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ABSTRACT

We examine the link between migrations in the intertropical convergence zone (ITCZ) and changes in the

Atlantic meridional overturning circulation (AMOC), Atlantic multidecadal variability (AMV), and Pacific

decadal oscillation (PDO).We use a coupled climate model that allows us to integrate over climate noise and

assess underlying mechanisms. We use an ensemble of ten 300-yr-long simulations forced by a 50-yr oscil-

latory NorthAtlantic Oscillation (NAO)-derived surface heat flux anomaly in the NorthAtlantic, and a 4000-

yr-long preindustrial control simulation performedwithGFDLCM2.1. In both setups, anAMVphase change

induced by a change in the AMOC’s cross-equatorial heat transport forces an atmospheric interhemispheric

energy imbalance that is compensated by a change in the cross-equatorial atmospheric heat transport due to a

meridional ITCZ shift. Such linkages occur on decadal time scales in the ensemble driven by the imposed

forcing, and internally on multicentennial time scales in the control. Regional precipitation anomalies differ

between the ensemble and the control for a zonally averaged ITCZ shift of similar magnitude, which

suggests a dependence on time scale. Our study supports observational evidence of anAMV–ITCZ link in the

twentieth century and further links it to the AMOC, whose long-time-scale variability can influence the

phasing of ITCZ migrations. In contrast to the AMV, our calculations suggest that the PDO does not drive

ITCZ migrations, because the PDO does not modulate the interhemispheric energy balance.

1. Introduction

The strong moisture convergence in the lower branch

of the Hadley circulation sets the position of the in-

tertropical convergence zone (ITCZ), a narrow band of

intense precipitation that encircles Earth near the

equator. The meridional position of the zonally aver-

aged Hadley circulation and ITCZ is tied to the atmo-

spheric energy balance between the Northern and

Southern Hemispheres (NH and SH, respectively) (e.g.,

Chiang and Friedman 2012; Schneider et al. 2014). In the

present-day climate the NH is heated more strongly

than the SH in the annual mean [as described in Frierson

et al. (2013) and Marshall et al. (2014)]. To compensate

for this imbalance, the Hadley circulation—the main

driver of atmospheric meridional energy transport in the

tropics—and the ITCZ are centered north of the equa-

tor, thus allowing a net southward atmospheric energy

transport across the equator. Over the seasonal cycle the

Hadley circulation and the ITCZ migrate meridionally

following the solar-driven heating imbalance, trans-

porting energy into the colder, winter hemisphere (e.g.,

Donohoe et al. 2013). On longer time scales, a variety of

modeling studies have shown that the Hadley cells shift

meridionally as a result of atmospheric heating imbal-

ances driven by changes in the Atlantic Ocean heat

transport (Vellinga and Wu 2004; Zhang and Delworth

2005; Broccoli et al. 2006; Sun et al. 2013; Frierson et al.

2013; Marshall et al. 2014) or Arctic ice cover (Chiang

and Bitz 2005), as well as in future global warming
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scenarios (Frierson and Hwang 2012). Paleoclimate

proxy records also suggest that strong NH cooling is

linked to a southward shift of the Hadley circulation

and ITCZ during Heinrich and Dansgaard–Oeschger

events (e.g., Chiang and Friedman 2012; McGee et al.

2014, 2018a). In observations over the twentieth cen-

tury, the ITCZ position appears to be connected to an

interhemispheric heating imbalance driven by multi-

decadal variability in the extratropical sea surface

temperature (SST) of the North Atlantic [Atlantic mul-

tidecadal variability (AMV)] (Green et al. 2017). Yet,

whether this link can ultimately be extended to AMOC

multidecadal variability is difficult to answer with the

inadequate observational record. Moreover, observa-

tional estimates disagree on the influence of the North

Pacific SST multidecadal variability [Pacific decadal

oscillation (PDO)] on the ITCZ position (Green et al.

2017) and the potential linking mechanisms. Here, we

therefore use a climate model to explore the connection

between the AMOC, North Pacific, and Atlantic SST

variability characterized by the AMV and PDO, re-

spectively, and the ITCZ meridional position.

The AMV is a same-signed, basin-scale, multidecadal

fluctuation of the North Atlantic SST that has been ob-

served in the twentieth century and is superimposed on

the long-term warming trend (Kerr 2000). Phase changes

of the AMV impact global tropical precipitation, espe-

cially in the West African and East Asian monsoon re-

gions as well as the ITCZ position (e.g., Folland et al.

2001; Zhang and Delworth 2006; Mohino et al. 2011;

Ruprich-Robert et al. 2017). ITCZ migrations have been

connected to the interhemispheric heating contrast as-

sociated with NorthAtlantic SST anomalies, which warm

or cool the entire NH troposphere with respect to the SH

(e.g., Green et al. 2017). Since the AMV has a causal link

to multidecadal variability in the AMOC’s northward

heat transport [as reviewed in Buckley and Marshall

(2016)], multidecadal ITCZ variability might, by exten-

sion, also be linked to AMOC variability, which offers a

window for improved predictability of ITCZ migrations

via AMOC predictability (Tulloch and Marshall 2012).

The PDO is a multidecadal fluctuation of the tropical

and midlatitude North Pacific SSTs that presents colder

central North Pacific SSTs and warmer SSTs along the

American west coast during its positive phase, and

vice versa (Mantua et al. 1997). The PDO has been at-

tributed to midlatitude ocean–atmosphere feedbacks

relating the Aleutian low and surface winds over the

North Pacific [as reviewed in Liu (2012) and Newman

et al. (2016)]. Although the PDO has been connected

to tropical precipitation changes over Central America,

northern South America, western Australia, southern

India, and central Africa (Mantua and Hare 2002), it is

poorly correlated with ITCZ shifts over the twentieth

century (Green et al. 2017). This is perhaps because

interhemispheric heating differences are unlikely to

arise from changes in the Pacific Ocean heat transport,

which is smaller than in the Atlantic (Trenberth and

Caron 2001) and characterized by shallow wind-driven

meridional circulation cells (Ferrari and Ferreira 2011).

Thus, the ITCZ–PDO connection seems rather tenuous,

at least as revealed by the observational record.

Better understanding of the potential connections be-

tween variability of the AMOC, AMV, PDO, and ITCZ

is of key importance, given the huge impact of tropical

precipitation distribution on the billions of people who

live in the tropics. In this study, therefore, we explore the

links of AMV, AMOC, and PDO with ITCZ position,

andwhether they are robust in time and across time scales

in a climate model. Two different experimental setups are

explored, which present differentAMVcharacteristics.Our

analysis will help assess and lend support to recent conclu-

sions drawn from observations over the twentieth century.

The structure of the paper is as follows: the model and

experimental setups are described in section 2. Section 3

documents the main results of the climate model simu-

lations. A discussion of the key results and the main

conclusions follow in sections 4 and 5 respectively.

2. Model description and experimental setup

We use the GFDL CM2.1 coupled climate model,

which consists of atmosphere, ocean, land, and sea ice

components. The atmospheric model has a 2.58 3 28
horizontal resolution and 24 vertical levels. The ocean

model has a nominal horizontal resolution of 18 in the

extratropics, with the meridional grid spacing in the

tropics gradually decreasing to a minimum of 1/38 near
the equator, and 50 vertical levels, with 22 evenly spaced

levels in the top 220m. The model does not use flux

adjustments. Amore detailed description of themodel is

given in Delworth et al. (2006). This model has been used

in multiple studies of climate variability, predictability,

and change. A comprehensive model output from pre-

vious studies is available at https://nomads.gfdl.noaa.

gov/CM2.X/.

Our analysis is based on two types of simulations with

the same model. We first use a 300-yr-long ensemble of

10 members that are forced by a surface heat flux

anomaly derived from regressing reanalysis ocean–

atmosphere heat flux anomalies onto the winter North

Atlantic Oscillation (NAO) index (Delworth and Zeng

2016). The forcing is added as an additional flux com-

ponent to the normally computed air–sea heat flux, but

only in the Atlantic sector, from the equator to 828N,

including the Barents and Nordic seas. The forcing
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anomaly is computed ensuring its areal integral is zero

and thus does not provide a net heating or cooling to the

climate system. The amplitude of the added NAO heat

flux is modulated sinusoidally in time with a single pe-

riod of 50 years and an amplitude of one standard de-

viation. For a more detailed description of how these

simulations were designed we refer to Delworth and

Zeng (2016). We next use a 4000-yr-long preindustrial

control simulation in which all forcings are kept constant

at 1860 conditions. The simulated period excludes the

spinup phase previous to it. This simulation is described

in detail in Delworth and Zeng (2012), where the au-

thors investigate the link between multicentennial var-

iability (time scale of 200–500 years) in the AMOC and

its associated cross-equatorial heat transport and NH

extratropical temperatures. In contrast to the ensemble,

this calculation simulates a long control climate with

unforced internal variability and thus provides a differ-

ent framework to investigate the connection between

the ITCZ and the AMV, AMOC, and PDO.

We define indices for the ITCZ position, AMV,

AMOC strength, interhemispheric temperature dif-

ference, and PDO. The ITCZ position (Pcent) is de-

fined as the latitude that divides regions of equal

zonally averaged, annual mean total precipitation be-

tween 208S and 208N (i.e., the centroid), as in Donohoe

et al. (2013). The AMV index is the difference between

the average North Atlantic SST and the global SST in

the annual mean, following Trenberth and Shea (2006).

The AMOC strength is calculated as the annual mean

overturning circulation averaged between 358 and 458N
at 1000-m depth (corresponding to the position of the

climatological maximum of the overturning cell; not

shown). The interhemispheric temperature contrast is

the difference between the NH and SH annual mean

atmospheric temperature averaged between the sur-

face and 300 hPa from the equator to the pole. The

PDO index is the first principal component of the un-

detrended annual mean SST over the North Pacific

Ocean between 208 and 708N (Mantua et al. 1997;

Newman et al. 2016). All the indices are linearly de-

trended after they are computed. The AMV and PDO

spatial patterns in the forced ensemble and control are

shown in Figs. S1 and S2 in the online supplemental

material, respectively.

We compare composites that include years that are

more than one standard deviation above and below the

long-term mean of each index. The statistical signifi-

cance of the anomalies between these two composites is

calculated based on the likelihood of a random occur-

rence of the signal: the signals detected are compared to

analogs obtained by first randomly sampling each index

1000 times and then repeating the same analysis; the 5th

and 95th percentiles of the empirical anomaly distribu-

tion set the confidence levels.

3. Analysis of the model simulations

a. Forced ensemble

The link between the ITCZ, AMV, andAMOC is first

explored in the 10-member ensemblemean of the forced

simulations. We focus on the ensemble mean since this

helps increase the signal-to-noise ratio and thus allows

one to characterize the forced variability more read-

ily. In the ensemble mean, the Pcent, AMV, AMOC

strength, and interhemispheric temperature difference

all exhibit 50-yr periodicity following that of the im-

posed forcing (Fig. 1): the spectrum of these indices

shows a prominent peak at a period of about 50 years

that is statistically significant at the 5% level (Fig. S3).

There is strong covariability between the AMOC

strength, AMV, and interhemispheric temperature dif-

ference on multidecadal time scales over the whole

FIG. 1. Times series in the 10-member ensemble mean of the

forced simulations. See section 2 for definitions and details of the

indices. Thin and thick lines are the yearly values and the 11-yr

running mean, respectively.
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simulated period, and between these three indices and

Pcent in the second half (green–yellow shading in

Fig. 2). Furthermore,AMOCvariability leads that of the

AMV, interhemispheric temperature difference, and

Pcent, while the AMV and temperature difference vary

in phase and lead Pcent variability (arrows in Fig. 2; see

also Fig. S2).

Precipitation anomaly patterns following a phase

change of the AMOC and AMV are broadly similar and

reflect an ITCZ shift (Figs. 3b,c). A strong AMOC and a

warm AMV lead to a precipitation increase in most of

the NH tropics, especially in the tropical North Atlantic

and North Pacific and the Sahel, and a precipitation

decrease most notably in Southeast Asia, the tropical

South Pacific, Brazil, and the equatorial Atlantic. Such

precipitation changes are further associated with an

overall strengthening and weakening of the trade winds

in the SH and NH, respectively (arrows in Fig. 3),

reflecting a northward shift of the Hadley circulation.

Similarly, a northward ITCZ shift is also associated

with a North Atlantic SST warming resembling a warm

AMV phase and an AMOC-related warming (Fig. S1).

Precipitation anomalies driven by theAMOCandAMV

are similar to those of an ITCZ shift, although anomalies

in the latter case are larger and more widespread in the

northwestern and central tropical Pacific and less so in

the tropical Atlantic, the Sahel, and South America

(Figs. 3a–c). Regional mechanisms, such as the Bjerknes

feedback (by which initial SST anomalies get amplified

as they weaken the trade winds aloft; Bjerknes 1969),

FIG. 2. Cross-wavelet coherence between the yearly indices in the forced ensemble (in Fig. 1). The first and second time series are

indicated above each panel to help identify leads or lags between the two. Wavelet coherence highlights regions in time–frequency space

with a large common power and consistent phase relationship between two time series, which suggests periods when there might exist

causality between their underlying processes. Significant coherence values, however, do not necessarily mean actual causality. Color

shading indicates the coherence strength, with green–yellow colors within black contours being statistically significant at the 5% level

against red noise. The arrow direction indicates the phase relationship between the two wavelet transforms: arrows pointing right (left)

indicate that the two series are in phase (out of phase), while arrows pointing down (up) indicate that the second series lags (leads) the first

one, if the two series are positively correlated. The cone of influence (white dashed line) defines the area in which the border effect does

not influence the wavelet spectra.
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might explain these differences, because a positive AMV

phase would especially favor atmospheric convection in

the tropical Atlantic. Despite these differences, both a

warm AMV and a strong AMOC lead to a northward

shift of the ITCZ and Hadley circulation of similar

magnitude and shape in the zonal average (Fig. 3,

right panels).

What mechanisms link oscillations in the AMOC,

AMV, interhemispheric temperature difference, and

ITCZ? Periodicity in the four indices is rooted in the

change in buoyancy flux forced by the NAO-derived

oscillatory heat flux anomaly, especially in the Labrador

Sea (Delworth and Zeng 2016). For example, for a

negative downward flux anomaly the induced upper-

ocean cooling enhances the oceanic deep mixing and

thereby strengthens the AMOC and its associated

poleward heat transport (Fig. 4, blue line). The latter

warms theNorthAtlantic surface (positiveAMVphase)

in the following 3 years, as illustrated by the positive

Atlantic ocean heat transport (OHT) anomaly that

precedes a warm AMV (Fig. 4) and by the similarity in

the SST pattern for a positiveAMVand a strongAMOC

(Fig. S1). The North Atlantic surface warming propa-

gates to the troposphere aloft through anomalous air–

sea heat flux, especially at midlatitudes (not shown).

This heating is quickly distributed zonally and vertically

FIG. 3. (left) Anomalies in the annual-mean precipitation rate (shading; mmday21) and

1000-hPa wind (arrows; m s21) between years above and below one standard deviation in the

decadally smoothed indices (in Fig. 1) of the ensemble of forced simulations. Anomalies are

calculated with the AMV and AMOC leading by 4 and 10 years, respectively, and the PDO

lagging by 4 years (values derived from the cross-correlation profiles in Fig. S4) and only in

the second half (years 151–300), when the Pcent, AMV, and AMOC show statistically sig-

nificant coherence at multidecadal time scales (Fig. 2). Light and dark blue lines are the 3 and

6mmday21 precipitation climatologies, respectively. Stippling masks statistically non-

significant anomalies in precipitation at the 5% level, whereas blue arrows highlight statis-

tically significant anomalies. (right) Zonally averaged anomalies in precipitation (blue) and

wind (red) from the left panels. Blue and red shading respectively mask anomalies in pre-

cipitation and zonal wind that are nonsignificant at the 5% level.
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through transport and mixing by dominant westerly

winds and eddies in the following years [as also shown in

Chiang et al. (2003), Chiang and Bitz (2005), Cvijanovic

and Chiang (2013), and Donohoe et al. (2013)]. Both

atmospheric eddies propagating equatorward from

midlatitudes (Chiang and Friedman 2012; Bischoff and

Schneider 2014) and the ocean heat release in the tropics

(e.g., Cvijanovic and Chiang 2013) contribute to the

heating of the NH tropical atmosphere and hence to the

equatorward propagation of the heating anomaly after a

positive AMV following a strong AMOC. The overall

result is a NH atmosphere warmer than the SH at most

latitudes (a positive interhemispheric temperature dif-

ferences in Figs. 1 and 5, where we show the anomaly

patterns of the asymmetric component of the zonally

averaged tropospheric temperature; see the caption of

Fig. 5 for more details). The NH atmosphere’s tropical

heating propagates quickly across the equator due to the

near symmetry in tropical temperatures about the

equator (Schneider et al. 2014) and thus induces a

change in the cross-equatorial atmospheric heat trans-

port (AHT; Fig. 4, black lines) to compensate for the

NH heating anomaly. This is facilitated by a northward

shift of the ITCZ and Hadley circulation (Figs. 1–4),

thus explaining the link between changes in the AMOC

strength, AMV, and Pcent. The OHT in the Pacific and

Indian Oceans (Fig. 4, red lines) also contributes to the

NH heating anomaly compensation by transporting heat

southward across the equator as a result of the change in

the wind-driven oceanic subtropical cells (Green and

Marshall 2017). This chain of events is supported by the

close correspondence between the anomaly patterns of

the asymmetric component of the zonally averaged

tropospheric temperature and of the heat transport re-

lated to a phase shift in the AMOC, AMV, and Pcent

(Figs. 4 and 5).

The PDO shows synchronous coherence with the

Pcent and lags behind changes in the AMV and in-

terhemispheric temperature difference between years

150 and 300 on the time scales of the applied forcing

(Fig. 2). This suggests that a positive PDO tends to de-

velop after a positive AMV phase warms the NH and

shifts the ITCZ northward (and vice versa). The PDO

time series, however, shows no evident 50-yr cycle im-

posed by the surface heat forcing and instead exhibits

centennial oscillations between a positive phase and a

negative phase (Fig. 1 and Fig. S3). Correlation co-

efficients between the PDO and AMV are relatively

small at all lags (Fig. S4b). These results are different

from those reported by Ruprich-Robert et al. (2017), in

which a negative PDO develops after a warmAMV, and

vice versa. They, however, used simulations with the

same climate model (CM2.1) in which North Atlantic

SSTs are continuously restored toward AMV anomalies

over 10 years. Differences between their and our results

might be caused by a larger amplitude in the tropical

North Atlantic SSTs in the case in which they are re-

stored compared to when they are induced by AMOC

variations, thus resulting in a stronger teleconnection

between the Atlantic and Pacific tropical atmosphere.

The patterns of anomalies in net precipitation, zonally

averaged asymmetric temperature, and OHT and AHT

(Figs. 3, 4, and 5, respectively) that precede the PDOby a

few years (Fig. S4) are very similar to those related to an

ITCZ–AMV shift. This reinforces our conclusion that a

PDO shift tends to follow one in the ITCZ, orAMV, or in

both, on multidecadal time scales in the forced ensemble.

At such time scales, the PDO–ITCZ link therefore ap-

pears to be dominated by their response to the AMV.On

FIG. 4. As in Fig. 3, but for anomalies in the heat transport (PW)

in the atmosphere (AHT; black line), the global ocean (OHT;

pink), Atlantic Ocean (ATL-OHT; blue), and Indo-Pacific Ocean

(IP-OHT; red) north of 308S in the ensemble of forced simulations.

Anomalies are calculated with the AMOC in phase, and the Pcent,

AMV, and PDO lagging behind by 8, 3, and 10 years, respectively.

For simplicity, gray shading is used to mask all anomalies non-

significant at the 5% level in the heat transport components.
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other time scales, a PDO phase shift is not robustly as-

sociated with an interhemispheric temperature anomaly

or ITCZ shift (Fig. 2), thus relegating the PDO as a direct

driver of variability in the meridional position of the

ITCZ in the forced ensemble.

b. Control simulation

Weextend our analysis to a 4000-yr control simulation

with preindustrial forcing performed with the same cli-

mate model. Here, synchronous coherence between

AMOC and AMV variability, and between the latter

and the interhemispheric temperature difference (in-

dices in Fig. 6), extends over the 4000 years especially on

multicentennial time scales (Fig. 7). The spectra of the

AMOC, AMV, and interhemispheric temperature dif-

ference exhibit a strong peak centered at a period of

about 250 years, which is statistically significant at the

5% level (Fig. S5). The AMV spectrum in the control

shows a relative maximum on a time scale of 32–64 years

(which is only statistically significant at the 10% level),

FIG. 5. As in Fig. 3, but for the asymmetric component of the zonally averaged atmospheric

temperature (K) in the ensemble of forced simulations. The AMV and AMOC lead the

temperature anomalies by 1 and 5 years, respectively, and the Pcent and PDO lag behind by 3

and 5 years, respectively (values derived from the cross-correlation profiles in Fig. S4). The

asymmetric component is calculated as [T(y) – T(2y)]/2, where y is the latitude. By con-

struction, this component highlights the asymmetric pattern about the equator.
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similar to the time scale of 50–70 years in the observed

AMV index (e.g., Frankcombe et al. 2010). The results

in the control simulation support the connection between a

strong AMOC and a warming of the North Atlantic SST

(positive AMV) and, by extension, of the entire NH, and

vice versa.

Coherence between Pcent and AMV is intermittent in

time in the control (Fig. 7). This suggests that the in-

terhemispheric heating imbalance associated with an

AMV phase shift is not always compensated by a change

in the cross-equatorial AHT through an ITCZ shift; in-

stead, during some periods other mechanisms more ef-

fectively compensate for the imbalance through a change

in the top-of-the-atmosphere radiative balance, or ocean

heat uptake, or both (e.g., Kang et al. 2008; Cvijanovic

and Chiang 2013; Donohoe et al. 2013). Nonetheless, the

Pcent, AMOC, and AMV variability show significant

coherence on multicentennial time scales between years

500 and 2000 (Fig. 7), when the interhemispheric tem-

perature difference shows some of the largest variations

over the 4000 years of the control integration (Fig. 6).

AMV and Pcent also exhibit intermittent coherence on

decadal and multidecadal time scales between years 2000

and 4000 approximately (Fig. 7). Over all these periods,

Pcent lags behind changes in AMOC and AMV by a few

decades (arrows in Fig. 7). To focus on the most robust

connection between AMOC, AMV, and Pcent on mul-

ticentennial time scales, we apply a bandpass filter with a

period range between 200 and 300 years to all the data

(filtered indices in Fig. S6) and analyze the 1500-yr-long

period between years 500 and 2000.

The anomaly patterns of the band-passed precipitation

related to a strong AMOC and a warm AMV are very

similar to that for a northward ITCZ shift (Fig. 8). They

show a wetter western tropical North Pacific and central

Pacific, North Atlantic, and the Sahel, and dryer South-

east Asia, northern Australia, equatorial central Pacific

and Atlantic, and South America (Fig. 8). A northward

ITCZ shift is also associated with an AMV-like North

Atlantic SST warming (Fig. S2) and a widespread tro-

pospheric NHwarming (Fig. S8), which are in turn driven

by a stronger AMOC and associated OHT (not shown),

as in the ensemble mean of forced runs described above.

The time scale of the AMOC–AMV–ITCZ link is, how-

ever, longer in the control than in the forced simulations:

a maximum northward ITCZ shift occurs about 24 years

later than a maximum positive AMV in the control, but

only 4 years later in the forced case (Figs. S7 and S4).

PDO and Pcent show out-of-phase covariability only

on multicentennial time scales, with a PDO warm phase

following or lagging behind a northward ITCZ shift by

about 250 years, and vice versa (Fig. 7). Nonetheless, the

PDO does not show similar coherence with the inter-

hemispheric temperature difference at such time scales

(Fig. 7), indicating that the PDO does not induce an

interhemispheric heating anomaly (Fig. S8) able to

force a meridional ITCZ shift. In addition, the PDO and

Pcent indices show no evident covariability on multi-

centennial time scales in the period 500–2000 years,

in contrast to AMV and Pcent (Fig. 7). Phase changes in

the PDO are not clearly connected to an ITCZ shift in

precipitation (Fig. 8d) and its associated SST anomalies

(Fig. S2) drive no significant interhemispheric temper-

ature anomalies in the troposphere (Fig. S8d). These

results reinforce the conclusion that the PDO–ITCZ

connection is far less distinct than the AMV–ITCZ one.

4. Discussion

Both the 10-member ensemble mean of forced simu-

lations and the control simulation show that the zonally

averaged meridional position of the ITCZ is linked to the

North Atlantic SST and, by extension, to AMOC vari-

ability. This linkage results from the interhemispheric

atmospheric heating imbalance (Fig. 5 and Fig. S8) driven

by a change in the Atlantic cross-equatorial OHT (Fig. 4)

FIG. 6. Time series in the control, as in Fig. 1. Thin and thick lines

are the 11- and the 51-yr running means, respectively.
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impacting NorthAtlantic SSTs (Figs. S1 and S2). TheNH

heating anomaly is compensated by a meridional shift in

the Hadley circulation and ITCZ (Figs. 3 and 8), which

enhances the cross-equatorial AHT into the colder

hemisphere (Fig. 4). This chain of events, however, only

operates if the heating imbalance is not fully compen-

sated by an adjustment in the top-of-the-atmosphere ra-

diative flux or the ocean heat uptake, or both (e.g., Kang

et al. 2008; Donohoe et al. 2013). This might explain why

the linkage is not found on all time scales and over the

whole period in the control.

Although simulated AMOC variability is also pro-

nounced on 20-yr time scales in the control (Fig. S5), it is

not associated with similar variability in the AMV and

ITCZ (Fig. 7 and Fig. S5).Onmulticentennial time scales,

AMOC variations in the control simulation of the CM2.1

model are driven by salinity anomalies propagating from

the Southern Ocean to the subpolar North Atlantic, with

the associated change in cross-equatorial Atlantic OHT

inducing multicentennial North Atlantic SST anomalies

(Delworth andZeng 2012). Changes in the surface albedo

of sea ice and low-level cloudiness help amplify such

AMOC-related SST variations (Fig. S2), thus leading to

deeper, more global impacts on tropospheric tempera-

tures (Fig. S8) (Delworth and Zeng 2012). We argue that

such amplification is key to triggering ITCZ shifts on

multicentennial time scales rather than on shorter ones in

the control.

The forced simulations use the same model version

as the control (GFDL CM2.1), and thus we expect these

to show the same sort of internally generated multi-

centennial variability; this is, however, not resolved by the

length of the integration in the forced runs and, even if it

were, it would be averaged out in their ensemble mean.

Therefore, the analysis instead focuses on the forced

variability in the ensemble mean of the forced simula-

tions, exploring linkages between the ITCZ, AMV, and

AMOC from a different point of view. We find, none-

theless, that the mechanism linking the AMOC, AMV,

and ITCZ is not fully active during the first 150 years in

the ensemble mean of forced simulations (Fig. 2). This is

suggestive of an initial period of adjustment in the top-of-

the-atmosphere net radiative flux, or ocean heat uptake,

or both, which compensates for the forcing and is perhaps

FIG. 7. As in Fig. 2, but for the indices in the control simulation (shown in Fig. 6).
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somewhat different in each ensemble member, causing

the signal to be averaged out in the ensemble mean. Each

ensemble member starts from a different point in the

control simulation, to which a fairly modest perturbation

is added (Delworth and Zeng 2016), and thus has a ran-

dom phasing of internal variability. It appears to take

some time before the NAO-related surface heat flux

forcing is able to ‘‘sync up’’ the variability in the differing

ensemble members. Furthermore, the linkage between

the AMV and ITCZmight be related to the amplitude of

the changes in the interhemispheric temperature differ-

ences: in the forced ensemble onmultidecadal time scales

they are almost as large as those in the control on mul-

ticentennial time scales. Regardless of the time scales or

period, we find the meridional position of the ITCZ to be

tied to changes in the AMOC through the AMV in both

types of simulations (Figs. 2, 3, 7, and 8). Our model re-

sults thus support and expand those from the observa-

tions covering the twentieth century (Green et al. 2017).

Compared to observations, AMOC variations in-

duced in the model result in relatively small SST varia-

tions in the North Atlantic (of an amplitude of about

0.4K in observations; Ting et al. 2009) and about 0.2K

both in the control and ensemble mean; Fig. 1). Such

relatively small variations might also explain the dis-

continuous connection between the AMOC, AMV, and

ITCZ in the model. Perhaps SST changes in the North

Atlantic are not large enough to trigger a long-lasting,

global response in atmospheric temperature and tropi-

cal precipitation.A relativelymuted responsemight also

hamper detecting such connections in the observations

(Green et al. 2017).

A similar linkage between the AMOC, AMV, and

ITCZ can be found in the paleo-record, where the am-

plitude of the changes and, thus, the signal-to-noise ratio

is indeed much larger. For example, an AMOC collapse

and strong NH cooling support evidence of a south-

ward ITCZ andHadley circulation shift during Heinrich

FIG. 8. As in Fig. 3, but for the band-passed indices in the control (see text for details; band-

pass-filtered indices in Fig. S6). Calculations are carried out between years 500 and 2000,

when the Pcent, AMV, and AMOC show coherence on centennial time scales (Fig. 7).

Precipitation anomalies lag behind the AMV and the AMOC by 24 years (values derived

from the cross-correlation profiles in Fig. S7). No lead or lag is applied to the PDO.
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events over the past glacial period (e.g., Lynch-Stieglitz

2017; McGee et al. 2014, 2018a). Figure 9 illustrates this

link through anomalies in net precipitation and near-

surface wind between the Heinrich Event 1 and the Last

Glacial Maximum in the TraCE-21ka simulation, a

transient simulation of the last 21 000 years (Liu et al.

2009). In this simulation, an anomalous freshwater flux

is applied to the North Atlantic Ocean to trigger an

AMOC shutdown. The large NH cooling associated

with the reduction in the Atlantic cross-equatorial OHT

forces a response in the ITCZ and Hadley circulation

(McGee et al. 2018b), which permits an increase in the

northward cross-equatorial AHT to compensate for the

strong interhemispheric heating imbalance. This mech-

anism is essentially the same as the one which we have

identified as operating in CM2.1 used here.

Although the zonally averaged precipitation anomalies

of the strong AMOC, warm AMV, and northward ITCZ

shift are relatively similar in the control and the ensemble

mean of the forced simulations, the spatial pattern of

precipitation anomalies differs between the two simula-

tions (cf. Figs. 3 and 8). Moreover, both patterns are in

turn different from each climatological mean (contours in

Figs. 3 and 8). It is, however, important to note that pre-

cipitation anomalies develop on different time scales:

multidecadal scales in the ensemble mean of the forced

simulations, and multicentennial ones in the control. The

regional pattern of the ITCZ shifts may thus depend on

the time scale, in agreement with the results in Roberts

et al. (2017). Precipitation anomalies in CM2.1 are also

different from those found in models that simulate a

transition from the LastGlacialMaximum to theHeinrich

Stadial 1, as in theTraCE-21ka simulation performedwith

the CCM3 model shown in Fig. 9. This suggests that re-

gional precipitation anomalies related to an ITCZ shift

may also be model dependent.

In addition to the spatial pattern, the response time of

the ITCZ to AMOC and AMV variations is also dif-

ferent in the control and the forced ensemble. In the

control, the cross-equatorial AHT and the associated

ITCZ shift take longer than in the forced ensemble to

respond to the interhemispheric heating imbalance. This

might be related to the time scale by which other pro-

cesses such as a change in the top-of-the-atmosphere

energy flux take to compensate for the interhemispheric

heating imbalance We propose that, only when the in-

terhemispheric heating imbalance is large enough for it

not to be fully compensated by these other processes,

does an anomalous cross-equatorial AHT and/or OHT

get triggered. This then shifts the ITCZ and Hadley

circulation meridionally, yet delayed with respect to the

onset of the heating imbalance. Furthermore, changes in

the climate due to AMV phase and ITCZ shift might

modify (decrease) the effectiveness of the other pro-

cesses compensating for the heating imbalance (e.g., by

changing the albedo or water vapor content of the at-

mosphere), increasing the role of the cross-equatorial

AHT in its compensation and hence shifting the ITCZ

farther (even if the heating imbalance has already star-

ted to get dampened). This would explain why the ITCZ

shifts peaks some years later than the AMV and the

interhemispheric temperature difference. We also note

FIG. 9. (a) Anomalies in the annual mean precipitation rate (shading; mmday21) and near-

surface (10m) winds between the Last Glacial Maximum (LGM) and the Heinrich Stadial 1

(HS1), averaged over the periods 20–21 and 15.5–16.5 kyr, respectively, in the TraCE-21ka

simulation: the ITCZ is farther north during the LGM than during the HS1. Note that the

shading color scale is adapted for a better view of the precipitation anomalies in the range of

62mmday21. No significances are shown since almost all of the anomalies are statistically

significant at the 5% level (based on a two-tailed Student’s t test in which effective degrees of

freedoms and serial autocorrelation are taken into account). (b) Zonally averaged anomalies

in the precipitation rate (blue) and wind (red) from (a). Adapted fromMcGee et al. (2018a).
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that, somehow, the lag between the AMV and ITCZ

appears to be related to the time scale of the linkage by a

factor of 10 (50-yr time scale and 4-yr lag in the en-

semble mean of the forced simulations, and 250-yr time

scale and 24-yr lag in the control; Figs. 3 and 8). These

connections and delay will require future investigations.

5. Conclusions

We have investigated the linkage between variability

in the tropical SST in the North Atlantic and North

Pacific, characterized by the AMV and PDO, AMOC,

and meridional position of the ITCZ in two sorts of

simulations with GFDL’s CM2.1: an ensemble of 10

simulations forced with a 50-yr-long oscillatory anomaly

of the North Atlantic surface heat flux related to the

NAO, and a 4000-yr-long preindustrial (with 1860s

forcing conditions) control simulation. Our results in-

dicate the following:

1) Both in the ensemble mean of the forced simulations

and the control, changes in the cross-equatorial OHT

driven by the AMOC lead to changes in the North

Atlantic SST that shift the AMV phase. This, in turn,

forces an interhemispheric heating imbalance that is

compensated by a meridional shift in the Hadley cir-

culation and the ITCZ meridional position connected

to widespread, global changes in the tropical pre-

cipitation. This result provides a clear link between

the AMOC, AMV, and ITCZ variability. This link

operates on multidecadal time scales in the forced

ensemble, related to the imposed surface heat flux,

and mainly on multicentennial time scales in the

control, with a shorter lag between the peaks in the

AMV and ITCZ variability in the forced ensemble

than in the control (4 and 24 years, respectively). In

addition, the pattern of tropical precipitation anoma-

lies is different between the control and the forced

ensemble for a similar zonally averaged ITCZ shift,

which suggests a dependence on the time scale. Our

results thus offer support for anAMV–ITCZ link over

the twentieth century hinted at in observations and

further show it to be driven by AMOC variability in

this coupled climate model.

2) In contrast to the AMV, the forced ensemble and the

control show no ITCZ shift following a change in the

PDO. This is consistent with point 1, in that the PDO

has a negligible impact on oceanic and atmospheric

cross-equatorial heat transport and on the atmo-

spheric interhemispheric energy balance.
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