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Abstract

This study presents a physical mechanism on how low frequency variability of the South
Atlantic Meridional Heat Transport (SAMHT) may influence decadal variability of atmospheric
circulation. A multi-century simulation of a coupled general circulation model is used as basis
for the analysis. The highlight of our findings is that multi-decadal variability of SAMHT plays a
key role in modulating global atmospheric circulation via its influence on interhemispheric
redistributions of momentum, heat, and moisture. Weaker SAMHT at 30°S produces anomalous
ocean heat divergence over the South Atlantic, resulting in negative ocean heat content
anomalies about 15-20 years later. This forces a thermally direct anomalous interhemispheric
Hadley circulation, transporting anomalous atmospheric heat from the Northern Hemisphere
(NH) to the Southern Hemisphere (SH) and moisture from the SH to the NH, thereby modulating
global monsoons. Further analysis shows that anomalous atmospheric eddies transport heat
northward in both hemispheres, producing eddy heat flux convergence (divergence) in the NH
(SH) around 15 - 30°, reinforcing the anomalous Hadley circulation. The effect of eddies on the
NH (SH) poleward of 30° depict heat flux divergence (convergence), which must be balanced by

sinking (rising) motion, consistent with a poleward (equatorward) displacement of the jet stream.
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This study illustrates that decadal variations of SAMHT could modulate the strength of global
monsoons with 15 - 20 years of lead-time, suggesting that SAMHT is a potential predictor of
global monsoon variability. A similar mechanistic link exists between the North Atlantic

Meridional Heat Transport (NAMHT) at 30°N and global monsoons.

Corresponding author address: Hosmay Lopez UM/CIMAS/RSMAS and NOAA/AOML/PHOD

4301 Rickenbacker Causeway, Miami, FL 33149, USA. E-mail: hlopez@rsmas.miami.edu




47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is characterized by northward-
flowing warm water in the upper ocean and a southward compensating flow of cold water at
depth (e.g., Broecker 1991; Lumpkin and Speer 2007). There have been numerous efforts to
understand the role of the AMOC as a potential predictor of decadal climate variability,
motivated partly by its inherent relationship with the North Atlantic sea surface temperature
(SST, e.g., Latif et al. 2006; Corti et al. 2012). Therefore, the majority of efforts to understand
the dynamics of the AMOC and its climate impacts have focused on the North Atlantic. The
mechanism for the North Atlantic multi-decadal SST variability, also known as the Atlantic
Multidecadal Oscillation (AMO, e.g., Enfield et al. 2001), has been shown to be modulated by
AMOC changes (e.g., Latif et al. 2004; Knight et al. 2005; Zhang et al. 2013) and linked to
decadal variability of the North Atlantic Oscillation (NAO, e.g., Sun et al. 2015).

Sun et al. (2015) suggested a three-way interaction among the NAO, AMOC and AMO
with the NAO leading the AMO by 15-20 years, while the AMO provides a delayed negative
feedback to the NAO. Latif et al. (2000) also found a similar relationship between decadal
variability of the NAO and North Atlantic SSTs. Drevillon et al. (2001) argued that SST
anomalies over the North Atlantic induce atmospheric stationary waves, which are strengthened
by transient eddies. These studies collectively showed that the AMO influences and also is
influenced by the strength of the AMOC and associated Meridional Heat Transport (MHT)
suggesting a delayed advective oscillation (Lee and Wang 2010).

North Atlantic SST anomalies associated with the AMO significantly influence climate
anomalies over North America, West Africa and Europe (e.g., Enfield et al. 2001; Kushmir et al.

2002; Rodwell and Folland 2003; Knight et al. 2006; Zhang and Delworth 2006; Ting et al.
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2011; Tung and Zhou 2013; Peings and Magnusdottir 2014). Several studies have suggested that
the AMO’s impact on climate is largely forced in the low latitudes (e.g., Sutton and Hodson
2005). By modulating the strength and meridional location of the Atlantic Intertropical
Convergence Zone (ITCZ), the AMO can force extra-tropical atmospheric stationary waves to
influence summertime Western Europe temperature anomalies (Ambrizzi et al. 1995; Cassou et
al. 2004; Cassou et al. 2005). Some studies argue that the meridional ITCZ shifts are also linked
to sea ice concentrations over the North Atlantic (Chiang and Bitz 2005), fresh water fluxes into
the North Atlantic (Stouffer et al. 2006; Zhang and Delwoth 2005) and aerosol-induced
heating/cooling over the high latitudes in the northern hemisphere (NH) (e.g., Yoshimori and
Broccoli 2008). Kang et al. (2009) proposed that antisymmetric interhemispheric heating in high
latitudes linked to AMOC shutdown could control the location of the ITCZ, and that its shift
could be related to changes in atmospheric energy transport. Consistently, Frierson et al. (2013)
argued that oceanic MHT contributes significantly to the asymmetry in precipitation by
transporting heat northward, which moves the tropical rainband and ITCZ northward. Several
studies argue for the existence of two stable AMOC states, an “on” and an “off” state, from
theoretical arguments (Stommel 1961), modeling studies (Manabe and Stouffer 1988; Lenton et
al. 2009; Hawkins et al. 2011), and paleoclimate records (Broecker et al. 1985; Clark et al.
2002). Recent numerical model 21* Century projections suggest a considerable weakening of the
AMOC (Kriegler et al. 2009; Cheng et al. 2013). Zhang and Delworth (2005) showed that a
substantial weakening of the AMOC results in a southward shift of the ITCZ, with a weakening
of the Indian and Asian summer monsoons, and an El Nifio-like pattern in the southeastern

Pacific.
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As briefly reviewed above, the majority of efforts to understand the dynamics of the
AMOC and its climate impact are focused on the North Atlantic. Recently, the research
community started investigating and assessing the role of the South Atlantic on climate. Direct or
indirect measurements from in-situ observations have shown a wide range of AMOC values at
35°S from -0.24 PW (de las Heras and Schlitzer 1999) to 0.55 PW (Dong et al. 2011) and to
0.94 PW (Saunders and King 1995). The AMOC over the South Atlantic Ocean is unique, in that
it is the only major ocean basin that transports heat from the pole towards the equator (Talley
2003). Recent studies have suggested the possibility of the anomalous AMOC and MHT
originating from the inter-ocean transport from the Indian Ocean (e.g., Biastoch et al. 2009; Lee
etal. 2011).

The South Atlantic Ocean is characterized by complex and unique ocean dynamic
processes, which are important to the global distribution of energy. For example, the Malvinas-
Brazil Confluence (Garzoli and Garraffo 1989; Goni et al. 2011) plays a critical role in the
exchange of water masses between the subpolar and the subtropical regions. The Agulhas
leakage, , which is the main balance for the outflow of North Atlantic deep water (Gordon 1985;
Sloyan and Rintoul 2001) has the potential for modifying the long-term AMOC response that
could impact global atmospheric circulation and climate (Weijier et al. 1999; Sloyan and Rintoul
2001; Garzoli and Matano 2011). Dong et al. (2011) pointed out that interannual and longer-term
decadal changes in AMOC and MHT over the South Atlantic are due to advective heat
convergence from inter-basin heat exchange, mainly through the Agulhas leakage. Lee et al.
(2011) showed that this inter-basin heat transport has increased since the 1950s and contributed

to the significant increase in Atlantic Ocean heat content.
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Here, we present a physical mechanism by which the South Atlantic Meridional Heat
Transport (SAMHT) modulates changes in the atmospheric circulation. Our hypothesis is that
low-frequency variations in SAMHT influence interhemispheric atmospheric heat and moisture
transport through slow changes in the upper ocean heat content of the South Atlantic. Our study
shows that this wupper ocean heat content anomaly, linked to meridional heat
convergence/divergence, forces a thermally direct anomalous interhemispheric Hadley
circulation as well as atmospheric eddy-driven circulations in both hemispheres, and thus shifts
the location and strength of the ITCZ and modulates monsoonal circulations.

The motivation of this work is to enhance our understanding of the SAMHT and its
potential role in predicting global and regional climate variability. In this work, we show that a
weaker-than-normal SAMHT leads to a strengthening and northward shift of the ITCZ about 15 -
20 years later. This is possible through a modification of the zonal mean atmospheric Hadley
circulation by anomalous negative heat content over the tropical South Atlantic, with potential
implications on the global monsoon circulations. For this, multi-century output from a Coupled
General Circulation Model (CGCM) is analyzed. Basic information about the model is presented
in section 2. Multidecadal variability of the Atlantic Ocean transports is discussed in section 3.
Section 4 discusses the atmospheric response to changes in SAMHT. Section 5 presents the
SAMHT modulation of precipitation and monsoon circulations. Section 6 investigates the
relative roles of SAMHT and the North Atlantic MHT (NAMHT). A summary is presented in
section 7, with discussion of a possible mechanism for multidecadal ocean-atmosphere

interactions. Concluding remarks are presented in section 8.

2. Data and Coupled Model
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The global estimate of precipitation for the period from January 1950 to December 2011
is taken from the Global Precipitation Climatology Centre (GPCC, Becker et al. 2013) ona 1’
grid. Estimates for the AMOC and MHT at 26°N are from direct measurements from the Rapid
Climate Change Meridional overturning Circulation and Heat flux array (RAPID-MOCHA)
observing system (Cunningham et al. 2007). The estimates of the MHT at 34’S are derived from
expendable bathythermograph (XBTs) and Argo float measurements (Dong et al. 2009, 2014).

The CGCM used in this work is the Community Earth System Model (CESM1) from the
National Center for Atmosphere Research (NCAR). This earth system model consists of
atmosphere, land, ocean, glaciers, and sea ice components, all linked by a flux coupler. The
coupler exchanges daily information among the components interactively. The atmospheric
component is the Community Atmosphere Model version 5 (CAMS). It has 30 vertical levels
with horizontal resolution of 1.25 longitude by 0.94" latitude. The dynamical core uses the finite
volume formulation. It employs an improved deep convection scheme by inclusion of sub-grid
convective momentum transport and a more realistic dilution approximation for the calculation
of convective available potential energy (Neale et al. 2008). The ocean model component uses
the Parallel Ocean Program version 2 (POP2) (Danabasoglu et al. 2012). It has a 1 horizontal
resolution with 60 vertical levels. This updated version of POP includes a simplified version of
the near boundary eddy flux parameterization of Ferrari et al. (2008), vertically-varying
1sopycnal diffusivity coefficients (Danabasoglu and Marshall 2007), an abyssal tidally-driven
mixing parameterization, modified anisotropic horizontal viscosity coefficients (Jochum et al.
2008), and a modified K-Profile Parameterization with horizontally varying background vertical

diffusivity and viscosity coefficients (Jochum 2009).
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An extensive evaluation of the ocean component of the model over the South Atlantic
and Southern Ocean was discussed in Weijer et al. (2012). There, they showed that simulated
ocean variability over the southern hemisphere (SH) is dominated by the South Annular Mode,
which is consistent with observations. The model also reproduces the correct characteristics of
the frontal zone associated with the Antarctic Circumpolar Current and the SH inter-basin ocean
exchanges to a reasonable degree. However, the model struggles in representing the correct
location of the Brazil-Malvinas current confluence, which is displaced southward compared to
observations. Also, the Agulhas leakage is too strong, and is zonally oriented compared to
satellite observational estimates.

In order to have a robust estimate of the mean climate and variability, we evaluate 1,100
years of pre-industrial simulation using CESM1. More detailed discussions on this model can be
found in Kay et al. (2014). All choices of fields analyzed are from monthly mean model outputs.
Although the model does not show any long-term climate drift, all data are detrended before
analysis. The model run is a pre-industrial simulation with atmospheric composition from 1850,

since we are mainly interested in internal variability in this study.

3. Results
a. South Atlantic Meridional Heat Transport

Figure 1 shows the mean ocean MHT in the Atlantic derived from CESM1 and from
various observational and reanalysis products. The mean MHT over the Atlantic Ocean i1s well
represented in CESM1. Its amplitude is larger than estimates from the European Center for
Medium Range Weather Forecast (ECMWF) and comparable with that derived from the

National Center for Environmental prediction (NCEP) reanalysis (Trenberth et al. 2001).
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Trenberth et al. (2001) found that ocean MHT estimates from NCEP were in good agreement
with direct ocean measurements and coupled models. In contrast, the ECMWF-derived MHT
estimates are deficient due to problems with changes in the observing system, specifically
satellite data. The mean MHT of 1.18 PW at 26 N from CESMI1 is comparable with the 1.33 PW
estimated from the RAPID-MOCHA observing system (Johns et al. 2011). The observational-
based MHT estimate at 34°S (e.g., Dong et al. 2009; Dong et al., 2015) is also well captured by
CESMLI. Overall, the MHT over the Atlantic Ocean is well represented by the model.

An index for the SAMHT is constructed here by computing the anomalous MHT across
the Atlantic basin at 30°S, where the anomaly is obtained by removing the seasonal cycle of the
transport and any trend that might be present. The SAMHT is further decomposed into the
Ekman and geostrophic components. The Ekman component is estimated using monthly mean
zonal wind stress from CESM1, whereas the geostrophic term is simply taken as the difference
between the total and Ekman component.

There are two dominant power spectral peaks at frequencies of about 30 and 60 years in
the simulated MHT (not shown). In general, the power spectrum of SAMHT is dominated by
low frequencies with a red-spectrum structure. The reddening is mostly from the geostrophic
component, where most of the power occurs on multi-decadal timescales. The Ekman component
has power at almost all frequencies, although the 60-year spectral peak is also prominent there.
The multi-decadal frequencies (i.e., periods higher than 11 years) contain about 53% of the total
SAMHT variance. For the Ekman (geostrophic) component, the variance explained by the multi-
decadal frequencies accounts for about 35% (83%) of its total variance. Therefore, it is
appropriate to focus on the low-frequency variability of SAMHT. For this, an 11-year running

average is performed on the interannual anomaly of SAMHT, and shown in Fig. 2 as the time
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series for each component for the 1,100 model years. Note that the Ekman and geostrophic
components have about the same amplitude as the total SAMHT. Overall, the geostrophic
component explains most of the low-frequency variance of the total SAMHT, consistent with the
spectral peaks mentioned earlier. It is also evident that the geostrophic component tends to
redden the spectrum of the total SAMHT, whereas the Ekman is comprised of higher
frequencies, even after the 11-year running average is applied. The results presented here are
largely independent of the choice of the filtering window used, which ranges from 7 to 15 years.
The time series shown in Fig. 2a is used in this work as the basis for studying the
relationships between the SAMHT and global climate variability. Those relationships will be
assessed via composite analyses of the state of the SAMHT. A strong (weak) SAMHT is defined
as periods where SAMHT is one standard deviation above (below) the mean value. Here, a
reliable composite difference (i.e., weak minus strong SAMHT) is built from the large sample

size.

b. Ocean Transport

Figure 3 shows the mean and composite difference of the ocean meridional overturning
streamfunction for the Atlantic Ocean and the global ocean (positive streamfunction values
indicate clockwise circulations). Recall that the composite difference is defined by weak minus
strong SAMHT and referred to here as anomaly. For the AMOC (Fig.3 top), the simulated
AMOC is dominated by northward flow in the upper 1000 m and a return flow below. The
maximum streamfunction occurs at about 40°N. The anomalous AMOC (Fig. 3a) indicates that a
reduction in SAMHT is accompanied by a significant weakening of the AMOC extending from

the South Atlantic to about 45°N. The weakening in the AMOC peaks in two regions, one at

10
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30°S and the other at about 30°N. For the global ocean (Fig. 3b), the largest value of MOC also
occurs at around 40°N at 1000 m depth. The upper 700 m tropical band (30°S to 30°N) is
dominated by the shallow overturning cell with upward flow near the equator, occurring
predominantly in the Pacific Ocean (Klinger and Marotzke 2000; McPhaden and Zhang 2002,
2004). The anomalous overturning circulation of the global ocean is very similar in amplitude
and location to that of the Atlantic, suggesting that the Atlantic basin dominates most of the

anomalies at the multi-decadal timescales presented here.

c. Oscillatory mechanism

This section presents a possible mechanism by which decadal changes in SAMOC and
associated SAMHT could interplay with atmospheric circulation. For this, we analyze the
composite difference of Atlantic Ocean MHT, heat content (HC), heat content tendency, MHT
divergence, and heat flux as a function of lead-time with respect to SAMHT. Fig. 4a shows the
lead-lag composite difference of Atlantic MHT with respect to weak minus strong SAMHT.
Figs. 4b, ¢, d and e are similar to Fig. 4a but for the surface-to-700m integrated HC, HC
tendency, MHT divergence, and surface heat flux in the Atlantic Ocean. Several depths ranging
from 200m down to the ocean bottom were tested to conclude that results shown here are largely
independent of the choice of the integration depth for heat content calculation. There is an
oscillatory pattern in the MHT (Fig. 4a) that appears to propagate from the north to the south,
with North Atlantic MHT leading SAMHT by about 10 years. That is, the anomalous negative
SAMHT can be traced back to the North Atlantic. Interestingly, the SAMHT leads the opposite
sign in the North Atlantic MHT by about 15 years. Overall, the oscillatory pattern has a period of

about 50-60 years.

11
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By construction of the composite, the SAMHT has the most negative value at 0-lag. This
is associated with a negative tendency of HC from 30°S to the equator (Fig. 4c), which leads the
negative HC anomaly 10 - 20 years later (Fig. 4b). The period during and after the weakest
SAMHT (e.g., 10-20 year lead) are dominated by negative (positive) HC anomaly over the SH
(NH). The relationship between MHT and HC is described by (1). Assuming a perfectly enclosed
basin, the zonally and vertically integrated tendency in the heat content is balanced by MHT

convergence and surface heat fluxes:

dHC OMHT
ot = __ay + Qnet (1),

where the first term on the right is the convergence of the MHT. The second term is the net
surface heat flux, the sum of two turbulent (latent and sensible) and two radiative (longwave and
shortwave) components. The results described in Fig. 4 show an oscillatory pattern in HC over
the South Atlantic (i.e., Fig. 4b) in association with SAMHT. The negative HC tendency at 0-
year lag (Fig. 4c) is mainly caused by MHT divergence south of the equator (Fig. 4d). MHT
convergence is balanced by heat content tendency at about 10 years prior to the weakest SAMHT
between 15°N-35°N, leading to positive HC anomaly over most of the North Atlantic at 0-year
lag during the weakest SAMHT. The HC anomaly in the North Atlantic Ocean is explained by
MHT convergence, which is balanced by negative surface heat flux at about 10 years prior to the
weakest SAMHT. The MHT convergence is mostly balanced by positive tendency of HC. The
North Atlantic HC anomaly appears to be modulated by the same physical mechanism explained
for the South Atlantic HC anomaly. This relationship among ocean heat content tendency,
meridional heat transport convergence, and surface heat fluxes produces the meridional
asymmetry in the heat content. Its impact on interhemispheric atmospheric circulation is

discussed next.
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Anomalous Hadley circulation corresponding to weak minus strong SAMHT is depicted
in Fig. 5 as the vertically integrated mass streamfunction about the equator. Here, the direction of
interhemispheric atmospheric heat transport is proportional to the mass transport with northward
(southward) labeled red (blue). Note that the Atlantic Ocean heat transport (Fig. 4a) and the
global atmospheric heat transport (Fig. 5) are mostly in opposite direction to each other. Prior to
the weakest SAMHT (i.e., 15-lag), the atmospheric heat transport is northward. There is
anomalous positive HC over most of the South Atlantic (Fig. 4b) and negative HC north of
20°N, supporting the northward atmospheric heat transport. This positive meridional gradient in
oceanic HC is consistent with the anomalous Hadley circulation about 15 - 20 years after the
negative SAMHT anomaly (Fig. 5, green line), which transports atmospheric heat southward.
Therefore, the SAMHT leads the atmospheric heat transport response by about 15-20 years.

In summary, on decadal timescales, the interhemispheric global atmospheric mass and
heat transports are directly linked to the HC of the tropical Atlantic Ocean, which is modulated
by the SAMHT. The maximum northward atmospheric transport, which occurs ~15 - 20 years
before the peak SAMHT, is forced by the interhemispheric gradient of Atlantic Ocean heat
content (Fig. 4b). The maximum southward atmospheric transport at 0-year lag is mostly due to
the anomalous positive North Atlantic Ocean heat content (maximum at about 15°N) formed by
heat transport convergence 15 - 20 years earlier. Of key emphasis is what occurs after the
minimum in SAMHT (i.e., after 0-year lag). The maximum southward atmospheric transport at
about 15 - 20 years lead (Fig. 5) is forced by a dipole in the Atlantic Ocean heat content, induced
mostly by heat transport divergence over the South Atlantic at 0-year lag. This result suggests

that SAMHT could provide lead-time predictability of the state of the zonal mean atmospheric
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circulation. For this, the next section will be focused on the 20 years delayed atmospheric

response to the SAMHT anomaly.

4. Atmospheric response to SAMHT variability at 20 years lead-time

Before assessing decadal changes in the global atmospheric response as a function of the
SAMHT, we first discuss the global distribution of heat budget for the atmosphere and ocean at
20 years lead-time after the anomalous SAMHT. For this, we use monthly mean radiative fluxes
at the top-of-the-atmosphere (TOA) consisting of net incoming solar radiation and net outgoing
radiation. There is large interhemispheric asymmetry in the distribution of radiative fluxes at
TOA, with the NH receiving a net flux of 0.14 PetaWatts and the SH losing 0.26 PetaWatts.
There should be a net southward heat transport by the combined ocean and atmosphere system,
which is shown by the hemispheric asymmetry of upper-ocean heat content in Fig. 4b. Overall,
there is an interhemispheric difference of about 0.4 PetaWatts in both the ocean and atmosphere
at 20-years lead-time after the anomalous negative SAMHT. This is roughly the same amplitude
as the decadal variability of SAMHT. This asymmetry must be balanced by meridional heat
transport. The composite difference of 500mb temperature, SST and precipitation is shown in
Fig. 6 at 20-year lead-time. There is tropospheric cooling (warming) in the SH (NH) associated
with SST anomalies of the same sign. The largest SST anomaly occurs over the South Atlantic,
consistent with the negative heat content there, as shown in Fig. 4b. Although the SST forcing is
zonally asymmetric, atmospheric eddies and westerlies homogenize it into a symmetric
atmospheric response (Kang et al. 2014). This creates an equatorially asymmetric precipitation
response in the tropics (Fig. 6¢), with positive (negative) anomaly in the NH (SH). A study by

Sun et al. (2013) investigated the relationship between the equatorially asymmetric precipitation
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and inter-hemispheric SST dipole. They found that this SST dipole arises from variability related
to northward cross-equatorial ocean heat transport, with potential influence on decadal variability
of tropical precipitation. The role of atmospheric eddies and the mean circulation is discussed
next.

Atmospheric circulation associated with the SAMHT 1is assessed by analyzing the
composite of the weak minus strong SAMHT, 20 years after the anomalous SAMHT. Here, a
zonal mean approach is adopted to quantify the meridional fluxes of heat and moisture. Fig. 7a
shows the time mean and zonal mean meridional circulation (MMC) of the atmosphere as
measured by the mass streamfunction (contour) and composite difference (color). Figs. 7b and c
are identical to Fig. 7a, but for the meridional heat flux and meridional moisture flux,
respectively. Here, heat flux associated with MMC is defined, as [7][T] and moisture flux is
[7][g] where v is the meridional wind, T is the temperature, and g is the specific humidity. The
over bar represents time mean and brackets represent zonal mean. Northward heat and moisture
flux are indicated by positive contours. The Hadley circulation is a thermally direct circulation
that transports heat by its upper branch (i.e., away from the equator) and moisture by its lower
branch (i.e., towards the equator). The MMC (Fig. 7a) shows anomalous negative streamfunction
around the equator of the order of 10% of the mean circulation. This is indicative of
strengthening (weakening) of the SH (NH) Hadley circulation about 20-years after the
weakening of the SAMHT. Implications for this circulation pattern are highlighted in Figs. 7b
and c in that there are anomalous interhemispheric heat and moisture fluxes (NH-to-SH heat flux
and SH-to-NH moisture flux). Similar to the MMC anomalies, the composite differences in the
heat and moisture fluxes are also both about 10% of the mean fluxes and are located near the

equator. This anomalous circulation pattern implies strengthening of the ITCZ to the north of the
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equator (e.g., 15°N) where moisture flux convergences at lower levels and heat flux divergence
at upper levels increase the Convective Available Potential Energy (CAPE) and thus strengthen
the NH summer monsoon via the so-called interhemispheric teleconnection mechanism (e.g., Lee
etal. 2013).

The MMC is well known to be crucial in heat and moisture distribution from equator to
higher latitudes. However, atmospheric eddies, stationary and transient, are also important in
heat distribution at mid-latitudes. In a zonal mean state, stationary and transient eddy heat flux is
toward the poles. These eddies result from the unstable equator-to-pole radiative-convective
equilibrium temperature gradient. Besides the poleward heat transport, eddies are important in
transporting angular momentum poleward, which maintains the easterly winds in the tropics and
westerlies in mid-latitudes. Similar to Fig. 7, Fig. 8a depicts the 500mb mean transient eddy heat
flux (black) and composite difference (green) corresponding to the weak minus strong SAMHT
at 20-year lead-time. Transient eddy flux is defined as [v'T’'] - the product between meridional
wind and temperature anomalies. The primes indicate anomalies, defined by the departure of the
daily data from its monthly mean. Positive heat flux indicates northward flux. The anomalous
heat flux is about 10% of the total heat flux. The total heat flux is stronger between 45° and 60°
in both hemispheres. This is typically the location of the maximum momentum flux
convergences, and hence the location of the maximum zonal wind. The anomalous heat flux
(green line) is negative and equatorward (i.e., 30°) from the location of the strongest mean heat
flux in both hemispheres. This suggests a poleward (equatorward) shift in the NH (SH) storm
track or the mean location of the mid-latitude transient eddies. As a consequence, the anomalous
transient eddy heat flux works to cool (warm) the mid-latitudes in the NH (SH), indicating heat

flux divergence (convergence). That is, eddies work to reduce the anomalous temperature shown
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in Fig. 6a. Eddy heat flux convergence must be balanced by ascending motion (red region in Fig.
8a). Similarly, eddy heat flux divergence must be balanced by subsidence motion (blue region in
Fig. 8a).

The zonal mean stationary eddy heat flux and composite difference are shown in Fig. 8b.
Stationary eddy fluxes are defined as [v*T*], where the stars indicate deviation from zonal mean.
The strongest heat flux occurs at upper levels and near the surface. The anomalous heat flux is
also on the order of 10% of the mean flux. Similar to the transient eddies, the anomalous heat
flux is in the same (opposite) direction to that of the mean stationary eddy flux in the SH (NH).
This suggests that stationary eddies are strengthened in the SH and weakened in the NH when
the SAMHT is weaker.

Over mid-latitudes, eddy heat flux convergence (divergence) is primarily balanced by
ascending (descending) motion. Similarly, momentum flux convergence (divergence) is balanced
by westerly (easterly) acceleration. It was shown that 20 years after the weak SAMHT, heat
fluxes from transient and stationary eddies converge (diverge) over the subtropical NH (SH).
This indicates that atmospheric eddies work in the same direction as the anomalous MMC (Fig.
7a) to produce anomalous ascending (descending) motion over the NH (SH) tropics, enhancing
the north-to-south interhemispheric heat flux. The anomalous eddy heat flux poleward of 30°N
(30°S) diverges (converges), producing subsidence (ascent) in the NH (SH). A more detailed
discussion on the SAMHT role in modifying interhemispheric atmospheric transports will be

presented in the discussion section.

5. Modulation of the NH summer monsoons
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Results presented in earlier sections show that multi-decadal variation in SAMHT plays a
key role in the global redistribution of heat and fresh water. It was also shown that it could
provide about 15-20 years lead-time information on the atmospheric transport, including
anomalous interhemispheric Hadley circulation. An important question that remains is whether
such anomalous atmospheric heat and moisture transport modulates monsoonal circulation, and
whether the SAMHT could be used as a potential predictor of decadal variability of the
monsoons. To address this question, we will focus our attention on the NH summer monsoon
season. A motivation for this question is that the NH summer climate is strongly influenced by
tropical convection associated with the convectively-active monsoon phase. The monsoon is a
robust component of seasonal variability. Its occurrence is highly dependent on the seasonal
cycle of solar radiation, which gives rise to land-sea temperature contrast (e.g., Li and Yanai
1996, Webster et al. 1998). Beyond seasonal variations, interannual variation of the monsoon is
strongly influenced by larger-scale SST anomalies linked to El Nifilo Southern Oscillation
(ENSO) (Wang et al. 2013). Therefore, monsoon simulations require the use of coupled models
that capture interaction among all climate components. Ocean-atmosphere coupling may also
introduce large errors due to uncertainties in the air-sea fluxes (Bollasina and Nigam 2009), in
that small errors in one component of the climate system can be exacerbated by the other
components. Sperber et al. (2013) analyzed the boreal summer Asian monsoon in the Coupled
Model Intercomparison Project phase 5 and 3 (i.e., CMIP5 and CMIP3) models. They found an
improvement in the simulation of monsoon circulation and precipitation from CMIP3 to CMIP5
models, where the later models can reproduce some aspects (e.g., time-mean, annual cycle,

intraseasonal, and interannual variability) of the monsoon.

18



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

Here, we will use precipitation and 850mb wind to characterize monsoon circulation in
CESMI. The seasonality of global precipitation is well represented by CESM1 compared to the
GPCC precipitation product (not shown). The largest seasonal range of precipitation is
concentrated on a narrow equatorial band mostly over land, e.g., South Asia, west Africa, and
Central America in the northern hemisphere, and Amazon basin, southeast Africa, and the
maritime continent in the SH. Here, monsoon regions are identified by where the June-July-
August-September  (JJAS) minus December-January-February-March  (DJFM) annual
precipitation range is greater than 2mm/day and the local summer precipitation exceeds 55% of
the total annual precipitation, following Wang et al. (2012). There are five monsoonal
circulations in the NH. They are the Indian (INDM), East Asian (EAM), West Pacific (WPNM),
North American (NAM), and North African (NAF) Monsoons. The INDM, EAM, and WPNM
are often studied as one monsoon circulation, referred to as the Asian summer monsoon
(Webster and Yang 1992). However, other studies have argued that the INDM and the EAM-
WPNM systems owe to two distinct convective heat sources (Goswami et al. 1999; Wang and
Fan 1999), where the former is forced by convection over the Arabian Sea and Bay of Bengal
and the latter by convection over the South China Sea and the Philippines Sea, and that these two
convective systems are poorly correlated. Consequently, this calls for the use of separate indices
to study these monsoons.

Before analyzing the relationship between SAMHT and the monsoons, it is necessary to
assess whether the model used here correctly simulates observed features of precipitation in the
monsoon regions. CESM1 model reproduces the mean seasonal cycle for all monsoon regions,
although with considerably weaker precipitation during the active phase (Fig. 9 left column).

Precipitation associated with the EAM is significantly weaker throughout the year when
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compared to the observed. The NAM and NAF monsoons are better represented in the model
compared to the other monsoons.

The lag-lead relationship of SAMHT and NH monsoons is investigated here motivated by
the zonally symmetric precipitation response in the tropics (Fig. 6¢). Here, Spearman rank
correlation is chosen over Pearson correlation as the former is a non-parametric test that does not
make assumptions on the distribution of the data. It also does not make assumption of linear
relationship between each variable. These two assumptions are especially troublesome for the
analysis of precipitation over monsoon regions where precipitation could be non-normally
distributed and its relationship with other climate indices (e.g., SAMHT) could be non-linear. In
order to test the statistical significance of Spearman rank correlation, we rely on a non-

parametric test known as Kendall- t test that measures the degree of dependence between two

variables by comparing the number of concordant versus the number of discordant pairs.
Figure 9 (right-column) shows the lag-lead Spearman ranked correlation between

SAMHT and NH monsoon index. The blue dashed lines depict the 95% significance level based

on a non-parametric Kendall- t test. Negative lag indicates periods when SAMHT leads the NH

monsoon index. Note that the SAMHT and NH monsoon indices are significantly anticorrelated
when the SAMHT leads by 15-20 years. This is consistent with result described earlier in that the
atmospheric response is preceded by SAMHT by 15-20 years. This negative correlation is
indicative of a strengthening of the NH monsoon precipitation when SAMHT is weak. It also
suggests that SAMHT could serve as a potential predictor for decadal variability of tropical NH
precipitation.

Figure 10 (left column) shows the seasonality of precipitation and 850mb winds for the

INDM, EAM, NAM, and NAF monsoon regions as measured by the difference in June-July-
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August-September (JJAS) minus annual mean precipitation and winds. Multidecadal variability

of monsoonal circulation and precipitation is analyzed as before by the composite difference

corresponding to weak minus strong SAMHT at 20-year lead-time after the anomalous SAMHT.

Fig. 10 (right column) depicts the composite difference of JJAS precipitation (shaded) and

850mb rotational wind component for each monsoon region. Blue stipples indicate regions

where precipitation differences are significant at 95% confidence level based on a non-

parametric Kolmogorov-Smirnov test. This non-parametric test measures whether two samples

(e.g., weak SAMHT period and strong SAMHT periods) have different distribution. Each region

is discussed separately in bullets below:

L.

II.

Indian Monsoon (INDM, Findlater 1970; Yim et al. 2014). This monsoon circulation is

associated with low-level southwesterlies and precipitation anomaly from the Arabian
Sea to the Bay of Bengal (Fig. 10a). Multidecadal variability associated with weaker
SAMHT is identified by enhanced precipitation over the Indian subcontinent and the
Arabian Sea and less precipitation over the Indian Ocean (Fig. 10b). The circulation
pattern shows enhanced southwesterly low-level jet associated with cyclonic circulation,
which brings moisture convergence over India. This pattern reinforces the low-level
southwesterly flow associated with the summer INDM.

East Asian Monsoon (EAM, Yim et al. 2014). This is a unique monsoon due to its higher

latitude location. It presents itself as a dipole in precipitation (Fig. 10c). The composite
difference shows a clear dipole in precipitation with positive (negative) anomaly over
East China (East China Sea). Low-level anticyclonic circulation centered over southern
Japan favors southwesterly flow towards east China and the Korean peninsula, bringing

moisture from the Pacific Ocean. The decadal variability associated with SAMHT
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presents a northward shift and intensification of this monsoon with respect to
climatology.

III.  North American Monsoon (NAM). Although the NAM is not as robust as the other

monsoons mentioned above, it is an important component in seasonal precipitation over
northwestern Mexico and the southwestern United States (Adams and Comrie 1997,
Barlow et al. 1998; Cook and Seager 2013), accounting for over 70% of the annual total
rainfall in these regions. The composite difference shows enhanced precipitation over
western Mexico and the tropical eastern North Pacific Ocean (Fig. 10f). This is
associated with moisture flux convergence over this region and consistent with
strengthening of the summer monsoon (Fig. 10f).

IV. North African Monsoon (NAF, Yim et al. 2014). The composite difference shows

enhanced precipitation and low-level westerly jet, bringing moisture from the Atlantic

Ocean towards the Sahel region (Fig. 10h). This is consistent with the intensification of

the westerlies and cross-equatorial flow from the Atlantic Ocean observed during the

summer NAF monsoon (Fig. 10g).

In summary, all NH summer monsoons are enhanced during weaker a SAMHT. This is
consistent with enhanced south-to-north hemisphere moisture transport by the anomalous Hadley
circulation. Recall that there is weaker zonal flow due to anomalous southward eddy heat flux
over the NH north of 25°N. This creates eddy heat flux convergence and ascending motion,
therefore enhancing precipitation over these monsoon regions. These are important results
suggesting that the SAMHT is a potential source of predictability, with about 20 years lead-time,
of NH summer monsoon variability.

6. Relative influence of the North and South Atlantic on Atmospheric Circulation
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Our analysis in previous sections indicates that decadal variability of SAMHT could
modulate global atmospheric circulation and monsoons. However, since a similar link between
NAMHT and global monsoons could potentially exists, it is important to understand the relative
roles of SAMHT and NAMHT on modulating global monsoon variability. In other words, we
need to identify whether SAMHT offers decadal predictability of global monsoons independent
from that of NAMHT, which is a much more widely used index of AMOC and associated heat
transport. Figure 11 depicts the anomalous interhemispheric atmospheric mass transport
corresponding to a) weak minus strong SAMHT and b) weak minus strong NAMHT, similar to
Fig. 5. Here, we are interested in those periods where the NAMHT and SAMHT lead the
atmospheric transport (i.e., positive leads). There exists southward (i.e., negative) anomalous
atmospheric heat transport about 18 years after the negative SAMHT anomaly (Fig. 11a, green
line). This is also observed in the case of NAMHT, but for lead-time of about 25 years (Fig. 11b,
green line).

There is difference in atmospheric response lead-times between NAMHT and SAMHT,
which is depicted by diagonal magenta line in Fig. 11a and b, however, does not mean that
SAMHT variability is independent from NAMHT. In fact, SAMHT variability is preceded by
NAMHT variability, suggesting that the North Atlantic could provide more lead-time
predictability than SAMHT. To further test, we attempted to separate the influence of the
SAMHT and NAMHT on atmospheric transport by using conditional composite analysis and
partial regression analysis. For this manuscript, we opt to show results from conditional
composite analysis to be consistent with the rest of the paper, although both analyses give
consistent results.

Figure 11c¢ shows the annual mean (thin black) and composite difference of atmospheric
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MMC as measured by the zonal mean 500mb atmospheric mass streamfunction. The composite
difference is centered at lead times according to that of Fig. 11a and b (dashed green lines). The
conditional composite for MMC (i.e., dependent variable) is built based on the state of the
SAMHT and NAMHT (i.e., independent variables). Positive (negative) values indicate
northward (southward) mass transport. Note that the influence of a weakening of SAMHT and
NAMHT onto the MMC has similar amplitude. Also, the amplitude of the MMC anomaly is
larger when both MHT indices are considered. This suggests that both the SAMHT and NAMHT
and associated HC anomalies influence atmospheric circulation and transport. Although, the
NAMHT leads the SAMHT negative HC anomaly in the South Atlantic associated with SAMHT
divergence works in par with positive HC anomaly in the North Atlantic due to NAMHT
convergence (see Fig. 4b), creating an interhemispheric asymmetry in energy balance. This
asymmetry drives an anomalous Hadley circulation which transport heat from the NH to the SH
(Fig. 11c green contour).

Several studies have suggested that the North Atlantic Oscillator (NAO) is a precursor of
NAMHT variability, through wind stress and heat flux forcing in the high-latitudes oceanic
convection regions (e.g., Eden and Willebrand 2001, Medhaug et al. 2012, Sun et al. 2015).
Here, we address the relationship of NAMHT and SAMHT with the NAO. Fig. 12a show the
lag-lead composite difference of NAO index for weak minus strong SAMHT (red) and NAMHT
(blue). As suggested in Sun et al. (2015), the negative phase of the NAO precedes the weakening
of NAMHT by about 15 years. This delayed effect is due to large inertia associated with slow
oceanic processes. The reduced AMOC and NAMHT have a negative feedback in that the NAO

shows a delayed response (i.e., positive phase) about 18 years after the weakening of the
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NAMHT. However, the relationship between SAMHT and NAO is not robust. Thus, NAO does

not give a predictability of SAMHT.

7. Summary and Discussion

This study tested the hypothesis whether low frequency (decadal) variability of the South
Atlantic MOC and MHT influence decadal variability of climate events over the globe. A multi-
century climate simulation based on a state-of-the-art coupled GCM was used as the basis for our
analysis. Multi-decadal variability of the South Atlantic Ocean has been shown to play a key role
in modulating atmospheric dynamics including the distribution of momentum, heat, and fresh
water. For this reason, it is of great importance to the climate community to understand the role
that the ocean plays and the physical mechanism behind this hypothesis. In this section, we
highlight this mechanism, which was described in previous sections, using two summary
schematic diagrams presented in Figs. 13 and 14.

The first diagram (Fig. 13) shows the transient evolution of MHT anomaly over the
tropical Atlantic Ocean during weak minus strong SAMHT. Here, the gray shading indicates the
anomalous negative MHT (i.e., weakening of the northward heat transport). The anomaly
propagates from north-to-south (black arrows), where the anomaly at 30°N leads the anomaly at
30°S by about 10-12 years with an approximate speed of ~600km/year. The largest amplitudes
occur away from the equator. When the maximum anomaly arrives at 30°S (i.e., the location of
our composite SAMHT or 0-year lag), there is MHT divergence between 30°S and the equator,
highlighted by the dark-blue hatching and easily identified by the increased MHT southward
away from the equator. The MHT divergence is balanced by negative heat content tendency,

which results in negative heat content anomaly over the South Atlantic and negative SST
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anomaly about 15-20 years later, shown by blue shading. The positive heat content anomaly in
the NH is mostly due to MHT convergence approximately 10-12 years earlier. This creates an
interhemispheric HC anomaly. The impact of these heat content anomalies on atmospheric
circulation is discussed next.

The diagram in Fig. 14 shows the zonal mean atmospheric (top) and Atlantic Ocean
(bottom) circulation. As discussed with respect to Fig. 13, weaker MHT (thick arrows on bottom
panel) is associated with negative tendency in heat content over the subtropical South Atlantic
(blue stipples at O-year lag in Fig. 13). The heat content tendency is dominated by meridional
MHT divergence (blue stipples in Fig. 13), producing a negative heat content anomaly
approximately 15-20 years later. The negative (positive) heat content anomaly in the SH (NH)
forces subsidence and anomalous Hadley circulation (gray oval and counterclockwise circulation
in Fig. 14) that brings moisture from the SH to the NH (green arrow) and heat from the NH
towards the SH (purple arrow). This anomalous interhemispheric atmospheric circulation is
supported by a net gain in radiative fluxes at the top of the atmosphere (labeled Rrpa) over the
NH and net radiative loss over the SH represented by red and blue arrows, respectively. In
addition, there is a net positive surface heat flux downward in the SH (blue arrows labeled heat
flux). Atmospheric eddies, both transient and stationary, transport heat southward in both
hemispheres (purple arrows) to balance the radiative fluxes. This produces eddy heat flux
convergence around 15°N and divergence around 15°S (stipples), reinforcing the anomalous
Hadley circulation. Poleward of 30° latitude, anomalous atmospheric eddies produce heat flux
divergence (convergence) in the NH (SH), which causes sinking (rising) motion. This is
consistent with a poleward (equatorward) displacement of the jet stream and mean storm track

and enhanced (reduced) TOA radiation in the NH (SH). The poleward (equatorward)
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displacement of the jet stream is a consequence of thermal wind balance from a reduced
(enhanced) meridional temperature gradient over NH (SH) mid-latitudes. The poleward
(equatorward) shift of the mean zonal jet in the NH (SH) causes eddy momentum flux
convergence (divergence). This must be balanced by poleward (equatorward) flow at upper
levels. This flow pattern supports a thermally indirect eddy driven circulation in both
hemispheres (circulation labeled eddies in Fig. 14). This circulation brings anomalous ascent and
more precipitation from 15°N-30°N, and descent and less precipitation poleward of 30°N. The
opposite occurs in the SH, with descent and less precipitation from 30°S-15°S and ascent
poleward of 30°S. In summary, the NH atmosphere behaves like the summer hemisphere,
conversely, the SH behaves like the winter hemisphere, approximately 15-20 years after the
anomalous negative SAMHT.

The proposed mechanism is in contrast with that of Sun et al. (2015) which suggests that
the North Atlantic MOC can influence the SH mid-latitude zonal wind and precipitation. They
found that strengthening of the North Atlantic MOC induces a subpolar interhemispheric SST
seesaw pattern, with cold SST anomalies in high latitudes Southern Ocean. This leads to an
enhanced meridional temperature gradient, increasing the zonal winds. The associated changes in
the zonal wind could potentially influence SAMHT, explaining the lead-lag relationship of
NAMHT and SAMHT. Although, we found that the geostrophic component of the SAMHT
explains most of the low-frequency variance of the total SAMHT, whereas the Ekman (i.e.,
wind-forced) component is comprised of higher frequencies. Further investigations on the

contrasting mechanisms are necessary but beyond the scope of this study.

8. Conclusion
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This is the first attempt to link the South Atlantic Overturning Circulation variability to
weather and climate. The anomalous circulation pattern associated with SAMHT variability
discussed throughout this paper has great implications for long-term climate variability over the
whole globe. For example, it could bring drier and warmer summer conditions over North
America and Europe. The results presented here suggest the possibility of decadal predictability
of seasonal temperature and precipitation, more so for those regions affected by monsoonal
circulation. It was shown that decadal modulation of the NH summer monsoon is tied to
variability of the SAMHT. Intensification of the NH summer monsoon is through a northward
shift and strengthening of the ITCZ when the SAMHT is weak via upper ocean heat content
modification. This proposed mechanism utilizing the atmospheric energy budget to understand
the ITCZ location is consistent with Kang et al. (2009) and Broccoli et al. (2006). Our hypothesis
of a tropical control of the location of the ITCZ is in contrast with the possibility of a high-
latitude control of the ITCZ location proposed in Frierson et al. (2013). The ITCZ in this study is
shifted towards the warmer hemisphere, which is the NH, about 15-20 years after a weakening of
the SAMHT.

The main objective here was to highlight the important role of the SAMHT in modifying
atmospheric circulation. Most of the current literature places their effort in the North Atlantic.
Here, we showed that the South Atlantic variability offers potential for added predictability of
the climate system. Our argument that the SAMHT could modify the strength and location of the
ITCZ has important implications, because the slowly-varying South Atlantic circulation could
serve as potential predictor for decadal variability of the global monsoon system giving a lead-
time of about 15-20 years from the anomalous MHT to its climate effects. Being this one of the

first studies that investigates the role of the South Atlantic on climate and monsoons, further
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efforts are necessary to confirm these results. For example, the processes that are responsible
for the SAMHT variability are unclear. Is the SAMHT only a consequence of North Atlantic
variability, or is it driven by independent local processes in the South Atlantic such as those
mentioned in introduction? The relative roles of the North and South Atlantic MOC on the
climate system needs further investigation. In future works, special emphasis will be given to
high impact extreme weather events, such as droughts and heat waves. Also, the relative role of
internal climate variability, like SAMHT, versus external forcing is an important question given
the current climate projections (e.g., Lee et al. 2014). Results presented here highlight the need
for continuous improvements in coupled models as well as the value of sustained ocean
observational efforts, both necessary to improve our knowledge of the complex interaction

between the South Atlantic MOC and global climate variability.
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Figure captions

Figure 1. Meridional heat transport over the Atlantic Ocean (PetaWatts) from CESM1 model
(black), gray shading represents one standard deviation. Also shown are estimated transports
from NCEP (blue) and ECMWF reanalysis (red) from Trenberth et al. (2001). Direct estimates
from the RAPID array at 26°N are shown in brown. Transport estimates from ARGO, XBTs, and
altimetry observations at 34°S are shown by green color. The color shading and vertical bars

depict one standard deviation calculated from annual average of MHT for each latitude.

Figure 2. 11-year running average of the SAMHT timeseries for a) total, b) Ekman, and c)
geostrophic component for the 1100 model year analyzed. The total timeseries is defined as the
meridional heat transport at 30°S after removing the seasonal cycle and linear trend. The Ekman
component is estimated using monthly mean zonal wind stress from CESMI1, whereas the
geostrophic term is simply taken as the difference between the total and Ekman component. The

red (blue) line fill contours indicate values greater (less) than one standard deviation.

Figure 3. The mean ocean meridional overturning streamfunction for the Atlantic (top) and

global ocean (bottom), where positive streamfunction indicates clockwise flow. The mean
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circulation is taken as the time mean, whereas the anomalous circulation is defined by the

composite difference between weak minus strong SAMHT, shown by color shading.

Figure 4. a) Lead-lag composite difference of zonal mean Atlantic MHT with respect to weak
minus strong SAMHT. b), c), d) and e) are similar to a) but for 700m Atlantic Ocean heat
content (HC), heat content tendency, MHT divergence (positive for convergence), and net
surface energy flux (positive downward into the ocean) respectively. Color shading indicates
95% significance using a Kendall-tau test. The y-axis indicates time in years. Time progresses up

the page with lag (lead) indicating SAMHT lags (leads), respectively.

Figure 5. Lead-lag composite difference of interhemispheric atmospheric circulation depicted as
the vertically integrated mass transport about the equator for weak minus strong SAMHT. Here,
the direction of interhemispheric atmospheric heat transport is proportional to the mass transport
with northward (southward) labeled red (blue). Color shading indicates 95% significance using a
student-T test. The y-axis indicates time in years. Time progresses up the page with lag (lead)

indicating that SAMHT lags (leads), respectively.

Figure 6. Composite difference of a) 500mb air temperature, b) sea surface temperature, and c)
precipitation corresponding to weak minus strong SAMHT at 20-year lead-time (i.e., 20 years

after the anomalous SAMHT.

Figure 7. a) Time mean and zonal mean meridional circulation (MMC) of the atmosphere as
measured by the mass streamfunction (contour) and composite difference (color) with respect to
weak minus strong SAMHT at 20-year lead time (i.e., 20 years after the anomalous SAMHT, see

Fig. 4). Panels b) and c) are similar to a) but for the meridional heat flux b), and meridional
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moisture flux c), respectively. Mean northward heat and moisture flux are indicated by positive

contours and positive shading depicts anomalous northward fluxes.

Figure 8. a) 500mb mean transient eddy heat flux (black) and composite difference (green)
during weak minus strong SAMHT. Anomalous heat flux convergence (divergence) is
highlighted by red (blue) regions on the composite difference line. b) Stationary eddy heat flux
(black contour) and composite difference (color shading) during weak minus strong SAMHT.

Similar to Fig. 7, the composite difference is analyzed 20 years after the anomalous SAMHT.

Figure 9. (left column) Seasonality of precipitation of the four monsoon regions (i.e., Indian
(INDM), East Asian (EAM), North American (NAM), and North African Monsoon (NAF)) from
GPCC (blue) and CESMI (red). Error bars indicate the 99% confidence level. (right-column)
Lag-lead Spearman ranked correlation between SAMHT and NH monsoon index. The blue
dashed lines depict the 95% significance level based on a non-parametric Kendall-t test.
Negative lag indicates periods when SAMHT leads the NH monsoon index. Periods with

significant correlation are shaded blue.

Figure 10. (left column) Seasonality of precipitation and 850mb winds for the monsoon regions
(i.e., Indian (INDM), East Asian (EAM), North American (NAM), and North African Monsoon
(NAF) as measured by the difference between June-July-August-September (JJAS) minus annual
mean precipitation and winds. (right-column) The composite difference of JJAS precipitation
(shaded) and 850mb wind for each monsoon region with respect to weak minus strong SAMHT
at lead-time 20 years after the anomalous SAMHT. Blue stipples indicates regions where
precipitation differences are significant at 95% confidence level based on a non-parametric

Kolmogorov-Smirnov test.
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Figure 11. Anomalous interhemispheric atmospheric mass transport corresponding to a) weak
minus strong SAMHT and b) weak minus strong NAMHT, similar to Fig. 5. The diagonal
magenta line between panels a) and b) highlights the fact that NAMHT leads SAMHT. c¢) Annual
mean (thin black) and composite difference of atmospheric mean meridional circulation (MMC)
as measured by the zonal mean 500mb atmospheric mass streamfunction. The composite
difference is centered at lead times according to that of a) and b) (dashed green lines). The
conditional composite for MMC (i.e., dependent variable) is built based on the state of the
SAMHT and NAMHT (i.e., independent variables). The green contour here includes the
relationship between the MMC with both, SAMHT and NAMHT. Red contour depicts the
relationship between NAMHT and the MMC excluding the influence of SAMHT (i.e., neutral
SAMHT periods based on terciles). Similarly, blue contour shows the relationship between
SAMHT and the MMC excluding the influence of NAMHT (i.e., neutral NAMHT periods based

on terciles). Positive (negative) values indicate northward (southward) mass transport.

Figure 12. a) Lead-lag composite difference of North Atlantic Oscillator (NAO) index for weak
minus strong SAMHT (red) and weak minus strong NAMHT (blue). The y-axis indicates time in
years. Time progresses up the page with lag (lead) indicating the ocean MHT lags (leads),
respectively. b) 500mb geopotential height anomaly associated with the positive phase of the

NAO.

Figure 13. Transient evolution of MHT anomaly over the tropical Atlantic Ocean during
weak minus strong SAMHT. Gray shading indicates the anomalous negative MHT (i.e.,
weakening of the northward heat transport). The anomaly propagates from north to south (black
arrows) at about 600km/year. The dark-red hatched region indicates meridional heat transport

convergence and positive heat content tendency north of the equator 10-15 years prior to the
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weak minus strong SAMHT, whereas the dark-blue hatched region indicates meridional heat
transport divergence and negative heat content tendency south of the equator near 0-lag with
respect to weak minus strong SAMHT. Blue (red) shading depicts negative (positive) heat
content. The y-axis indicates time in years. Time progresses up the page, with lag (lead)
indicating SAMHT lags (leads), respectively. Anomalous heat content occurs about 15-20 years

after the anomalous heat content tendency and heat transport divergence in both hemispheres.

Figure 14. Schematic diagram of the role of weaker-than-normal MHT in the anomalous
atmospheric circulation at 15-20 years lead-time. Weakened MHT is shown by thick black
arrows on the bottom panel. Negative (positive) tendency in heat content is labeled by dark-blue
(red) hatching. There is negative (positive) heat content in the SH (NH) about 15-20 years after
the heat transport anomaly labeled here by blue (red) rectangle. Anomalous Hadley circulation is
labeled by gray oval and counterclockwise circulation. Moisture and heat fluxes are shown by
green and purple arrows, respectively. The TOA and surface radiative fluxes are shown by thick
red and blue arrows. Purple arrows depict atmospheric eddy heat transports. Eddy forced vertical

motion is shown by red and blue stipples. See discussion in main text for more details.

44



987
988

989

990

991

992

993

994

e

CESM1 =—

1.6- ECMWF —
NCEP —

147 RAPID —s—
Altimeter —=—

—_—
N
1

Meridional Heat Transport (PW)

0.8-
0.6-
0.4-
0.2-
40S 208 EQ 20N 40N 60N
Latitude

Figure 1. Meridional heat transport over the Atlantic Ocean (PetaWatts) from CESM1 model
(black), gray shading represents one standard deviation. Also shown are estimated transports
from NCEP (blue) and ECMWF reanalysis (red) from Trenberth et al. (2001). Direct estimates
from the RAPID array at 26°N are shown in brown. Transport estimates from ARGO, XBTs, and
altimetry observations at 34°S are shown by green color. The color shading and vertical bars

depict one standard deviation calculated from annual average of MHT for each latitude.
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995
996  Figure 2. 11-year running average of the SAMHT timeseries for a) total, b) Ekman, and c)

997  geostrophic component for the 1100 model year analyzed. The total timeseries is defined as the
998  meridional heat transport at 30°S after removing the seasonal cycle and linear trend. The Ekman
999  component is estimated using monthly mean zonal wind stress from CESMI1, whereas the
1000  geostrophic term is simply taken as the difference between the total and Ekman component. The

1001  red (blue) line fill contours indicate values greater (less) than one standard deviation.
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1002
1003  Figure 3. The mean ocean meridional overturning streamfunction for the Atlantic (top) and

1004  global ocean (bottom), where positive streamfunction indicates clockwise flow. The mean
1005 circulation is taken as the time mean, whereas the anomalous circulation is defined by the

1006  composite difference between weak minus strong SAMHT, shown by color shading.
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Figure 4. a) Lead-lag composite difference of zonal mean Atlantic MHT with respect to weak

minus strong SAMHT. b), c), d) and e) are similar to a) but for 700m Atlantic Ocean heat
content (HC), heat content tendency, MHT divergence (positive for convergence), and net
surface energy flux (positive downward into the ocean) respectively. Color shading indicates
95% significance using a Kendall-tau test. The y-axis indicates time in years. Time progresses up

the page with lag (lead) indicating SAMHT lags (leads), respectively.
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Figure 5. Lead-lag composite difference of interhemispheric atmospheric circulation depicted as

40

the vertically integrated mass transport about the equator for weak minus strong SAMHT. Here,
the direction of interhemispheric atmospheric heat transport is proportional to the mass transport
with northward (southward) labeled red (blue). Color shading indicates 95% significance using a
student-T test. The y-axis indicates time in years. Time progresses up the page with lag (lead)

indicating that SAMHT lags (leads), respectively.
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1021
1022  Figure 6. Composite difference of a) S00mb air temperature, b) sea surface temperature, and c)

1023  precipitation corresponding to weak minus strong SAMHT at 20-year lead-time (i.e., 20 years

1024  after the anomalous SAMHT.
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Figure 7. a) Time mean and zonal mean meridional circulation (MMC) of the atmosphere as

measured by the mass streamfunction (contour) and composite difference (color) with respect to
weak minus strong SAMHT at 20-year lead time (i.e., 20 years after the anomalous SAMHT, see
Fig. 4). Panels b) and c) are similar to a) but for the meridional heat flux b), and meridional
moisture flux c), respectively. Mean northward heat and moisture flux are indicated by positive

contours and positive shading depicts anomalous northward fluxes.
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Figure 8. a) 500mb mean transient eddy heat flux (black) and composite difference (green)
during weak minus strong SAMHT. Anomalous heat flux convergence (divergence) is
highlighted by red (blue) regions on the composite difference line. b) Stationary eddy heat flux
(black contour) and composite difference (color shading) during weak minus strong SAMHT.

Similar to Fig. 7, the composite difference is analyzed 20 years after the anomalous SAMHT.
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Figure 9. (left column) Seasonality of precipitation of the four monsoon regions (i.e., Indian
(INDM), East Asian (EAM), North American (NAM), and North African Monsoon (NAF)) from
GPCC (blue) and CESM1 (red). Error bars indicate the 99% confidence level. (right-column)
Lag-lead Spearman ranked correlation between SAMHT and NH monsoon index. The blue
dashed lines depict the 95% significance level based on a non-parametric Kendall-t test.
Negative lag indicates periods when SAMHT leads the NH monsoon index. Periods with

significant correlation are shaded blue.
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Figure 10. (left column) Seasonality of precipitation and 850mb winds for the monsoon regions
(i.e., Indian (INDM), East Asian (EAM), North American (NAM), and North African Monsoon
(NAF) as measured by the difference between June-July-August-September (JJAS) minus annual
mean precipitation and winds. (right-column) The composite difference of JJAS precipitation
(shaded) and 850mb wind for each monsoon region with respect to weak minus strong SAMHT
at lead-time 20 years after the anomalous SAMHT. Blue stipples indicates regions where
precipitation differences are significant at 95% confidence level based on a non-parametric

Kolmogorov-Smirnov test

54



1055
1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

Lead

ap —20+
(o]
1
Mo T3 Mmoo T3
10° Kgs™ 10° Kgs™
T el 0
% _|—Annual Mean E
M 61— SAMHT and NAMHT 6
e 4{— NAMHT only 4o
© _|—SAMHT only 5
29 2 o
(0]
g 0 +0 —_
—4 F—4
—~ =
©
S5 6 -6%
g L
G—s T T T —BI_‘
< 60S 308 EQ 30N 60N

Figure 11. Anomalous interhemispheric atmospheric mass transport corresponding to a) weak
minus strong SAMHT and b) weak minus strong NAMHT, similar to Fig. 5. The diagonal
magenta line between panels a) and b) highlights the fact that NAMHT leads SAMHT. c¢) Annual
mean (thin black) and composite difference of atmospheric mean meridional circulation (MMC)
as measured by the zonal mean 500mb atmospheric mass streamfunction. The composite
difference is centered at lead times according to that of a) and b) (dashed green lines). The
conditional composite for MMC (i.e., dependent variable) is built based on the state of the
SAMHT and NAMHT (i.e., independent variables). The green contour here includes the
relationship between the MMC with both, SAMHT and NAMHT. Red contour depicts the
relationship between NAMHT and the MMC excluding the influence of SAMHT (i.e., neutral
SAMHT periods based on terciles). Similarly, blue contour shows the relationship between
SAMHT and the MMC excluding the influence of NAMHT (i.e., neutral NAMHT periods based

on terciles). Positive (negative) values indicate northward (southward) mass transport.
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Figure 12. a) Lead-lag composite difference of North Atlantic Oscillator (NAO) index for weak
minus strong SAMHT (red) and weak minus strong NAMHT (blue). The y-axis indicates time in
years. Time progresses up the page with lag (lead) indicating the ocean MHT lags (leads),
respectively. b) 500mb geopotential height anomaly associated with the positive phase of the

NAO.
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Figure 13. Transient evolution of MHT anomaly over the tropical Atlantic Ocean during

-25

weak minus strong SAMHT. Gray shading indicates the anomalous negative MHT (i.e.,
weakening of the northward heat transport). The anomaly propagates from north to south (black
arrows) at about 600km/year. The dark-red hatched region indicates meridional heat transport
convergence and positive heat content tendency north of the equator 10-15 years prior to the
weak minus strong SAMHT, whereas the dark-blue hatched region indicates meridional heat
transport divergence and negative heat content tendency south of the equator near 0-lag with
respect to weak minus strong SAMHT. Blue (red) shading depicts negative (positive) heat
content. The y-axis indicates time in years. Time progresses up the page, with lag (lead)
indicating SAMHT lags (leads), respectively. Anomalous heat content occurs about 15-20 years

after the anomalous heat content tendency and heat transport divergence in both hemispheres.
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Figure 14. Schematic diagram of the role of weaker-than-normal MHT in the anomalous
atmospheric circulation at 15-20 years lead-time. Weakened MHT is shown by thick black
arrows on the bottom panel. Negative (positive) tendency in heat content is labeled by dark-blue
(red) hatching. There is negative (positive) heat content in the SH (NH) about 15-20 years after
the heat transport anomaly labeled here by blue (red) rectangle. Anomalous Hadley circulation is
labeled by gray oval and counterclockwise circulation. Moisture and heat fluxes are shown by
green and purple arrows, respectively. The TOA and surface radiative fluxes are shown by thick
red and blue arrows. Purple arrows depict atmospheric eddy heat transports. Eddy forced vertical

motion is shown by red and blue stipples. See discussion in main text for more details.
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