Atlantic Multidecadal variability (AMV) index, the annual mean sea
surface temperature (SST) was averaged over the north Atlantic (75°W -5°E, 0-60°N). The
global average SST time series was then subtracted from this time series, to remove the
influence of other globally uniform climate signals (following Trenberth and Shea 2006). This
method of removing the global mean SST signal from the North Atlantic SST variability was
found to be useful in bringing out the AMYV related signals in climate model simulations (Lyu
and Yu 2017). Since our focus is to understand climate variability in the multidecadal
timescales, a 30-100 year Lanczos filter (Duchon 1979) was applied to the model AMV time
series, while a 30-year low-pass filter was applied to the HadISST based AMV time series.
These filtered time series represent the respective AMO indices which were used for further
analysis. To calculate the probability distribution of parameters during different AMO phases,
we used the gaussian kernel density estimate (Rosenblatt 1956; Parzen 1962). The PDF is given

as

pal) = ix(x) ()

Where n is number of data points, h is smoothing bandwidth and K (x) is the gaussian kernel

—x2

function given as \/% e 2 . Kernel density estimate basically smoothens each data point X;
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into small density bumps and then sum all these small bumps together to obtain the final density

estimate.

Results and Discussion

The climatological mean state over the ISM domain was first examined in the LM
simulations by the eight GCMs. The June to September (JJAS) mean precipitation averaged
over the Last Millennia is shown in Figure 1. While it is not meaningful to estimate the model
biases relative to present day observations, the climatological mean (1979-2012) ISM
precipitation in the GPCP v2 dataset is shown alongside for easy comparison with present day
monsoon features. Earlier studies (Menon et al., 2013; Sengupta & Rajeevan, 2013) have
documented the skill of these models in simulating the ISM features in the CMIPS5 historical
simulations. The main features of the ISM in the LM simulations do not differ much from the
monsoon features in the historical simulations (cf: Figure 3, Menon et al., 2013). While models
like CCSM4, MPI and MIROC simulate the mean monsoon precipitation pattern with
relatively good fidelity, GISS, MRI-CGCM3, HADCM3, BCC and CSIRO underestimate the
precipitation over Indian landmass, and this has been recognized as a fundamental bias in
climate models (Dai 2006; Sabeerali et al. 2015). Power spectral analysis of all-India mean
ISM rainfall data (1871-2012) brings out a 50-100-year multidecadal signal along with a
higher frequency multidecadal mode around 30 year (Figure 2). In the LM simulations the
spectra was calculated using area averaged ISM rainfall over the domain (60°-100°E, 5°-27°N).
A similar distribution of spectral power is observed in the LM simulations by BCC, CCSM4
and MRI-CGCM3, while in other models a broad spectral range of 10-60 year or 10-100 year
is observed.

Climatological representation of seasonal mean monsoon winds at 850hPa pressure
level and near surface air temperature (10m) in the LM simulations are shown in Figure 3. As
an observational counterpart from the instrumental period, JJAS mean fields from the 20"
Century reanalysis are shown alongside. The simulation of these dynamic and thermodynamic
fields gives useful information about the models’ ability in simulating the large-scale monsoon
system. While there are significant biases in the model simulated monsoon precipitation, most
models simulate the summertime heating and low-level winds over the ISM landmass with
reasonably good skill, as in the case of historical simulations (Sengupta and Rajeevan 2013).
The models capture the high surface temperature conditions over the Thar desert region and
adjoining areas over northwest India and the warm conditions over the northern Indian Ocean.

Most models also simulate the cross equatorial low level flow from the Somalia coast towards
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the Indian subcontinent, albeit some small differences in the strength and extent of the low-
level Jetstream (LLJ). The vertically averaged free tropospheric temperature over the monsoon
domain measures the monsoon diabatic heating and hence is a useful index for the strength of
ISM (Goswami and Xavier 2005). The climatological mean patterns of upper level (200 hPa)
circulation and free tropospheric temperature (averaged from 500-200 hPa) over the ISM
domain are shown in Figure 4. The co-location of the upper tropospheric anticyclones and the
maximum heating zone is evident in the 20" Century reanalysis. The seasonal mean free
tropospheric temperature over the ISM domain is underestimated in most models relative to
20" century observations, but the broad features of the upper-level circulation including the
upper tropospheric anticyclone and tropical easterly jet are simulated by most of the models.
Most of the models also capture the north south gradient in tropospheric temperature over the
ISM domain. BCC, GISS and MPI have a relatively poor representation of the monsoon core
zone of heating in terms of both intensity and spatial extent. From the analysis of the mean
monsoon features, it can be surmised that even though the models have some weaknesses in
the simulation of monsoon precipitation, they mostly capture the heating and mean circulation

features associated with the large-scale monsoon system.

To delineate how the multidecadal variability over the Atlantic Ocean is captured in the
LM simulations, we examined the power spectra of the basin averaged AMYV index (Figure 5).
The periodicity of AMO derived from observations and paleoclimate reconstructions fall in the
50-80 year timescale (Schlesinger and Ramankutty 1994; Gray et al. 2004; Parker et al. 2007;
Tung and Zhou 2013). A broad range of spectral power is observed in the 30-100-year
timescale in most of the models. Significant spectral power in the 10-30-year timescale is also
present in some models such as, CCSM4, MPI, BCC and GISS. Earlier studies which examined
the AMYV in the historical and pre industrial simulations by CMIP models (Ting et al. 2011;
Peings et al. 2016; Ratna et al. 2019) have also reported a wide range of spectral power in the
multidecadal timescale over the Atlantic. Both observations and climate models indicate that
apart from the basin wide mode of multidecadal warming/cooling which is known as the
Atlantic Multidecadal Oscillations (AMO), a tri-pole pattern of variability with cold SST
anomalies over western Atlantic between 10°N-40°N sandwiched between warm SST
anomalies to the east of Newfoundland, and over the tropical eastern Atlantic, is also dominant
over the Atlantic (Wu and Liu 2005; Fan and Schneider 2012; Lin et al. 2019). Since the focus
of the present study is to understand the multidecadal scale influence of the Atlantic on the

ISM, a common 30-100-year band is chosen as representative of AMO in the models and the
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30-100 year filtered AMV timeseries is used as the AMO index in the remaining analysis. The
spatial structure of the model simulated AMO was examined by compositing 30—100-year
filtered SST anomalies for positive and negative AMO phases (Figure 6). The positive
(negative) phases of AMO were identified as when the normalized AMO index is greater than
1.0 (less than -1.0) standard deviation. In most models the basin wide warming/cooling
signature is evident over the North Atlantic, while in some models like BCC, CSIRO, and MRI-
CGCM3 the warm/cold SST anomalies are concentrated over the eastern part of the Atlantic
basin. Warm SST anomalies over the north Pacific is evident in the positive AMO phase
composites of many models, but the response is diverse among the different models. While
positive SST anomalies are observed over most part of the north Pacific in CCSM4 and GISS,
positive SST anomalies restricted to the western Pacific domain are observed in BCC, MIROC,
HADCM3, MPI, MRI-CGCM3 and CSIRO simulations. Negative SST anomalies over tropical
eastern Pacific are simulated in most models except CCSM4 and GISS. In these two models,
the Pacific exhibits basin wide warming during positive AMO phase and basin wide cooling
during negative AMO phase. It is interesting to note that the SST anomalies over the Indian
ocean are in tandem with the SST anomalies over tropical central pacific, during

positive/negative AMO phases.

Next, we explore the AMO-ISM relationship in the LM simulations and examine the
different teleconnection pathways through which the AMO influences the ISM variability. The
correlation between the AMO index and 30-100 year filtered rainfall averaged over the ISM
domain (60°E-100°E, 5°N-27°N) during the LM are shown in Table 2. A significant (90%
confidence level) positive correlation is observed for the models CCSM4, MRI-CGCM3,
CSIRO, HADCM3 and BCC, while for MIROC, GISS and MPI, the correlation is negative or
insignificant. On the other hand, Luo et al. (2018) reported a positive correlation between AMO
and ISM rainfall in all models except MIROC and HADCMS3 in the CMIPS5 historical
simulations. Considering the biases in the simulation of mean monsoon precipitation, the
AMO-ISM relationship in the LM simulations were also explored using a TT gradient based
index (Goswami and Xavier 2005) and a zonal wind shear based index (Webster and Yang
1992) for the ISM. The meridional gradient of TT anomalies between the equatorial Indian
ocean and the northern land mass plays a major role in maintaining the monsoon circulation
and can be considered as an indicator of ISM strength (Goswami and Xavier 2005; Xavier et
al. 2007). The TT gradient over the ISM domain was calculated as the difference in vertically
averaged TT between a north box (50°E-100°E, 15°N-35°N) over Indian land region and a



308
309
310
311
312
313
314
315
316
317
318
319
320

321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

10

south box (50°E-100°E, 15°S-5°N) over the Indian Ocean. A significant positive correlation is
observed between 30-100 year filtered TT gradient over the ISM domain and the AMO index
in the models CCSM4, CSIRO, MRI-CGCM3, MPI and GISS. The correlation is not
significant for BCC and HADCM3 and negative in the case of MIROC. The LLJ and the upper-
level tropical easterly jet together generates a strong wind shear over the monsoon domain
which gives a measure of the strength of the monsoon circulation. The zonal wind shear index
is defined as the vertical shear of zonal wind averaged over the region 0°-20°N, 40°-110°E.
The wind shear-based index also exhibits a significant correlation with the AMO in all the
models except MIROC, BCC and HADCM3. It implies that the multidecadal variability of the
circulation and TT over the ISM domain in five of the eight models are largely related with the
Atlantic multidecadal variability. In the remaining part of the manuscript, we analyse how each
of the proposed teleconnection processes are represented in these five models and explore how

it impacts the AMO-ISM relationship.

Modulation of surface temperature and TT over Eurasia is an important factor in the
AMO-ISM teleconnection, and a positive (negative) AMO phase is known to be associated
with warm tropospheric temperature anomalies over Eurasia and Tibet (Goswami et al. 2006).
30-100 year filtered tropospheric temperature (TT) anomalies (averaged from 500hPa to
200hPa) composited for positive AMO years are shown in Figure 7. In the 20" Century
reanalysis, during AMO positive phase, maximum positive TT anomalies are observed over
the South Asian region, extending from the Mediterranean to the East Asian monsoon domain.
All the models simulate an extended band of warm TT anomalies over the South Asian region
during positive AMO phase. The TT modulation may happen due to different teleconnection
effects. The AMO can induce strong upper tropospheric circulation responses across Eurasia
and such teleconnection patterns are associated with significant tropospheric temperature
anomalies (Lin et al. 2016; Wu et al. 2016; Sandeep et al. 2022). Barotropic instability over
the jet exit region over the north Atlantic gives rise to a quasi-stationary Rossby wave trains
which can induce positive geopotential height anomalies over the South Asian high region. An
enhanced South Asian high would lead to increased low-level convergence and an amplified
meridional TT gradient over the ISM domain (Zhang and Delworth 2006; Luo et al. 2011; Li
et al. 2008; Wang et al. 2009). 30-100 year filtered upper level (200hPa) geopotential height
anomalies were composited for the positive AMO phase to bring out the upper-level
teleconnection pattern associated with the AMO (Figure 8). While an arching teleconnection

pattern extending from the Atlantic to central Asian region with alternating positive and
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negative geopotential height anomalies is evident in the 20" century reanalysis, the model
simulated teleconnection patterns are widely different from the observations. Although
CCSM4 and MPI LM simulations capture the arching wave train pattern, there are differences
in the spatial scale of the geopotential height anomalies and the anomalies are negative over
the South Asian domain. Thus, the upper-level wave responses associated with the AMO are
not well represented in the models and they may not be responsible for inducing positive TT

anomalies over the ISM domain.

The AMO can also impact the ISM via modulating the interannual mode over the
Atlantic - the summer NAO (SNAO). It is characterized by an oscillation of the meridional
pressure gradient between the Arctic and the subtropical Atlantic and is known to impact the
global climate and the ISM. Studies (Baines and Folland 2007; Peings and Magnusdottir 2014;
Roy and Kripalani 2019) indicate that a positive (negative) AMO phase would favour a greater
number of SNAO negative (positive) events, which in turn would give rise to positive
(negative) TT anomalies over Eurasia and in turn affect the meridional TT gradient over the
ISM domain. The wind anomalies associated with negative SNAO extending from the Sahel
to the western Arabian sea would enhance the south westerly monsoon flow and increase the
moisture flux towards the Indian subcontinent, favoring a strong monsoon (Krishnamurthy and
Krishnamurthy 2015). Empirical orthogonal function (EOF) analysis of summer time (July-
August) mean sea level pressure (SLP) anomalies over the north Atlantic (70°W-50°E, 25°N-
70°N) (Folland et al. 2008) is used to extract the summer SNAO dipole structure in the 20"
Century reanalysis and the LM simulations (Figure 9). In all the models, the first EOF mode
of SLP captures the north south dipole structure associated with SNAO, and the corresponding
principal component time series is considered as the representative SNAO index for further
analysis. The SNAO pattern is northeastward shifted compared to its winter counterpart, with
the southern node observed over northwest Europe (Hurrell et al. 2003; Folland et al. 2009) .
However, in the LM simulations, the shifted SNAO pattern is captured only by CCSM4 and
MPI. Wang et al (2017) examined the NAO patterns in the CMIP5 historical simulations and
reported a wide discrepancy in the locations of NAO high and low pressure centers in the model
simulations. They also reported that most of the CMIP5 models tend to underestimate the
multidecadal variability of NAO. We find that the multidecadal variability of NAO is
underestimated in most models. However, as in observations, the multidecadal (30-100 year)
variability of SNAO is found to be negatively correlated with the AMO in all the model

simulations except CCSM4 (Table 3). We further examined the frequency of occurrence of
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positive and negative phases of SNAO during positive and negative AMO phases (Figure 10).
SNAO positive and negative phases were identified as when the SNAO index is greater
than/less than 1 standard deviation. In CCSM4 AMO positive phase favors more NAO
positive states and vice versa, while in the other four models - CSIRO, MPI, MRI-CGCM3,
and GISS, relatively more number of NAO positive states are observed during AMO negative
phase, consistent with the observations. On the other hand, the TT anomalies regressed on to
the negative SNAO index (Figure 11) brings out a downstream response quite different from
observations. While a negative SNAO phase in observations is associated with positive TT
responses over Eurasia, in all the models, except MPI, the TT response is negative over Eurasia.
Moderate positive TT responses are observed over northern and central Europe in GISS and
MRI-CGCM3 simulations but largely the TT responses over the ISM domain are negative in
all the models. Similar TT responses are observed in the multidecadal timescale as well (Figure
not shown). As the AMO modulation of the SNAO variability in CCSM4 is opposite of that in
observations, a positive AMO phase may be conducive for positive SNAO in the model, and it
can induce positive downstream TT responses over Eurasia and the ISM domain. On the other
hand, in the case of the other four models, the multidecadal modulation of interannual SNAO
variability is consistent with observations, but the discrepancies in the downstream responses
associated with the SNAO makes this mode of teleconnection to be misrepresented in the

models.

The AMO can also modulate the TT gradient over the ISM domain by influencing the
SST over the Indian and Pacific Ocean domains. The Southern Indian Ocean SST response of
relatively cooler SST anomalies during positive AMO and warmer SST anomalies during
negative AMO is simulated by four out of five models - CSIRO, CCSM4, MPI and MRI-
CGCM3 (Figure 6). This favors a positive TT gradient over the ISM domain and hence a
stronger monsoon. Several studies have shown that the AMO exerts a significant impact on the
Pacific variability (Zhang and Delworth 2007; Sun et al. 2017; Gong et al. 2020; Johnson et al.
2020) which affects the ISM. The key features of the observed AMO induced Pacific SST
response include warm anomalies over most part of north Pacific (Sun et al, 2017; Gong et al.
2019) and cold anomalies over equatorial eastern Pacific (Kucharski et al. 2016; Johnson et al.
2020) . The SST response is very similar to the PDO and in fact studies have shown that part
of the PDO variability may be forced by the AMO (Zhang and Delworth 2007; Johnson et al.
2020; Yang et al. 2020) . The SST response over the Pacific can have a strong impact on the
ISM (Feudale and Kucharski 2013; Krishnamurthy and Krishnamurthy 2014; Joshi and



407
408
409
410
411
412

413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

13

Kucharski 2017; Luo et al. 2018) through modulation of the Walker circulation
(Krishnamurthy and Goswami, 2000). While the positive AMO phase is found to be associated
with positive SST anomalies over most part of the north Pacific in CCSM4 and GISS, the
positive SST anomalies are mostly restricted to the western Pacific domain in the other three
models (Figure 6). CCSM4 and GISS fail to simulate the negative SST response observed over

tropical eastern Pacific.

Warm SST anomalies over subtropical and extratropical north Pacific are considered
to be a response of the Atlantic-Pacific atmospheric bridge mechanism. Upper-level divergence
over the Atlantic and convergence and descending motion over northern Pacific, combined
with ocean-atmosphere coupled feedbacks can result in warm SST anomalies over subtropical
north Pacific (Sun et al. 2017; Gong et al. 2019). Cool SST anomalies over equatorial eastern
Pacific during warm AMO phase are thought to be a resultant of anomalous zonal circulation
triggered by warm tropical Atlantic. Low level convergence and ascending motion over
tropical Atlantic causes large scale subsidence over equatorial eastern Pacific. Resulting high
sea level pressure anomalies drive more easterly winds and upwelling and hence cooling over
the region (Kucharski et al. 2016). Warming over subtropical north Pacific and cooling over
eastern equatorial Pacific leads to a strong extratropical-tropical SST gradient. Positive
(negative) phase of AMO induces a positive (negative) extratropical-tropical SST gradient
between the extratropical and tropical Pacific. Such SST gradient impacts the ISM through
modulation of Hadley-Walker circulation anomalies. Analysing the historical simulations by
22 coupled models that were part of the CMIP5, Luo et al. (2018), showed that models which
captured the positive AMO-ISM relationship also successfully simulated the strong
extratropical-tropical SST gradient over the Pacific domain. The gradient was calculated
between an extratropical Pacific box (25°N—45°N, 150°E-140°W) and tropical eastern Pacific
box (15°S—15°N, 180°E-95°W) (following Luo et al. 2018) using 30-100 year filtered SST
anomalies. A positive correlation is observed between the Pacific SST gradient and the AMO
in all the models (Table 3), with the strongest correlation exhibited by CSIRO, MRI-CGCM3
and GISS models. The probability distribution of the extratropical-tropical SST gradient over
the Pacific during positive and negative AMO phases was further examined (Figure 12). In
CSIRO, MRI-CGCM3 and GISS, it is evident that a positive AMO phase favors a stronger
positive SST gradient over the Pacific, while the separation is not very distinct in the other
models. The Pacific SST distribution can impact the ISM, mainly through the modulation of
Walker circulation. The Pacific impact on ISM via the Walker circulation in the PMIP3 LM



440
441
442
443
444
445
446
447
448
449

450

451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

470
471

14

simulations has been reported by Tejavath et al. (2019). 200 hPa velocity potential anomalies
composited for periods of strong positive extra tropical-tropical SST gradient over the Pacific
(Figure 13) brings out this aspect of the teleconnection. An enhanced Walker circulation is
evident in all the models, but it is more westward shifted. While in the 20" century reanalysis
we observe upper-level convergence over eastern Pacific and upper level divergence over
Western Pacific and ISM domain, all the models exhibit upper level convergence anomalies
all over the Pacific domain and upper level divergence prevail over the ISM domain.
Nevertheless, the circulation responses to the positive extratropical-tropical SST gradient over

the Pacific help in strengthening the monsoon circulation in all the models.

Conclusions

In this study, the observed AMO-ISM relationship is investigated in the Paleoclimate
Model Intercomparison Project phase 3 (PMIP3) last millennium (LM) simulations by eight
climate models. The LM simulations are useful for gaining a better understanding of the
models’ ability in simulating the multidecadal and longer time scale climate variability. The
model simulated ISM precipitation, circulation and temperature fields were examined, and it
was observed that the LM mean monsoon features are very similar to the monsoon features in
the historical simulations. While there are some fundamental biases in the simulation of
monsoon precipitation by many models, the mean monsoon circulation and heating associated
with the large-scale monsoon system are well simulated by most of the models. Similar to the
historical and preindustrial simulations by CMIP models, the LM simulations also bring out a
broad range of spectral power in the multidecadal timescale over the Atlantic. The AMO in the
LM simulations has a periodicity of 30-100 years and capture the basin wide warming signal
over the North Atlantic in most models, while in some models like BCC, CSIRO, and MRI-
CGCM3 the warm SST anomalies are concentrated over the eastern part of the Atlantic basin.
While a consistent positive correlation is not observed between AMO and ISM rainfall in many
models, a significant positive correlation is observed between tropospheric temperature based
and wind shear-based monsoon indices and the AMO in five out of the eight models - CCSM4,
CSIRO, MRI-CGCM3, MPI and GISS. The AMO-ISM relationship in these five models is

further explored based on proposed pathways of teleconnection.

Broadly two pathways of AMO-ISM teleconnection are examined, 1) the Eurasian

pathway: AMO modulating the monsoon via modulation of tropospheric temperature
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anomalies over Eurasia and 2) the Pacific pathway: AMO modulating the monsoon via the
Atlantic - Pacific atmospheric bridge and associated SST and circulation responses over the
Pacific domain. Barotropic instability over the north Atlantic can give rise to upper
tropospheric quasi-stationary Rossby wave trains which induce geopotential height anomalies
over the South Asian high region and in turn affect the low-level convergence and TT gradient
over the monsoon domain. While an arching teleconnection pattern extending from the Atlantic
to central Asia is evident in the 20" century reanalysis, none of the models are able to capture
such a mode of teleconnection in the LM simulations. CCSM4 and MPI models are found to
simulate the arching wave train pattern with relatively better fidelity. In the case of atmospheric
teleconnections driven by oceanic forcing, proper simulation of upper atmospheric downstream
responses largely depend on the strength and extent of the oceanic forcing. Inter-model
differences in the AMO induced upper-level teleconnection pattern hence may be related to the
differences in the spatial extent and strength of AMO SST anomalies in the simulations. The
TT modulation over Eurasia via the interannual SNAO mode was also explored. A positive
AMO phase is known to be conducive for frequent occurrence of negative SNAO phase over
the Atlantic, which can have downstream impact on the TT anomalies over Eurasia which is
conducive for the ISM. Except CCSM4, in all the other four model simulations, a positive
phase AMO is found to favor more SNAO negative states, and the multidecadal SNAO
variability is negatively correlated with the AMO, consistent with observations. However, the
downstream TT response is quite the opposite of what is expected from observations. While a
negative SNAO phase induces positive TT anomalies over the ISM domain in 20" century
reanalysis, in all the models a negative SNAO induces negative TT anomalies over the ISM
domain. The discrepancies in the model simulated downstream responses associated with
SNAO makes this mode of AMO-ISM teleconnection invalid in four of the five models. In
CCSM4 however, this mode of teleconnection seems feasible mainly because the AMO bears

a positive correlation with the SNAO multidecadal variability.

An important aspect of the Pacific pathway of AMO-ISM teleconnection are the Pacific
SST responses induced by the AMO. Positive anomalies in the North pacific and negative SST
anomalies in the equatorial eastern Pacific are the signature responses observed over the Pacific
in the 20" century reanalysis. While a similar response is observed in MRI-CGCM3, MPI and
CSIRO simulations, a positive AMO phase is found to be associated with basin wide positive
SST anomalies in CCSM4 and GISS. A strong positive correlation is observed between the

Pacific SST gradient and the AMO in all the models, with the strongest correlation exhibited
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by CSIRO, MRI-CGCM3 and GISS models. Consistent with earlier studies, the Pacific
gradient is also accompanied by an enhanced Walker circulation with strong upper-level
convergence over the Pacific and divergence over ISM domain. Although there are
discrepancies in the finer aspects of teleconnection responses in all the models, some models
perform better relative to others in simulating one pathway of teleconnection over the other.
While CCSM4 and MPI exhibit better skill in simulating the interannual SNAO mode and the
upper-level circulation responses to AMO SST anomalies, these models, CCSM4 in particular,
have some major limitation in simulating the AMO forced SST response over the Pacific. The
lowest correlation between AMO and the extratropical-tropical SST gradient over the Pacific
is observed for CCSM4 and MPI. On the other hand, CSIRO, GISS and MRI-CGCM3 captures
the AMO modulation of Pacific SST gradients more realistically. While more detailed analysis
is required to understand the nuances of such teleconnection pathways, the Pacific pathway
emerges as a better represented teleconnection pathway for AMO-ISM interactions in climate
models. Even when multiple teleconnection pathways and their complex interactions might be
at play in the observed AMO-ISM co-variability in the current climate state, most of which
still remains unknown, it is intriguing to think about the possible teleconnection pathways that
might exist in different climates or different model climates. If different model climates may
be treated as possible realizations of our climate system, untangling the teleconnection
processes in these model climates could be a useful way for assessing the internal variability

of the climate system.
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Figure 1: June to September (JJAS) mean monsoon rainfall in the (a) GPCP data (1979-2012)
and (b)-(1) PMIP3 models LM simulations from 850-1850 AD.
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Figure 2: Power spectra of (a) IITM all-India mean ISM rainfall data (1871-2012) and (b)-(i)
JJAS mean ISM rainfall averaged over 60°-100°E, 5°-27°N in the PMIP3 models LM
simulations from 850-1850 AD. Red dashed line represents the red noise spectra.
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Figure 3: JJAS mean 850 hPa winds (vectors) and surface air temperature (shaded) in (a) 20th
Century reanalysis V2 (1901-2012) and (b)-(i) PMIP3 models LM simulations from 850-1850
AD.
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830 in(a) 20th Century reanalysis V2 (1901-2012) and (b)-(i) PMIP3 models LM simulations from
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Figure 5: Power spectra of north Atlantic SST area averaged over (75°W -5°E, 0-60°N) in (a)
HADISST (from 1901-2012) and (b)-(i) PMIP3 models LM simulations from 850-1850 AD.
Red dashed line represents the red noise spectra.
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Figure 6: 30-100 year filtered, SST anomalies composited for positive and negative phases of
AMO in (a) HADISST and (b)-(i) PMIP3 models LM simulations.
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Figure 7: 30-100 year filtered free tropospheric temperature anomalies composited for the
positive phase of AMO in (a) 20th Century reanalysis and (b)-(f) PMIP3 models LM
simulations. Hatched regions represent statistical significance at 90% level.
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Figure 8: 30-100 year filtered 200 hPa eddy geopotential height anomalies composited for the
positive phase of AMO in (a) 20th Century reanalysis and (b)-(f) PMIP3 models LM
simulations. Hatched regions represent statistical significance at 90% level.
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886  simulations.
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PMIP3 models LM simulations. SST gradient is defined as the difference between area
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Pacific (15°S-15°N, 180°-95°W).
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Figure 13: 30-100 year filtered 200 hPa velocity potential anomalies composited for the
periods when the 30-100 year filtered extratropical-tropical gradient index values were positive
over the Pacific, in (a) 20th Century reanalysis and (b)-(f) PMIP3 models LM simulations.

Model abbreviation Model/Institute Resolution
BCC-CSM-1 Beijing Climate Center, Climate system model | T42, 26 levels
version 1.1
CCsMm4 Community Climate System Model version 4, | 1.25° x 0.942°,
NCAR 26 levels
CSIRO-Mk3L-1-2 Commonwealth Scientific and Industrial T21, 18 levels
Research organization Mark version 3.6.0

GISS-E2-R NASA Goddard Institute for Space Studies 2.5° % 2.0° 40
levels

HadCM3 Hadley Centre Coupled Model version 3 3.75° x 2.5° 19
levels

MIROC-ESM University of Tokyo National Institute for T42, 80 levels

Environmental Studies & JAMSTEC
MPI-ESM-P Max Plank Institute of Meteorology T63, 47 levels
MRI-CGCM3 Meteorological Research Institute Japan T102, 48 levels

Table 1 List of PMIP3 models analysed in the study.
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AMO-ISM AMO-ISM (TT AMO-ISM
(rainfall) gradient; Goswami (easterly shear;
and Xavier, 2005) | Webster and Yang,
1992)
Observation 0.59 0.80 -0.49
BCC 0.15 0.02* -0.09*
CCsM4 0.48 0.34 -0.34
CSIRO 0.34 0.31 -0.27
GISS 0.08 0.18 -0.33
HADCM3 0.14* -0.06* -0.06*
MIROC -0.26 -0.15 0.04*
MPI 0.02* 0.22 -0.31
MRICGCM3 0.35 0.31 -0.34

Table 2 Correlation between the AMO index and rainfall based, TT gradient based and easterly

wind shear based ISM indices in observations and PMIP3 models LM simulations

AMO-NAO AMO-Pacific SST
gradient

Observation -0.38 0.27
CCSM4 0.31 0.15
CSIRO -0.23 0.49
GISS -0.19 0.29
MPI -0.38 0.21
MRICGCM3 -0.15 0.46

Table 3 Correlation of the AMO index with the 30-100 years filtered SNAO index and 30-100
years filtered extratropical-tropical SST gradient over the Pacific, in observations and PMIP3
models LM simulations. Principal components corresponding to the EOF modes shown in
Figure 9 represent the SNAO indices. SST gradient is defined as the difference between area
averaged SST anomalies over the north Pacific (25°-45°N, 150°E-140°W) and equatorial east
Pacific (15°S-15°N, 180°E-95°W)



