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Abstract

Earlier studies have shown that Atlantic multi-decadal variability (AMV) can impact
climate variability globally. However the instrumental records are short compared to the
timescale of AMV, and mechanisms for these impacts are unresolved. This thesis deals
with impacts of AMV on the Indo-Pacific region and over the Northern Hemisphere,
investigating both the persistence of multi-decadal variability in the two phenomena and
possible mechanisms for interactions between them. Coupled climate models are the
main tools used in this study, in the form of output from the Coupled Model
Intercomparison Project 5 (CMIPS) ensembles, a freshwater hosing experiment with the
Bergen Climate Model (BCM), and partially coupled ensemble simulations with the
Norwegian Earth System Model (NorESM). In addition proxy records are used to assess
persistence in both AMV and its relation to regional variability in the Indo-Pacific.

The results of this thesis are presented in five papers. In the first paper a new marine-
based multi-proxy reconstruction for AMV is produced and presented, showing
persistent multi-decadal variability 90 years further back in time than the instrumental
records. The second paper evaluates multi-decadal variability in several proxy
reconstructions of the Indian summer monsoon (ISM) and compares it with different
AMV reconstructions, including the marine-based record from the first paper. Multi-
decadal variability is found in ISM reconstructions back to the 15™ century, but the
relation with AMYV is not clear. The AMV-ISM relation is further investigated in CMIP5
simulations in the third paper. While none of the models capture the observed significant
AMV-ISM relation in the pre-industrial control simulations, one model simulates the
observed correlation in the 20" century historical ensemble, indicating that the observed
relation could be externally forced. In the fourth paper of this thesis it is found that
changes in North Atlantic SSTs due to variations in the thermohaline circulation can
impact variability in the equatorial Atlantic and change the inter-basin relation between
Atlantic and Pacific Nifos. The fifth paper introduces a novel approach for investigating
large-scale impacts in a coupled model, by separating radiative forced and dynamically
driven variability. Ensembles of partially coupled 20™ century historical simulations
indicate that AMV may not have been a key contributor in Northern Hemisphere surface
trends on decadal timescales.

Collectively these papers indicate that the AMV is a persistent signal of the climate
system, but the impacts on multi-decadal variability in the Indo-Pacific and the Northern
Hemisphere may not be as strong as previous studies suggest. AMV can modulate
interannual variability and inter-basin teleconnections in the tropics, but the correlation
with the ISM could be due to external forcing, and the Pacific seems to make a larger
contribution to decadal trends in Northern Hemisphere climate than the Atlantic.
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1. Background and Motivation

The main objective of this thesis is to investigate the role multi-decadal variability in
the Atlantic has for variability in the Indo-Pacific region and over the Northern
Hemisphere. In the following I will present earlier studies that have motivated and
form the scientific basis for the five papers that constitute this thesis. I will start with
introducing Atlantic multi-decadal variability (AMV) and the large-scale impacts that
have been recognized in earlier studies. Then I will focus on the specific impacts of
AMYV that this thesis deals with: decadal variability of the Indian summer monsoon
(ISM), decadal modulations of interannual variability in the tropics, and finally the
role of AMV in Northern Hemisphere surface temperature variability on decadal

timescales.

1.1 Atlantic Multi-Decadal Variability

The observed multi-decadal variability of North Atlantic sea surface temperature
(SST) anomalies is referred to as AMV or the Atlantic Multi-decadal Oscillation
(AMO; e.g., Enfield et al. 2001). The AMV is characterized by basin-wide North
Atlantic SST anomalies that vary between cold and warm periods of 3-4 decades
each. The SST anomalies associated with AMV typically have a horseshoe pattern
with the largest anomalies in the tropics and the eastern subtropical North Atlantic
(Figure 1). An AMV-index (black line in Figure 2) is often defined as the area-
averaged annual SST anomalies in the North Atlantic from the equator to 60°N (e.g.,

Enfield et al. 2001; Wyatt et al. 2012).

Both the drivers of AMV and how AMV impacts other regions are still unclear and
heavily debated. When first detected, it was suggested that AMV was a signal of
internal variability of the ocean; however later studies have suggested several
externally forced components. While AMV can be related to internal variability of
the thermohaline circulation in the Atlantic and the Atlantic meridional overturning

circulation (AMOC) (e.g., Delworth et al. 1993; Delworth and Mann 2000; Latif et al.



2004; Knight et al. 2005), some studies have suggested that AMV is a result of
fluctuations in the atmospheric circulation, for instance by the North Atlantic
Oscillation (NAO) (e.g., Eden and Jung 2001; Clement et al. 2015), or that external
radiative forcing, natural, anthropogenic or a combination of the two, can modulate
AMV (Ottera et al. 2010, Booth et al. 2012). But these results depend on the model
and the definition of AMV (e.g., Zhang et al. 2013). Model studies are inconclusive
and models vary widely both in terms of amplitude and frequency of AMV (Medhaug
and Furevik 2011), while the spatial pattern is rather robust (Ting et al. 2011; Ba et
al. 2014). This thesis is not a study of AMYV, but rather of its impacts.
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Figure 1: AMV pattern given by the correlation of low-frequency filtered SST anomalies
with the AMV-index for the period 1871-2012, based on HadISST data (Rayner et al. 2003).

The short instrumental data only capture two cycles of AMV making it difficult to
assess what drives AMV as well as AMV impacts. If AMV is internally driven it may
be a persistent signal of the climate system and could have implications for climate
prediction. Proxy reconstructions of North Atlantic climate have indicated some
persistence of multi-decadal variability, although the records diverge prior to the
instrumental era (e.g., Kilbourne et al. 2014). Most of these reconstructions are
mainly based on land-records such as tree rings and ice cores (e.g., Gray et al. 2004;
Mann et al. 2009; Knudsen et al. 2011). Land-based records assume a stable relation

between SST and atmospheric temperatures, but this relation is not fully understood



(e.g., D’Arrigo et al. 2008). Proxy reconstructions are important for understanding
possible drivers of AMV, but it is also essential for understanding long-term
teleconnections by comparing them with reconstructions from other regions. The
objective of Paper I in this thesis is to investigate if there is a persistent AMV-like
signal in a reconstruction using only marine proxies, a more direct measure of SST

compared to land-based records.

1.2 Impacts of Multi-Decadal Variability in the Atlantic

Previous studies have suggested that AMV is important for climate variability
globally (e.g., Schlesinger and Ramankutty, 1994; Delworth and Knudsen 2000;
Zhang et al. 2007; Steinman et al., 2015). AMV has been linked to European and
North American summer climate (e.g., Enfield et al. 2001; McCabe et al. 2004;
Sutton and Hodson 2005; Sutton and Hodson 2007; Wyatt et al. 2012), Arctic sea ice
cover (e.g., Kinnard et al. 2011; Miles et al. 2014), and Atlantic hurricane activity
(e.g., Goldenberg et al. 2001; Knight et al. 2006; Zhang and Delworth 2006; Wang et
al. 2012).

AMV has also been related to summer rainfall in African Sahel from June to August
through a meridional shift of the Inter-tropical convergence zone (ITCZ); during a
positive AMV the ITCZ is shifted northward enhancing precipitation over Sahel (e.g.,
Folland et al. 1986; Knight et al. 2006; Zhang and Delworth 2006; Mohino et al.
2010; Ting et al., 2011; Wang et al. 2012). Similarly a cold AMV has been found to
enhance rainfall in North Eastern Brazil from March to May also through a shift of
the ITZC (e.g., Knight 2006; Ting et al. 2011). Multi-decadal variability in the South
Asian summer monsoon could also be impacted by AMV, with a positive correlation
observed between SST anomalies in the North Atlantic and boreal summer rainfall
over South Asia (e.g., Goswami et al. 2006; Zhang and Delworth 2006; Li et al.,
2008; Ting et al. 2011). Recent studies have also suggested that multi-decadal

variability in the Atlantic can modulate interannual variability and inter-basin



coupling in the tropics (e.g., Chen et al. 2010; Polo et al. 2013: Kang et al. 2014;
Martin-Rey et al. 2014).

So-called freshwater hosing experiments with global climate models where a large
amount of freshwater is artificially added to the North Atlantic resulting in weaker
AMOC and a cooler North Atlantic, have also shown that basin-wide changes in the
North Atlantic can have far-reaching effects impacting for instance the mean state of
the tropical Pacific, but also interannual variability such as the El Nifio-Southern
Oscillation (ENSO) (e.g., Timmermann et al. 2005; Zhang and Delworth 2005; Dong
and Sutton 2007, Rashid et al. 2010), the Atlantic Nifio (e.g., Polo et al. 2013), ISM
rainfall (e.g., Lu and Dong 2008) and the relation between ENSO and the ISM (e.g.,
Chen et al. 2010). These studies relate to AMV impacts to the extent that a weaker
AMOC results in similar SST changes as those associated with the observed AMV.
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Figure 2: Observed normalized and de-trended low-frequency filtered Northern Hemisphere
surface temperature (blue line) from the GISTEMP data (Hansen et al. 2010), All-India
monsoon rainfall index (vellow line) from IITM (Parthasarathy et al. 1994), the AMV-index
(black line), and the 21-year running correlation between Atl3-index (3°N-3°S, 20°W-0°W)
and Nino3-index (5 °N-5°S, 90°W-150°W) (green line) from the HadISST data (Rayner et al.
2003).

This thesis deals with the impacts of AMV especially focusing on the Indo-Pacific
region. Figure 2 illustrates the three impacts that are the focus on this thesis: the

relation to the ISM rainfall (yellow line), the inter-basin connection between the



tropical Atlantic and Pacific (green line), and Northern Hemisphere surface
temperatures (blue line). In the following I will present recent studies that motivated

this work.

1.3 AMV and the Indian Summer Monsoon

A significant correlation between AMV and ISM rainfall has been observed (e.g.,
Goswami et al. 2006), with periods of warm (cool) North Atlantic SSTs associated
with periods of more (less) ISM rainfall (yellow line in Figure 2). Whether the
Atlantic is driving multi-decadal variability in the ISM is uncertain and a mechanism

for the possible connection is disputed.

The ISM is the rainy season over India. During the months from June to September
India receives almost 80 % of its annual rainfall (Figure 3; Tyagi et al. 2012). Based
on the seasonal reversal of the wind direction between boreal winter and summer due
to annual variations in the incoming solar radiation and the different heating capacity
over land and ocean, the ISM can be seen as an enormous “sea breeze”. It can also be
viewed as a seasonal migration of the ITCZ (e.g., Gadgil 2003; Privé and Plumb,
2007; Joseph 2014). During spring and summer South Asia warms more than the
Indian Ocean, and a meridional pressure gradient in the upper troposphere between
the Indian continent and the Southern Indian Ocean is established and air flows
southwards in the upper troposphere. Due to mass continuity warm moist air from
over the Indian Ocean flows northwards in over South Asia and the Indian Peninsula.
The Coriolis force turns the cross-equatorial low-level winds over the Arabian Sea
crossing the Indian peninsula from west to east (Figure 3; Tyagi et al. 2012).
Simultaneously the monsoon trough over central India brings low-pressure systems
inn from the Bay of Bengal (Gadgil 2003). A dryer ISM has typically a weaker
monsoon circulation with a weaker Somali Jet (e.g., Findlater 1969; Joseph 2014),
weaker Hadley circulation and Walker circulation (e.g., Webster et al. 1998), and

cooler temperatures over the Tibetan Plateau reducing the meridional temperature



gradient between the Indian Ocean and Eurasia (e.g., Goswami and Xavier 2005).

These anomalies are typically reversed for a wetter [ISM.
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Figure 3: Seasonal cycle of monthly mean rainfall in mm over India (left panel) derived from
the Climatic Research Unit (CRU) data set (provided from the NCAS British Atmospheric
Data Centre; retrieved from https://climatedataguide.ucar.edu/climate-data/cru-ts321-
gridded-precipitation-and-other-meteorological-variables-1901; Harris et al. 2014), and the
mean surface wind pattern (vight panel) during the ISM (JJAS) in m/s from NCEP/NCAR
reanalysis data (provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from
their web site http://www.esrl.noaa.gov/psd), for the period 1981-2010 (Kalnay et al. 1996).

1.3.1 The AMV-ISM Link in Proxy Reconstructions

Since the instrumental records are short compared to the multi-decadal timescales of
AMYV, proxy reconstructions are used to assess the persistence of the AMV-ISM
relation. Paleo-climate records provide evidence that low-frequency variation in SST
in the Atlantic concurred with variations in the ISM, for instance there is evidence for
changes in the Asian monsoon that correspond in timing to Dansgaard/Oeschger
events (Burns et al., 2003) and smaller interglacial changes in the North Atlantic
(Gupta et al. 2003, Feng and Hu 2008). There is also evidence of multi-decadal
variability in annual resolution proxy record of regional rainfall in India (e.g.,

Berkelhammer et al. 2010; Borgaonkar et al. 2010).

Rainfall approximations from one region in India are not necessarily representative
for the monsoon as a whole (Normand 1953). Individual proxy reconstructions

include components of local variability, and therefore multi-proxy reconstructions



using proxies from several different sites are preferred. For the ISM there are several
proxy reconstructions, but few of them are publically available. There are a few
records from India, and also a couple of marine records from both the Indian and the
Pacific Ocean related to ISM rainfall (e.g., Borgaonkar et. al. 2010; Yadava et al.,
2004; Sinha et al., 2007; Chakraborty et al., 2012). In addition to individual proxies, a
700-year drought atlas for the whole Asian monsoon region, the Monsoon Asia
Drought Atlas (MADA), is available (Cook et al., 2010). The MADA is a seasonally
resolved drought reconstruction including 534 grid points based on 327 tree ring
series from Asia. However only four tree ring records are included from sites in India,
and only two grid points are significantly correlated with the observed ISM rainfall

(not shown).

Low-resolution proxy records indicate that the variability in the North Atlantic and
the ISM could be related on longer timescales, and individual records do indicate
persistence in multi-decadal variability in the ISM. A multi-proxy analysis of multi-
decadal variability of the ISM is missing in the literature, in addition to a comparison
with AMV reconstructions. The ISM reconstructions that are available are evaluated

and compared with multi-proxy reconstructions of AMV in Paper II.

1.3.2 Dynamical Connection between AMV and the ISM

It is still unclear if the observed correlation between AMV and ISM indicates
causality and how the Atlantic could then potentially influence the ISM. Goswami et
al. (2006) demonstrated that the quasi 60-year oscillation of the ISM varies
coherently with AMV in observations, as well as the low-pass filtered ENSO but with
opposite signs. When the AMV was positive there were positive tropospheric
temperature anomalies over FEurasia increasing the meridional tropospheric
temperature gradient (MTG) between the Indian Ocean and Eurasia. This could delay
the withdrawal of and increase the intensity of the ISM. Goswami et al. (2006) found
that the AMV influenced the tropospheric temperature through the NAO acting as an
atmospheric bridge. A positive summer NAO-index was associated with a similar

pattern as a positive AMV, and the changes of the winds and storm tracks associated



with NAO variability could be responsible for changes in the ISM (Goswami et al.
2006). Feng and Hu (2008) also found that temperatures over the Tibetan Plateau
warm and the Indian Ocean cools during positive AMV phases, consistent with the
strengthening of the MTG. A stronger MTG could shift the ITCZ northwards and
enhance low-level winds, bringing more moisture over peninsular India, increasing
ISM rainfall (Feng and Hu 2008). Similarly Wang et al. (2009) documented that
during a positive AMV, northern India had warmer surface temperatures, and
southern India had cooler temperatures. The boundary between these two temperature
lobes moves northwards through the year, and there was a negative correlation
between the AMYV index and South Asian surface temperatures, as well as an increase

rainfall in boreal summer (Wang et al. 2009).

Model studies both reveal possible mechanisms for an AMV-ISM connection and can
indicate whether the connection is a part of natural internal climate variability or
externally forced. Decadal trends in the ISM rainfall have been related to
anthropogenic aerosol emissions (Bollasina et al. 2011) or solar variability (Meehl et
al. 2003; Bhattacharyya and Narasimha 2005). However results from fully coupled
model simulations with constant external forcing suggest that the observed
correlation between AMV and the ISM can also be due to internal variability of the

climate system (e.g., Msadek and Frankignoul 2009; Luo et al. 2011).

The skill in simulating decadal variability of the ISM is found to be better in
atmospheric general circulations models (AGCMs) than in coupled GCMs, while
interannual variability is better simulated in coupled GCMs, suggesting that ocean-
atmosphere coupling is important for the interannual variability, while decadal
variability is mainly an atmospheric signal or that the SST pattern is important
(Kucharski et al. 2009). However studies using both atmospheric and coupled GCMs
have in general found that SST anomalies in the North Atlantic associated with a
positive AMV lead to an intensification of the lower level Somali Jet and the south
westerly surface winds from the Indian Ocean across India due to a northward shift of

the ITCZ and a strengthening at the MTG due to tropospheric heating over Eurasia



(Zhang and Delworth 2006; Li et al. 2008; Lu et al. 2006; Wang et al. 2009; Luo et
al. 2011). Similar responses in the Asian summer monsoon circulation have been
found for a weaker AMOC and associated negative SST anomalies in the North
Atlantic (Lu and Dong 2006; Msadek and Frankignol 2009). However models are not
consistent in simulating a response in the ISM rainfall, and several studies only find a
significant rainfall response in boreal autumn during the ISM withdrawal phase (Lu et
al. 2006; Wang et al. 2009; Luo et al. 2011). Conversely instrumental data show that
the wet and dry monsoon decades are mostly related to the amount of July rainfall,
the peak monsoon month, rather than the monsoon withdrawal phase (Tyagi et al.

2012).

AMYV might impact the ISM through a Rossby wave train from the North Atlantic
across Eurasia. North Atlantic SST anomalies can result in baroclinic instability over
western Europe, and this perturbation could induce a Rossby wave across Asia. This
can lead to a change in the MTG over India and enhance the South Asian high,
increasing upper-level divergence and low-level convergence, in turn changing the
intensity of the ISM (Li et al. 2008; Luo et al. 2011). A meridional shift of the ITCZ
in the Atlantic associated with AMV can also excite a Gill-type response in the
eastern Pacific changing the strength of the Walker circulation and consequently the

ISM (Lu and Dong 2008; Zhang and Delworth 2005).

However studies disagree on the sign of the response in the ISM. Both Sutton and
Hodson (2007) and Li et al. (2008) investigated the role of SST anomalies in the
tropical and extra-tropical part of the AMV signal separately in driving ISM
variability using different AGCMs with prescribed SST anomalies. Both studies
found that tropical North Atlantic SST anomalies had a negative correlation with the
ISM, while extra-tropical North Atlantic SST anomalies had a positive correlation
with the ISM. Warm anomalies in the tropical North Atlantic inhibit convection in
regions outside the tropical Atlantic and weaken the Somali Jet, suppressing rainfall
over India and the Bay of Bengal (Sutton and Hodson 2007). Sutton and Hodson
(2007) found the greatest response in the ISM from tropical Atlantic SST anomalies,
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while Li et al. (2008) simulate the greatest response from extra-tropical Atlantic SST
anomalies. This resulted in an overall opposite relation between AMV and the ISM in
these two studies, with the results in Sutton and Hudson (2007) also opposite of the
observed AMV-ISM relation. Air-sea coupling in the tropics might therefore be
important to reverse the sign of the response, especially in the Indian Ocean (Sutton

and Hodson 2007; Kucharski et al. 2007).

These results emphasize the model dependency of such studies. There is also little
agreement in the correlation between AMV and ISM rainfall between the models that
participated in the Coupled Model Intercomparison Project Phase 3 (CMIP3), and the
correlation is weak in the ensemble mean for the 20™ century historical simulations
(Ting et al. 2011). GCMs still have difficulties simulating the ISM. These
deficiencies have been related to low resolution and the representation of orography,
convective parameterizations, and biases in the mean state of the tropics (Turner et al.
2011), but ISM rainfall patterns seem to be better simulated in coupled GCMs with
stronger correlations between the ISM rainfall and equatorial Pacific SSTs (Sperber
et al. 2013). The weak connection between AMV and the ISM in CMIP3 may be
attributed to the response in the Pacific to an AMV signal that is opposite compared
to observations: in observations warm North Atlantic SSTs are associated with small
negative SST anomalies in the equatorial Pacific, while in the CMIP3 ensemble the
equatorial Pacific SST anomalies are positive and significant (Ting et al. 2011). The
Pacific response to AMV may be important for simulating the connection with the
ISM, and the ability to simulate tropical atmosphere-ocean coupling could be crucial

for these teleconnections.

Goswami et al. (2006) found that decadal variability in ISM rainfall is modulated by
two teleconnections patterns; first a tropical teleconnection by the low-pass filtered
ENSO involving shifts of the Walker circulation influencing the regional monsoon
Hadley circulation, second an extra-tropical teleconnection where AMV influenced
the monsoon through changing the tropospheric temperatures over Eurasia. The

regression pattern in Figure 4 shows that observed multi-decadal variability of the
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ISM rainfall is significantly correlated with multi-decadal variability in both the
tropical Pacific and the North Atlantic. The CMIP5 models do not seem to be able to
simulate both these correlations (Figure 5). Paper III is a further investigation of the
AMV-ISM relation in the latest version of the CMIP models (CMIPS5; Taylor et al.
2012), the drivers for this relation, and whether the relation is internal variability or

externally forced.
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Figure 4: Regression of low-pass filtered global SSTs (HadISST) onto the ISM rainfall index
(from IITM) for the period 1871-2004. Black dots indicate significant values at a 5 % level
for the effective degrees of freedom.
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Figure 5: Scatter plot of the correlation between ISM rainfall and AMV (1.axis) and ISM
rainfall and Inter-decadal Pacific Oscillation (IPO) given by SST anomalies in the
equatorial Pacific (2.axis) for 20 CMIP5 models (colored dots), and instrumental data
(black x). Values beyond the dashed lines are significant at a 5 % level.



12

AMYV could also potentially modulate interannual variability of the ISM. During
decades of less ISM rainfall interannual variability of the ISM and the frequency of
dry years increased (Joseph et al. 2013). Historically dry and wet ISM years have
been related to the Southern Oscillation and ENSO events (e.g., Walker 1924;
Rasmussen and Carpenter 1983; Ju and Slingo 1995), but this relation is not linear
(Webster et al. 1998, Torrence and Webster 1999), and Kumar et al. (1999) found
that this relation has weakened in recent decades. The tropical Atlantic can also
influence the ISM through similar mechanisms as ENSO (Kucharski et al. 2007;
2008). Decadal changes in the Atlantic could therefore potentially impact the ISM
through changing tropical Atlantic variability (e.g., Polo et al. 2013), ENSO
variability (e.g., Timmermann et al. 2005; Zhang and Delworth 2005; Dong and
Sutton 2007) or the relation between ENSO and the ISM (Chen et al. 2010).

1.4 Interannual Variability Potentially Modulated by AMV

Enfield et al. (2001) suggested that AMV affects rainfall variability over North
America associated with ENSO, modulating interannual variability in this region.
Recent studies have also suggested that multi-decadal variability in the Atlantic can
modulate interannual variability and inter-basin coupling in the tropics (e.g., Kang et
al. 2014; Martin-Rey et al. 2014). There is also observational evidence that the
relation between tropical Atlantic variability associated with an Atlantic Nifio and
ENSO has strengthened since the 1970s in phase with a negative AMV (e.g.,
Rodriguez-Fonseca et al. 2009; Martin-Rey et al. 2014), also apparent in Figure 2
(green line). These modulations could in turn impact for instance the ISM, through its
relation to the tropical Atlantic (Kucharski et al. 2007; 2008) or ENSO (Walker 1924;
Rasmussen and Carpenter 1983; Ju and Slingo 1995)

ENSO is a coupled atmosphere-ocean oscillation in the tropical Pacific (Bjerknes
1969, Philander 1990), and presents itself as SST anomalies in the equatorial Pacific
accompanied by a change in the zonal pressure gradient across the Pacific. As the

dominant mode of natural climate variability on interannual timescales, it can affect
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climate globally as well as being important for the ISM noted above. Similar
oscillatory interannual variability also exists in the Atlantic, referred to as the Atlantic
zonal mode or Atlantic Nifio (e.g., Zebiak 1993). The variability here is less than in
the Pacific and has a different annual cycle. While ENSO peaks in boreal winter, the

Atlantic Nifio peaks in summer (Figure 6).

Standard deviation of DJF SST and JJA SST
15'N ‘gf& T T —— 15° N T
0 A% By ey : 00 L '\,\
150 s H - 5 g . 15 S o)
240" W 180" W 120" W 60° W 30°W 0
| ] ; I S |
0 0.2 0.4 0.6 0.8 1 1.2

Figure 6: Standard deviation of SST (HadISST) in the tropical Pacific during boreal

winter (left panel) and in the tropical Atlantic during boreal summer (right panel).

As mentioned earlier, several waterhosing experiments or similar studies prescribing
SSTs in the Atlantic have found that basin-wide changes in North Atlantic can
change the mean state of the tropical Pacific and ENSO variability (Dong and Sutton
2002; Timmermann et al. 2005; Zhang and Delworth 2005; Dong and Sutton 2007;
Timmermann et al. 2007). A weakening AMOC induces a temperature dipole in the
tropical Atlantic shifting the ITCZ southwards, and the atmospheric response changes
the mean state of the tropical Pacific (Dong and Sutton 2002; Zhang and Delworth
2005; Dong and Sutton 2007; Timmermann et al. 2007). However not all models
agree on if this will increase or decrease ENSO variability (Timmermann et al. 2007).
SSTs in the tropical North Atlantic are also found to trigger ENSO events (Ham et al.
2013). Similarly a weakening AMOC could change the variability in the Atlantic
Niflo through the impact on ENSO (e.g., Polo et al. 2013).

Tropical Atlantic variability can also impact the tropical Pacific on interannual
timescales, with SST variations in the tropical Atlantic impacting ENSO through
atmospheric teleconnections (Dommenget et al. 2006; Jansen et al. 2009; Rodriguez-

Fonseca et al. 2009; Frauen and Dommenget 2012). The correlation between SST
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anomalies in the central equatorial Pacific and the central equatorial Atlantic is
strongest when the Atlantic is leading the Pacific by 6 months (Keenlyside and Latif
2007; Rodriguez-Fonseca et al. 2009). Warm (cold) SST anomalies in boreal summer
associated with an Atlantic Nifio (Nifia) event can drive a shift in the Walker
circulation, strengthening (weakening) the equatorial trade winds over the Pacific
leading to La Nifia-like (El Nifio-like) SST anomalies in the Pacific through the
positive Bjerknes feedback (Bjerknes 1969). These studies suggest that the variability
in the Atlantic Ocean may be important for both increasing the understanding of
ENSO variability and predicting ENSO (Rodriguez-Fonseca et al. 2009; Ding et al.
2012; Keenlyside et al. 2013).

Previous studies have indicated a strengthening of the relationship between Atlantic
Nifio events and ENSO since the 1970s (e.g., Keenlyside and Latif 2007; Rodriguez-
Fonseca et al. 2009). This could be due to stochastic changes (Ding et al. 2012), or
changes in the background state of the Pacific and the Atlantic (Rodriguez-Fonseca et
al. 2009). Martin-Rey et al. (2014) suggests that the AMV is the modulator for the
variations of the inter-basin coupling between Atlantic Nifilos and ENSO events, with
a negative AMYV strengthening the coupling. Paper IV investigates how this tropical
Atlantic-Pacific coupling is influenced by multi-decadal changes in the Atlantic in a

waterhosing experiment.

1.5 Global Surface Temperature Variability and the AMV

As seen in the previous sections multi-decadal variability in the North Atlantic can
impact climate variability globally. Both global and Arctic temperatures in the recent
150 years have exhibited multi-decadal variability with an early 20™ century warming
from 1910-1940 with a following cooling period before a second pronounced
warming period from the late 1970s (the blue line in Figure 2 illustrates this
variability in the Northern Hemisphere). Global and Arctic multi-decadal temperature
variability has been related to variability in the Atlantic (e.g., Schlesinger and
Ramankutty 1994; Delworth and Mann 2000; Zhang et al. 2007; Steinman et al.
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2015), however the Pacific has also been suggested as a driver (e.g., Keenlyside and
Ba 2010; Koseka and Xie 2013; Meehl et al. 2013; Dai et al. 2015), as well as
anthropogenic or natural external forcing (e.g., Tett et al. 1999; Stott et al. 2000; Tett
et al. 2002; Broccoli et al. 2003; Hegerl et al. 2003, Meehl et al. 2004).

For instance volcanic aerosols could lead to a cooling, and the early 20th century
warming period has been in part attributed to low volcanic activity. In addition there
is evidence that there was an increase of solar insolation during this period.
Atmospheric greenhouse gas concentrations have increased, intensifying since the
1970s consistent with the later warming period. All these external factors could have
played a role in global surface temperature variability (Tett et al. 1999; Stott et al.
2000; Broccoli et al. 2003; Hegerl et al. 2003, Meehl et al. 2004). Yet global coupled
climate models are often not able to simulate the observed phasing of the temperature
variability even when the models include external forcing, suggesting that low-
frequency variability in the ocean, for instance AMV or the Pacific Decadal

Oscillation (PDO; e.g., Mantua and Hare 2002), could be important.

A related topic is the slowdown of the global warming trend in the last decade since
the end of the 1990s, and also here there is an ongoing debate whether this is
externally forced or due to internal variability. Several studies have suggested a
cooling of the Pacific as the cause for this Hiatus (Salomon et al. 2010; Koseka and
Xie 2013; Meehl et al. 2013; Trenberth and Fusallo 2013; Fyfe and Gillett 2014;
England et al. 2014). Conversely Chen and Tung (2014) suggested the importance of
the Atlantic with the heat content of the deeper layers of the Atlantic increasing in the
recent decade. However what drives low-frequency variability in the Atlantic and
Pacific Ocean is not clear, and some studies have for instance concluded that external
forcing can modulate the AMV (Ottera et al. 2010; Booth et al. 2012), indicating the
possibility that external forcing could be driving both AMV and global surface
temperatures. The role of AMV in multi-decadal global surface temperature

variability is the topic of Paper V.
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2. Open Questions and Main Objectives

The main objective of this thesis is to investigate impacts of multi-decadal variability
in the Atlantic on global variability, and especially on variability in the Indo-Pacific
region. The previous chapter showed that multi-decadal variability in the North
Atlantic could impact global temperatures and regional climate variability, such as in
the tropical Pacific and Atlantic and the ISM, but several open questions remain on

this topic.

Answering these questions will increase our knowledge of large-scale climate
interaction that can be important for understanding regional climate variability, as
well as indentify weaknesses and possible areas of improvement in coupled GCMs,
improving the potential for skillful decadal climate predictions and reducing
uncertainties in regional climate change projections. Analysis of both proxy
reconstructions and GCMs can help us address these questions by recognizing
possible links in the climate system and decompose internal variability and externally

forced changes.

This thesis focuses on the following underlying research questions:

1. How did North Atlantic SSTs vary on multi-decadal timescales prior to the
instrumental records?

2. How is AMV connected to the ISM on multi-decadal timescales?

3. How do multi-decadal changes in the North Atlantic impact inter-basin couplings
in the tropics?

4. What part does the North Atlantic play in multi-decadal variability of Northern

Hemisphere surface temperatures?
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3. Summary of Results

All papers in this thesis relate to the main topic of multi-decadal variability in the
North Atlantic, with focus on the impacts on decadal timescales. Paper I deals with
the first research question, reconstructing a new multi-proxy marine-based AMV-
index to investigate the persistence before the instrumental period. Paper II and III are
concerned with research question 2, investigating the relation between AMV and the
ISM, in proxy records in paper II and in CMIP5 models in paper III. Paper IV
contributes to the topic of research question 3 on how the decadal changes in the
AMOC and associated mean state changes in the North Atlantic can modulate inter-
basin teleconnections in the tropics. Paper V considers research question 4 suggesting
that perhaps the AMYV is not the main driver in multi-decadal variability in Northern
Hemisphere temperatures, especially for the early 20" century warming. The five

papers that constitute this thesis are summarized below, highlighting the key findings.

Paper I: Marine-based multi-proxy reconstruction of Atlantic multidecadal
variability, Svendsen, L., S. Hetzinger, N. Keenlyside, and Y. Gao (2014),
Geophysical Research Letters, 41(4), 2013GL059076.

The motivation for Paper I was that there are several AMV reconstructions that are
heavily used in the scientific literature, both when comparing with other
reconstructions and to validate model simulations. These few reconstructions are
mostly composed of land-based records, which depend on a stable relation between
North Atlantic SST and atmospheric temperatures over surrounding landmasses,
which might not be the case. In Paper I a new AMV-reconstruction is made using
only marine-based proxies. We find that by combining several coral records with
annual resolution from the tropical Atlantic using principle component analysis, we
are able to capture the observed multi-decadal variability. This variability also
persists throughout the multi-proxy reconstruction back to year 1781 suggesting that

AMV is persistent, but differs slightly in the timing from other widely used AMV-
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reconstructions. The results motivate the use of more marine-based proxies for such

reconstructions.

Key findings:
* Multi-decadal variability is found as a common component of variability in coral
records from the tropical Atlantic

* AMV is persistent at least back to year 1781.

Paper II: Teleconnections between Indian summer monsoon rainfall and
Atlantic multidecadal variability over the last 500 years, Sankar, S., L. Svendsen,

G. Bindu, P. V. Joseph, and O. M. Johannessen (manuscript in preparation).

Although AMV and the ISM have been linked together in observations, it is not clear
if this link is persistent. Paper II evaluates and compares decadal variability in several
ISM proxy reconstructions with annual resolution. Although published, some of these
records are not publically available and therefore have never been compared before.
In addition these ISM reconstructions are for the first time compared with several
AMV reconstructions, including the marine-based AMV reconstruction presented in
Paper 1. Although the analysis shows persistent variations of dry and wet ISM
decades before the instrumental record begins, the correlation with AMV, that is
significant in the instrumental period, is not clear. The available data for both the
Atlantic and the ISM are scarce and have discrepancies, and one of the main
conclusions of this study is that more high quality data needs to be available, as well
as highlighting the importance of using several proxy records for such comparisons.
However, the correlation in the observed records has also weakened in the recent

decades suggesting that the observed AMV-ISM link might not be stable.

Key findings:

*  Multi-decadal variability in the ISM related to the frequency of drought years is
persistent in proxy reconstructions back to the 15" century

* The observed correlation between AMV and ISM rainfall is not stable weakening

in the recent decades, and possibly before the 19™ century as well.
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Paper III: External forcing synchronizes Atlantic multidecadal variability and
the Indian summer monsoon, Luo F., Y. Gao, L. Svendsen, N. Keenlyside, S. Li

and T. Furevik (manuscript in preparation).

Paper III investigates if the CMIP5 models are able to simulate the observed relation
between AMV and multi-decadal variability of the ISM, and if this link is internal
climate variability or externally forced. After an evaluation of both AMV and ISM in
25 CMIP5 models and selecting the top five of these for further analysis, it is found
that only one of these models (GFDL-CM3) simulates the observed AMV-ISM
correlation in the historical 20" century simulations as observed. None of the models
we evaluated had the observed correlation in the pre-industrial control simulation,
indicating that if the connection is internal climate variability, the models are not able
to simulate this. An evaluation of the GFDL-CM3 model showed that the observed
relation could be externally forced by modulating both AMV and the ISM through a

response in upper tropospheric temperatures in the subtropics.

Key findings:
* The observed AMV-ISM link is not a robust feature in CMIP5 models
* The observed correlation between AMV and the ISM could be due to a response

in both the ISM and North Atlantic SSTs to external forcing

Paper IV: Weakening AMOC connects equatorial Atlantic and Pacific
interannual variability, Svendsen, L., N. G. Kvamste, and N. Keenlyside (2013),
Climate Dynamics, 43(11), 2931-2941.

Several so-called waterhosing experiments where freshwater is artificially added to
the North Atlantic have shown a reduction in the AMOC cooling the North Atlantic,
as well as significant changes in the mean state of the Pacific and ENSO variability.
Paper IV investigates a similar waterhosing experiment with the Bergen Climate
Model, and shows that a more moderate weakening of the AMOC does not
significantly change the mean state of the tropical Pacific, but increases equatorial

Atlantic SST wvariability and strengthens the connection between the equatorial
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Atlantic and Pacific, increasing the ENSO frequency. The strengthening of the
Atlantic—Pacific relation when the Atlantic is colder than normal is consistent with
observed records where this relation has varied in phase with the AMV. However the
reason for the shift in the ENSO frequency is still uncertain. Although not mentioned
specifically in the paper, we also see a significant increase in the interannual
connection between tropical Atlantic summer SSTs and Indian summer monsoon
rainfall (see Figure 8 a and b in Paper IV) when the Atlantic is colder than normal,

with warm anomalies in the equatorial Atlantic associated with less ISM rainfall.

Key findings:
* A weakening AMOC can increase variability in the tropical Atlantic
*  AMOC variability can modulate the inter-basin connection between Atlantic Nifio

and Pacific ENSO-events

Paper V: Investigating the role of the Atlantic and Pacific in the early 20™
century warming, Svendsen, L., N. Keenlyside, 1. Bethke, and Y. Gao (manuscript

in preparation).

There is an ongoing discussion about the relative contribution of natural and
anthropogenic external forcing and internal climate variability on decadal global
temperature variability. Paper V investigates the portion of Northern Hemisphere
surface temperature variability that is not directly driven by radiative forcing, to see if
multi-decadal variability in the Atlantic is a key driver in this signal. Four six-
member ensembles of partially coupled experiments were performed with the
Norwegian Earth System Model (NorESM), with prescribed momentum flux
anomalies from reanalysis data to the global ocean, to the Atlantic or to the Indo-
Pacific. By prescribing momentum flux, SST wvariability is constrained to the
observed in the respective regions, while the model is still thermodynamically
coupled. Since all the simulations include transient 20™ century historical forcing,
these experiments represent a new approach for separating radiative forced and
dynamically driven variations. We find that external forcing accounts for about half

of the early 20™ century warming in the Northern Hemisphere and for the Arctic
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specifically, and dynamically driven variability accounts for the other half. Decadal
variability in the Pacific is well simulated, while the amplitude of the simulated AMV
is too small and the periodicity is shorter than observed. Even though multi-decadal
variability in the Atlantic is not well simulated we still manage to simulate the early
20™ century warming in the Northern Hemisphere due to the phasing of decadal
variability in the Pacific. We conclude that the phasing of AMV may not be a key

contributor to the early 20™ century warming.

Key findings:
* PDO can impact Northern Hemisphere and Arctic surface temperature variability
on decadal timescales, especially contributing to the early 20" century warming

* AMV is not central to the early 20" century warming in the Northern Hemisphere.

3.1 Main Conclusion

The results from the five papers in this thesis lead to the following conclusions.
Multi-decadal variability in the Atlantic seems to persist before the short instrumental
record. This variability can impact the Indo-Pacific region, by for instance
strengthening the ISM or the inter-basin Atlantic-Pacific Nifio relation. However
while there seems to be a connection between the ISM and AMYV in observations, this
connection is neither clear in the proxy records before the 19" century, nor
reproducible in state-of-the-art coupled GCMs. However one model can capture the
observed correlation in the 20™ century historical simulations as a response to
external forcing, indicating that other models might be less sensitive to the prescribed
external forcing. On a larger scale the AMV also seems less important for driving the
carly 20" century warming in the Northern Hemisphere and Arctic surface
temperatures; our results suggest a dominating role of the Pacific. In short, the
persistent AMV can potentially modulate interannual to multi-decadal variability and
inter-basin teleconnections in the tropics, but the AMV plays a minor role in both
decadal trends in Northern Hemisphere temperatures and the ISM, with the multi-
decadal variability in the ISM possibly driven by external forcing.
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4. Discussion and Future Perspectives

This thesis synthesizes studies on how AMV impacts the Indo-Pacific and Northern
Hemisphere on interannual to multi-decadal timescales. The approach here is based
on the hypothesis that multi-decadal variability in the Atlantic can be a key driver of
such variability. However there are still great uncertainties and limitations related to
this topic, due to for instance biases in coupled GCMs and their range in climate
sensitivity and level of internal variability, as well as limited data coverage on these
timescales. This thesis has aimed to deal with some of these limitations, by
investigating simulations of these interactions in state-of-the-art coupled GCMs and
extending the data coverage using proxy reconstructions. The results of this thesis do
not fully answer the questions proposed in Chapter 2, but contribute to the knowledge
on these topics. This thesis also motivates further research and some of these ideas

are presented in the following.

The new marine-based AMV reconstruction presented in Paper I suggests that AMV
has persisted prior to the instrumental record. However this new reconstruction is still
only 90 years longer than the instrumental records, and a longer multi-proxy
reconstruction is preferred. Longer records from the Atlantic are available, but these
have lower resolution. These lower resolution records, preferably covering a larger
area of the Atlantic, could be combined using a similar method as in Paper I to assess

multi-decadal variability even further back in time.

A similar method of combining marine records can be used to assess variability in
other regions as well. These multi-proxy reconstructions from different regions can
then be compared to determine common variability and to investigate if observed
teleconnections hold prior to instrumental records. The method could also be used for
land-based records over India to estimate variability in the ISM rainfall. Historical
ship records of wind direction and speed from the Atlantic have been used to
reconstruct the West African monsoon back to year 1790 (Gallego et al. 2015), and

similarly ship records from the Indian Ocean could be used for ISM circulation
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reconstructions. Paper II highlights the fact that very few records from the ISM
region are available, and Paper II is therefore only a comparison or these records.
More records from India and the Indian Ocean are needed for the method used in

Paper I to be useful to reconstruct large-scale features of the South Asian monsoon.

Instrumental records and several model studies have linked AMYV to the ISM. Multi-
decadal variability in the North Atlantic seems persistent, but it is not clear if the
observed link to the ISM is also persistent. The comparison of ISM and AMV proxy
reconstructions presented in Paper II showed that even though records from both
regions exhibit multi-decadal variability, they may not always be in phase. However,
based on the records that are presently available the persistence of the observed
AMV-ISM link is still unclear, and deserves further investigation as well as better

quality data.

Furthermore most of the state-of-the-art coupled models are not able to simulate the
observed relation between AMV and the ISM, and Paper III found that only one
model could simulate this in the 20" century all-forcing ensemble. The analysis of the
CMIPS5 models in Paper III presents only a first step in the analysis. Further analysis
has to be done to understand why most CMIP5 models cannot simulate this relation.
Preliminary results on this topic show that the simulation of variability in the Pacific
or aerosol indirect effects might be important. A new CMIP will also be available in
the near future and it will be interesting to see if this new suite of models performs

differently.

The results from Paper III indicate that external forcing can modulate multi-decadal
variability in both Atlantic SSTs and the ISM rainfall, in phase with global surface
temperatures, giving us the observed correlation between the two regions. Several
earlier studies have found that external forcing is important for modulating multi-
decadal variability in global surface temperatures and AMV, as well as driving
decadal trends in the ISM. For instance aerosol forcing specifically have been related

to both AMV (Booth et al. 2011) and trends in the ISM since the 1950s (Bollasina et
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al. 2012). External forcing is also found to be one of the main drivers in Northern
Hemisphere surface temperatures on decadal timescales in Paper V, but dynamically
driven variability in the Pacific seems equally important. Multi-decadal variability in
both the ISM and AMV in the GFDL-CM3 model analyzed in Paper III are also
related to SSTs in the North Pacific. However since GFDL-CM3 is the only model
that captures the observed AMV-ISM relation of those analyzed in Paper III and
since the simulated ISM is not significantly correlated with the observed even though
it is correlated with AMYV, this model might be too sensitive to external forcing.
Whether multi-decadal variability in Atlantic SSTs and ISM rainfall is due to external

forcing or internal climate variability is still unclear as results are model dependent.

Paper V introduced a novel approach to disentangle these factors by separating
radiative forced and dynamically driven variability. Earlier studies have shown that
both the AMV and variability in the Pacific can be important for driving decadal
global temperature variations. Paper V concludes that by only driving the Pacific we
can simulate the early 20" century warming in the Northern Hemisphere and
especially in the Arctic, and the observed AMV is not crucial for these global
variations. We used the 20CR to perform these experiments, and similar ensembles
with other long reanalysis products (e.g., ERA-20C) could be performed to assess the
uncertainties related to the prescribed wind stress. The ensembles could also be
extended to present so that they can be used to investigate the recent hiatus period as
well. In addition the same experimental setup can be used to force smaller regions.
The setup has shown to be able to simulate the observed ENSO events, and by only
prescribing momentum flux anomalies in the tropical Pacific, these experiments can

be used to assess ENSO teleconnection patterns and impacts.

While the phasing of PDO is well simulated in the experiments used in Paper V, the
AMV is not constrained to observations after the 1950s. Efforts should be made to
improve the experimental design for simulating the AMV, for instance by prescribing
heat flux anomalies in this region. These experiments could then also be used to

assess AMYV teleconnections to for instance the ISM, and impacts on the inter-basin
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relation between the tropical Atlantic and Pacific. Recent studies have shown that
while AMV and the ISM are significantly correlated in observations, there are
regional differences with rainfall in some regions in India relating more to AMV,
while other regions are perhaps more related to PDO or the Indian Ocean (e.g., Joshi
and Rai 2014). This could also potentially be assessed using the same experimental

design.

Several studies from the last decade have found that changes in the mean state of the
Atlantic, such as those induced by a weaker AMOC or a negative AMV, can lead to a
change in the mean state of the Pacific and a change in ENSO variability and
amplitude. Polo et al. (2013) also found that the increased variability in the Pacific
feeds back onto the tropical Atlantic increasing variability here. Paper IV, in contrast,
shows that a weakening AMOC can increase the interannual variability in the tropical
Atlantic, strengthen the inter-basin connection between the tropical Atlantic and
Pacific, increasing the ENSO frequency, while the mean state of the Pacific exhibits
no significant change. In addition to the more modest AMOC change compared to
similar studies, the model used in Paper IV is flux-adjusted with a well-defined
Atlantic cold tongue, which can strengthen the skill in tropical teleconnections on
interannual timescales (Turner et al. 2005). However decadal variability in running
correlations are innate statistical features of two random time series with interannual
variability (Gershunov et al. 2001), and decadal changes in ENSO frequency can also
be driven solely by internal variability (Wittenberg et al. 2009; 2014). The results in
Paper IV are from one realization of one model, although to some extent consistent
with observations (Martin-Rey et al. 2014), should be tested with similar experiments
with other models, or in an ensemble with the same model (but technically difficult as

the model is no longer in use).

Results in this thesis showed that AMV could be persistent, alluding to predictability
(e.g., Keenlyside et al. 2008; Meehl et al. 2009; 2014). However the proxy
reconstruction and CMIP5 analysis showed that even though both Atlantic SSTs and
ISM have persistent multi-decadal variability, their relation is not stable. The CMIP5
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analysis further showed that external forcing, including volcanic eruptions, might be
the reason for their apparent relation, abating the possibility for prediction of the ISM
on multi-decadal timescales. To complicate the picture further AMV can also
modulate interannual variability in the tropics, and while coupled GCMs are able to
simulate ENSO to some degree the tropical Atlantic has larger biases, inhibiting the
ability to simulate Atlantic Nifios (Richter and Xie 2008) and consequently the
relation between Atlantic and Pacific Nifios. Since decadal variability in the ISM is a
modulation of interannual variability, it is not surprising that coupled GCMs have
difficulties simulating this. However state-of-the-art coupled models do simulate a
variety of AMV amplitudes and frequencies, and the simulated teleconnection
patterns might depend on biases in the North Atlantic as well (Wang et al. 2014).
Understanding these issues could ultimately lead to skillful decadal predictions of

regional climate variability in the Indo-Pacific and over the Northern Hemisphere.
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Abstract Atlantic multidecadal variability (AMV) is known to impact climate globally, and knowledge
about the persistence of AMV is important for understanding past and future climate variability, as well as
modeling and assessing climate impacts. The short observational data do not significantly resolve multidecadal
variability, but recent paleoproxy reconstructions show multidecadal variability in North Atlantic temperature
prior to the instrumental record. However, most of these reconstructions are land-based, not necessarily
representing sea surface temperature. Proxy records are also subject to dating errors and microenvironmental
effects. We extend the record of AMV 90 years past the instrumental record using principle component analysis
of five marine-based proxy records to identify the leading mode of variability. The first principal component
is consistent with the observed AMV, and multidecadal variability seems to persist prior to the instrumental
record. Thus, we demonstrate that reconstructions of past Atlantic low-frequency variability can be improved
by combining marine-based proxies.

1. Introduction

In this study we reconstruct the Atlantic multidecadal variability (AMV) by combining several marine-based
proxy records from the North Atlantic region. During the instrumental period, North Atlantic sea surface
temperature (SST) has undergone pronounced basin-wide fluctuations, with warm and cold periods of 3-4
decades each. These variations are referred to as AMV or the Atlantic Multidecadal Oscillation [e.g., Enfield et al.,
2001]. Studies suggest that the AMV is important for climate variability globally and has been connected to
several regional climate signals. The AMV can, for instance, affect European and North American climate [e.g.,
Sutton and Hodson, 2005; Wyatt et al., 2012], the frequency of Atlantic hurricanes [e.g., Goldenberg et al., 2001],
and Arctic sea ice cover [e.g., Kinnard et al,, 2011; Miles et al., 2014]. It has also been linked to changes in rainfall
in the African Sahel [e.g., Zhang and Delworth, 2006; Wang et al., 2012], as well as the South Asian summer
monsoon [e.g., Goswami et al., 2006].

Whether the AMV is a persistent mode of internal variability is still disputed [Kilbourne et al., 2008;
Knudsen et al., 2011]. Ocean temperature data are limited to the last 140 years by instrumental records,
and the data are spatiotemporally lacking before 1950 [Smith and Reynolds, 2003]. The relatively short
instrumental SST record can therefore only capture 1-2 cycles of AMV, and is too short to confidently
study natural low-frequency variability.

High-resolution climate reconstructions based on long-lived marine biota, for instance, tropical corals,
bivalve mollusks, and coralline algae, can help reconstruct SST prior to the instrumental era [Jones et al., 2001;
Wanamaker et al., 2011; Hetzinger et al., 2012]. With such reconstructions we can investigate whether
multidecadal variability of Atlantic SST is a persistent feature of the Atlantic climate. Alternative tools for
studying AMV are climate models. However, state-of-the-art climate models simulate a wide range of variability
because of large uncertainties in the underlying processes [Medhaug and Furevik, 2011; Ba et al., 2014].

While here we reconstruct the AMV using marine-based proxies, previous reconstructions of the AMV have
mainly used land-based proxies, such as tree rings [e.g., Gray et al., 2004; Mann et al., 2009]. Many of these
land-based reconstructions have also used records from regions far from the Atlantic Ocean, in noncoastal
areas. How the low-frequency variability in SST is related to atmospheric temperatures is, however, not
clear. The relationship between SST and tree ring proxies seems strong for the instrumental era, but this
relationship may not be stable [DArrigo et al., 2008; Vdsquez-Bedoya et al., 2012]. Therefore, we investigate
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Table 1. Loadings on PC1 for the Proxy Records and the Correlation With the AMV-Index®

Reference Loadings on PC1 Correlation at Zero Lag Maximum Correlation Lag Year
Goodkin et al. [2005] 0.48 0.31 031 0
Kilbourne et al. [2008] 0.05 0.07 0.15 -9
Saenger et al. [2009] 0.45 0.30 043 7
Swart et al. [1996] —0.28 0.07 0.21 =9
Vdsquez-Bedoya et al. [2012] 0.70 0.56 0.57 3
Composite 0.52 0.52 0
AMV from Gray et al. [2004] 0.57 0.61 =3
AMV from Mann et al. [2009] 0.57 0.59 -2
PC1 0.53 0.57 3

The correlation with the AMV-index is calculated for the included proxy records, the composite of the proxy records,
the AMV reconstruction from Gray et al. [2004] and Mann et al. [2009], and PC1, for the period 1871-1986.

low-frequency variability of North Atlantic SST using marine-based proxies, as these are a more direct measure
of SST compared to land-based proxies.

There are several annual-resolution marine-based proxy records that capture the AMV signal [e.g., Hetzinger
et al., 2008; Kilbourne et al., 2008; Saenger et al., 2009; Halfar et al., 2011]. Many of these proxy records are
relatively short, not extending past the instrumental era, but their consistency with the instrumental record
indicates that these types of records can be used to reconstruct past SST. However, individual records will
be subject to sampling and dating errors as well as microenvironmental effects. Principle component analysis
(PCA) can be used to reduce these uncertainties by extracting the leading patterns of variability [Storch and
Zwiers, 2002]. While this method is common for land-based proxies, its application to marine-based proxies has
been limited [Ault et al., 2009]. Here we successfully apply this method to reconstruct AMV 90 years past the
instrumental data period.

2. Data and Method

We analyze five published marine-based proxy records from the North Atlantic sector (Table 1). These records
are chosen on the basis that they all have annual resolution, are longer than the instrumental record, and
are proxies for SST. The proxy records stem from massive-growing tropical coral colonies. Two of the records
are based on growth [Saenger et al., 2009; Vdsquez-Bedoya et al., 2012], two are based on the Sr/Ca ratios
[Goodkin et al.,, 2005; Kilbourne et al., 2008], and one is based on the skeletal 5'30 composition [Swart et al, 1996].
The locations of these proxy records are illustrated in Figure 1a, and their properties are summarized in Table S1.
The records used in the analysis are all from the western tropical Atlantic. Cooler temperatures in the eastern
Atlantic lead to slower coral growth rates, hampering the formation of large and long-lived colonies of massive
growing coral. Thus, no long-term coral-based proxies exist at the moment from the eastern Atlantic, as
well as at higher latitudes.

The five coral records from the tropical Atlantic are combined with PCA, where the individual records have
been detrended and normalized prior to the analysis. Combining these records gives us an overlapping
time span of 206 years from 1781 to 1986. For validation of our AMV reconstruction we compare our results
with the SST data from Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) [Rayner et al.,
2003]. We also compare our results with two other AMV reconstructions [Gray et al., 2004; Mann et al., 2009].
Both these records are multiproxy reconstructions, but neither focuses on marine proxies. The reconstruction
from Gray et al. [2004] is composed of 12 tree ring chronologies located in North America, Europe, and

the Middle East between 30°N and 70°N [Gray et al., 2004]. Although the reconstruction from Mann et al.
[2009], which is composed of several different types of records, includes some marine records from the
North Atlantic, none of them has continuous annual resolution [Mann et al., 2009].

3. Results and Discussion

The first principal component (PC1) from the PCA explains 32% of the variance in the records and exhibits a
close correspondence to the observed AMV-index (Figure 1b). The AMV-index is defined as the detrended
and normalized annual averaged low-frequency (11 year running mean) Atlantic SST averaged over the
region 0-60°N and 75°W-7.5°W [Enfield et al., 2001; Wyatt et al., 2012]. The time series of PC1 is consistent with
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Figure 1. (a) Correlation between PC1 and annually averaged observed SST (HadISST), showing only values at a 95% confidence
level for the effective degrees of freedom. Blue dots indicate the sampling sites. (b) PC1 (solid black line) and the AMV-index from
HadISST data (dashed blue line).

the instrumental SST record from the Atlantic with warm periods from 1860 to 1890 and 1940 to 1970, and a
cold period from 1900 to 1930. The time series have a correlation of 0.53 at a zero lag. This and other
correlations discussed below are summarized in Table 1. PC1 captures an additional cold period in the 1930s
that is not present in the observed AMV-index. This cooling is present in four out of the five proxy records
included in our analysis, suggesting that this cold period is a tropical signal. However, this cooling is not
present in the observed records for the western tropical Atlantic. Prior to the instrumental record, PC1 has a
cold period from 1820 to 1860 and a warm period from the beginning of the record (1781) to 1820. When we
repeat the PCA for the five coral records without detrending the records first, PC1, now explaining 35% of the
variability, captures the same periodicity and timing of warm and cold periods as for the detrended records
(not shown). In addition, there is a positive linear trend. PC1 provides evidence that the multidecadal
variability in Atlantic SSTs may have persisted prior to the instrumental record.

PC1 is also comparable to the AMV

cod reconstruction from both Gray et al.
. -l [2004] (G04) and Mann et al. [2009] (M09),

o

but the reconstructions are somewhat
: displaced in time (Figure 2). For instance,
\ /\ the first warm period in the beginning of
I

P \/ ! PC1 ends later than the corresponding
: \\ S\ \'L warm period in the land-based
\J reconstructions; hence, the cold period that

-2 : : ] lasts until about 1860 starts later in PC1
s (Figure 1b). The cross correlation between
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 PC1 and the AMV reconstruction from Gray

. . . et al. [2004] has a maximum value of 044
Figure 2. Normalized decadally filtered PC1 (solid black line), AMV hen PC1 | h ion b
reconstructions from Gray et al. [2004] (G04, red line) and Mann et al. when ags the reconstruction by
[2009] (M09, orange line), and the AMV-index from HadISST data 11years. At a zero lag the correlation is
(dashed blue line). 0.26. The cross correlation between PC1
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and the AMV reconstruction from Mann et al. [2009] has a maximum value of 0.39 when PC1 lags the
reconstruction by 12 years. At a zero lag the correlation between PC1 and the reconstruction from Mann et al.
[2009] is 0.33, slightly higher than that for the reconstruction from Gray et al. [2004]. The lags are similar
when the reconstructions are 10 year low-pass filtered, as seen in Figure 2.

A significant positive correlation between PC1 and the observed SST is found for the whole tropical North
Atlantic (Figure 1a). The same correlation pattern is found for PC1 with the records not detrended prior to the
analysis (not shown). The highest correlations are found in the tropics in the region where the corals are
situated. This bias in the location of the coral records may distort our results, with PC1 capturing a tropical
rather than an extratropical North Atlantic signal. The correlation of PC1 with observed North Atlantic SSTs
averaged over the tropics (0-30°N, 75°W-7.5°W) and the subtropics (30-60°N, 75°W-7.5°W) are 0.59 and
0.47, respectively. The correlation of PC1 with observed North Atlantic SSTs averaged over western (0-60°N,
75°W-45°W) and eastern (0-60°N, 45°W-7.5°W) North Atlantic are 0.53 and 0.52, respectively. The
correlation between the 10 year low-pass filtered PC1 and observed SSTs show a similar pattern; however,
the correlations are lower (see Figure S1 in the supporting information). We do not see such a strong
tropical bias in the correlation pattern between the other two land-based multiproxy AMV reconstructions
and observed Atlantic SST (Figure S1). For the observed SSTs, correlations are also high in the tropics;
however, there are also high correlations in the subtropics that are not visible in the correlation with PC1
(Figure S2). The observed SST pattern is also subject to uncertainty [Alexander et al., 2013], and in particular
the patterns for the period prior to and following the 1940s differ markedly (Figure S2). Interestingly, the
pattern prior to the 1940s resembles that associated with PC1.

Correlations between the observed AMV-index from HadISST with each individual proxy record, the
composite of the records, the two land-based AMV reconstructions [Gray et al., 2004; Mann et al., 2009], and
PC1 is given in Table 1. The correlation with PC1 is 0.57 and is higher than the correlation with any of the
individual proxy records alone, except for the record from Vdsquez-Bedoya et al.[2012]. This gives indications
that PC1 is an improved reconstruction of AMV compared to individual proxy records. The correlations for the
observed AMV-index with the two AMV reconstructions from Gray et al. [2004] and Mann et al. [2009] are
slightly higher than for the correlation with PC1. This might be because these reconstructions have been
calibrated to the observed SST field [Gray et al., 2004; Mann et al., 2009]. In addition, the 12 tree ring
chronologies used in the reconstruction from Gray et al. [2004] have been chosen due to their strong link to
Atlantic SSTs in the observational record.

PC1 is the optimally weighted average of the records, with loadings given in Table 1, while a composite is
a simple average of the proxy records. Thus, PCA extracts the common variability in the proxy records, and
can act as a filter to eliminate higher frequencies of variability. The correlation of the observed AMV-index
with PC1 is equal to the correlation of the observed index with the composite (unweighted average) of
the proxy records, and PC1 is not necessarily an improved AMV reconstruction compared to the composite.
Nevertheless, PCA may give more reliable results than an unweighted average because PCA allows some
records to be lightly weighted or even negatively weighted.

When working with proxy records, there is always the possibility that the proxy may not actually be reflecting
the variable of interest. In our study we are interested in temperature, but the marine-based proxies may
also be influenced by, for instance, salinity. However, we find that our reconstruction is able to successfully
reproduce the variability seen in the instrumental SST record, and also by combining several records using
PCA we may be able to extract the SST signal as a dominant mode of low-frequency variability.

4. Conclusion

Here we propose a different method for reconstructing low-frequency variability in North Atlantic SST based
on records from long-lived marine biota. We combine several annual resolution marine-based proxy records,
extending 90 years further back in time than the instrumental record, with PCA to extract the low-frequency
variability and limit microenvironmental effects and sampling errors. We find that PC1 is consistent with
the observed AMV, and that the AMV persists throughout the record. This suggests that our method is
able to capture the Atlantic low-frequency variability, and we conclude that this method is adequate for
reconstructing SST on multidecadal timescales.
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We find a discrepancy in the timing of the variability between our marine-based reconstruction and other
land-based multiproxy AMV reconstructions, with the land-based AMV reconstructions leading 11-12 years
to the marine-based reconstruction, indicating that we have to be careful about using proxies for
reconstructing multidecadal SST variability in the Atlantic. There are also discrepancies related to the location
of the proxies used. For our marine-based reconstruction we find higher correlations in the tropics and an
additional cold period in the late 1930s. These discrepancies reflect differences in using proxies from high
and low latitudes and of various types, as well as errors and uncertainties in the records. However, there are at
present relatively few high-resolution long marine proxy records from the Atlantic sector, and the existing
records are mainly from the tropics. Longer marine records, including records from the subtropics, are
needed to reconstruct the AMV even further back in time. Additional high-resolution marine-based proxy
records will also improve the confidence in AMV reconstructions, and will help constrain climate models and
in turn predictions. Such reconstructions can also be used to investigate the persistence of observed AMV
teleconnections. This record is freely available for use.
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Auxiliary material

Table S1. Proxies used in the analysis

Reference Location Species Proxy
Goodkin et al., 2005 32°N, 64°W  Diploria labyrinthiformis  Sr/Ca
Kilbourne et al., 2008 17°N, 67°W  Montastraea faveolata Sr/Ca
Saenger et al., 2009 26°N, 79°W  Siderastrea siderea growth
Swart et al., 1996 25°N, 80°W  Montastraca faveolata 8"0
Vasquez-Bedoya et al., 2012 21°N, 87°W  Siderastrea siderea growth
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Figure S1. Correlation between the annually averaged observed SST
(HadISST) and the decadally filtered (a) PC1 and AMV-reconstructions from
(b) Gray et al. [2004] and (c¢) Mann et al. [2009] for the period 1871-1986.
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