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Abstract
Poleward heat (energy) transport plays a major role in shaping the Earth’s climate. Its oceanic and atmospheric components 
carry heat from low to high latitudes thus reducing the equator-to-pole temperature contrast. In quasi-equilibrium climate 
states, changes in the top-of-the-atmosphere (TOA) energy fluxes and ocean heat content remain small. In such conditions, 
anomalies in oceanic and atmospheric heat transport must have the same magnitude but opposite signs. This phenomenon 
is known as the Bjerknes compensation (BJC). The BJC hypothesis is of high importance in climate, since it imposes a 
strong constraint on climate variability at sufficiently long timescales (on sub-decadal and shorter timescales TOA flux 
variations may become comparable to other heat budget terms, interfering with BJC). However, to which extent BJC oper-
ates in the climate system and the key mechanisms of the compensation remain poorly understood. Here we analyze BJC in 
the IPSL-CM6A-LR climate model, focusing on its timescale dependence, its links to the Atlantic Meridional Overturning 
Circulation (AMOC), and the connection to Intertropical Convergence Zone (ITCZ) shifts. We show that BJC occurs in the 
model at both multi-decadal and centennial timescales, but is stronger on centennial timescales than decadal. In both cases 
BJC is initiated by variations in ocean heat transport induced by AMOC variability that are partially or fully compensated 
by atmospheric heat transport. For decadal timescales, we find two regions of a strong BJC at latitudes associated with the 
storm track region and the marginal ice zone in the Northern Hemisphere. Finally, on centennial timescales we observe a 
Bjerknes-like interbasin compensation between the Atlantic and Indo-Pacific heat transports, which is also related to strong 
centennial AMOC fluctuations and involves Southern Ocean zonal heat transport.

Keywords  Poleward heat transport · Bjerknes compensation · Atlantic meridional overturning circulation · Climate 
variability

1  Introduction

The Earth’s climate is fundamentally controlled by solar 
radiation. Likewise, meridional heat transport from low to 
high latitudes, resulting from the heating contrast between 
the equator and polar regions and partitioned between oce-
anic (OHT) and atmospheric (AHT) heat transports, is 
essential for shaping the climate and maintaining the Earth 

energy balance. In equilibrium, the planetary heat transport 
is linked to the net radiation flux at the top of the atmosphere 
(TOA). On decadal and longer timescales OHT anomalies 
are primarily driven by the Atlantic Meridional Overturning 
Circulation (AMOC) (Oldenburg et al. 2021; Shaffrey and 
Sutton 2006) and the wind-driven subtropical cells (Ferrari 
and Ferreira 2011; Klinger and Marotzke 2000), while AHT 
anomalies depend on atmospheric meridional overturning 
circulation (Held 2001) and mid-latitudes baroclinic eddies 
(Barry et al. 2002).

In a statistical equilibrium, changes in TOA net heat 
flux and in heat storage by the ocean are an order of mag-
nitude smaller than anomalous convergence of oceanic or 
atmospheric heat transports. In such conditions, changes in 
OHT are accompanied by corresponding AHT anomalies of 
approximately the same magnitude and opposite sign, and 
vice versa. This conjecture, initially proposed by (Bjerknes 
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1964) is referred to as the Bjerknes Compensation (BJC). 
At sub-decadal timescales changes in OHT are typically off-
set by changes in oceanic heat storage, given the large heat 
capacity of the ocean. Consequently, BJC should operate 
on decadal and longer timescales. As long measurements 
in the ocean are scarce, BJC remains an hypothesis that is 
challenging to prove through direct observations (Yang et al. 
2013). Therefore, using climate models can provide valuable 
insights into the ocean–atmosphere coupling processes. Fur-
thermore, anthropogenic activity has altered the atmospheric 
composition and radiative budget of the planet (Masson-
Delmotte et al. 2021), inducing large-scale increases in the 
world's oceans heat content (Barnett et al. 2001). Thus, 
understanding energy compensation mechanisms and their 
potential role in climate change remains an important task.

The BJC idea and its mechanisms have received increased 
attention in recent decades. Several studies (Dai et al. 2017; 
Z. Liu et al. 2016; Yang et al. 2015, 2017) have shown that 
BJC is closely linked to local climate feedbacks (e.g. affect-
ing the relationship between the net heat flux at the TOA and 
temperature at the surface), so that negative local feedbacks 
and ocean heat storage can lead to AHT anomalies under-
compensating OHT changes and vice versa.

Because of limited observations and long-timescales 
needed, climate models of various complexity remain the 
main tool to study BJC. These models range from Energy 
Balance Models (Z. Liu et al. 2016) and conceptual box 
models (Yang et  al. 2015, 2016) to general circulation 
coupled climate models (GCMs) (Jungclaus and Koenigk 
2010; Outten et al. 2018; Outten and Esau 2017; van der 
Linden et al. 2019). Coupled GCMs have been used to ana-
lyze ocean–atmosphere energy compensation in natural cli-
mate variability (Jungclaus and Koenigk 2010; Lucarini and 
Ragone 2011; Outten and Esau 2017) and in forced realistic 
and idealized climate scenarios (He et al. 2019; Lucarini and 
Ragone 2011; Rose and Ferreira 2012; van der Linden et al. 
2019; Yang et al. 2015, 2015). These studies have demon-
strated that BJC occurs in these models and is a function of 
latitude and timescales considered.

Despite efforts to elucidate BJC underlying mechanisms, 
several questions remain unanswered. For instance, a recent 
study (Shaffrey and Sutton 2006) proposed as a possible 
interpretation for BJC dependence on timescales that the 
atmosphere responds to fluctuations in the AMOC, so that 
the timescales of AMOC variability would control BJC time-
scales. Likewise, using a hierarchy of models, the role of the 
ocean in decadal energy compensation was also stressed by 
(Farneti and Vallis 2013). Nevertheless, the compensation 
mechanisms originate (ocean or atmosphere) has not been 
investigated. Furthermore, while in the atmosphere zonal 
variations may be not too critical, the respective roles of the 
Atlantic and the Indo-Pacific basins OHT still need to be 
explored. Accordingly, the goal of this paper is to explore 

BJC systematically in a state-of-the-art climate model focus-
ing on its timescale dependence and the roles of the Atlantic 
and Indo-Pacific. The structure of the paper is as follows: in 
Sect. 2 we will briefly describe the IPSL-CM6A-LR model, 
and the BJC diagnostics and methods used. In Sect. 3 we 
describe BJC in the control experiment of this model, and 
investigate the mechanisms associated with it on decadal 
and centennial timescales. In the last section we discuss the 
conclusion of this study, its implications, and possible topics 
to explore in the future.

2 � Data and methods

2.1 � IPSL‑CM6A‑LR model

We use a 2000-years long control experiment of the IPSL-
CM6A-LR model (Boucher et al. 2020), developed at the 
Institut Pierre-Simon Laplace (IPSL). The atmospheric 
component is the general circulation model LMDZ6A-LR 
(Hourdin et al. 2020). It has a horizontal grid of 144 × 142 
points and a resolution of 2.5° × 1.3°. This model uses 79 
vertical levels and hybrid sigma-pressure coordinates. The 
ocean component is the Nucleus for European Modelling of 
the Ocean (NEMO) which has three major subcomponents: 
the ocean model NEMO-OPA (Madec et al. 2017), the sea 
ice dynamics and thermodynamics NEMO-LIM3 (Rousset 
et al. 2015; Vancoppenolle et al. 2009). The grid follows an 
eORCA1 configuration in which the horizontal grid has 1° 
resolution, refined to 1/3 degree of latitude in the equato-
rial zone. Vertically, there are 75 non-uniform levels, with 
thicknesses of 1 m near the surface, 10 m at 100 m depth, 
and approximately 200 m in the bottom layers. A compre-
hensive analysis of the IPSL-CM6A-LR model components, 
performance, and improvements in the physics compared 
to previous versions is presented by Boucher et al., (2020). 
This model is characterized by a distinctive centennial mode 
of variability of the AMOC (Bonnet et al. 2021; Boucher 
et al. 2020; Jiang et al. 2021). In the model’s 2000-year con-
trol simulation we use, the centennial AMOC displays two 
different regimes: an active period (~ first 800 years) and 
a subsequent quieter period in the rest of the time series 
(Fig. 7b in Sect. 3). Subsequently, we use the full timeseries 
to diagnose BJC and the first 800 years to explore the associ-
ated dynamics.

A number of other CMIP6 simulations also show a 
similar centennial variability (Jackson and Vellinga 2013; 
Meccia et al. 2023; Waldman et al. 2021), even though we 
have not found previous references to regime shifts of the 
centennial mode. Nevertheless, since the IPSL-CM6A-
LR has a spin-up lasting several thousands of years and 
this mode also survives in long perturbation experiments 
(Ferster et al. 2021), this behavior is not an adjustment 
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to the initial conditions. Moreover, such regime shifts 
appear to be part of AMOC natural variability and have 
been observed in other models as well, albeit for decadal 
and multi-decadal modes of variability (e.g., Muir and 
Fedorov 2015, 2017). Indeed, one can expect such regime 
shifts when the dynamics is controlled by a weakly-
damped internal mode sustained by noise.

To verify how the model reproduces MHT and its 
components, we use observations-based data (Trenberth 
et al. 2019) (Fig. 1), in which net heat flux at the TOA 
from CERES-EBAF-TOA (Loeb et al. 2018) was used to 
compute the observed MHT and AHT was obtained as a 
residual. All observations correspond to the [2000–2016] 
time period. As anticipated, the mean profile of meridi-
onal heat transport within the IPSL-CM6A-LR model is 
characterized by the ocean dominating in the deep trop-
ics while the atmosphere providing by far the largest 
contribution to MHT poleward of 15°N/S. The Atlantic 
basin transports heat poleward at all latitudes in the time 
mean. Overall, the IPSL model is able to represent the 
meridional heat transport and its components accurately. 
However, in the northern hemisphere, MHT is slightly 
underestimated by the model mainly in the tropics and 
mid-latitudes. The best MHT estimates are at the equator 
and at high-latitudes. In the Southern Hemisphere, the 
model overestimates (underestimates) MHT in the trop-
ics (mid-latitudes). The AHT is slightly overestimated 
in the tropics and mid-latitudes of both hemispheres. 
Finally, OHT displays an equatorward shift with respect 
to the observations resulting in a slight overestimation 
in the deep tropics and an underestimation everywhere 
else (Fig. 1a). For the ocean components (Fig. 1b) we 
observe that the Atlantic OHT is underestimated at all 
latitudes while the Indo-Pacific OHT is overestimated 
south of 30°N.

2.2 � Bjerknes compensation diagnostics 
and mechanisms

Meridional heat transport can be estimated following two 
approaches (Trenberth and Caron 2001). The first is an indirect 
approach where heat transport is approximated by the area-
integrated net heat fluxes. This approach is valid assuming 
that the rate of change of heat content in the fluid layer is 
negligible. This is a good approximation for the atmosphere 
but not for the ocean, because of its larger heat capacity. The 
second method is a direct approach in which the fluid circula-
tion and sub-grid processes are taken into account. We adopt 
the indirect approach for the atmospheric heat transport fol-
lowing Eq. (1), whereRe , � and � are the Earth’s radius, lon-
gitude, and latitude, respectively. The ocean heat transport is 
obtained from the model output, which includes contributions 
of resolved and parameterized processes (direct approach). The 
total heat transport is computed integrating the net heat flux 
at the top of the atmosphere following Eq. 2. This strategy is 
well suited for BJC studies as the heat transport components 
are obtained from independent computations. As the IPSL-
CM6A-LR model has a residual drift, albeit relatively small, 
(Mignot et al. 2021), we remove the drift by computing a linear 
fit and removing the associated trend before performing any 
calculation. The area-weighted time-mean is removed from 
the net heat fluxes at the surface and at the TOA to account for 
the model energy imbalance at the TOA (of about 0.7 W∕m2).
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Fig. 1   a Time-mean meridional 
heat transport components in 
the IPSL-CM6A-LR model. 
Black, red and blue curves 
indicate planetary total, atmos-
pheric and oceanic meridional 
heat transports (MHT, AHT and 
OHT, respectively). b Ocean 
heat transport and its Atlantic 
and Indo-Pacific components. 
Dashed lines show heat trans-
port from observation-based 
data for the period 2000–2016 
(Trenberth et al. 2019)
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Annual timeseries are smoothed with a Butterworth 
bandpass filter with frequencies bands of [1/20 -1/80] and 
[1/80–1/250] 1/year for decadal and centennial timescales, 
respectively. These two bands capture the peaks of variance 
of the AMOC in the power spectrum, allowing us to contrast 
the role of the ocean heat content at different timescales. The 
filter is applied twice (first forward, then backward) in order 
to conserve the phase of the signals. We identify BJC when 
linear correlations between anomalous ocean and atmos-
pheric heat transport are negative and statistically signifi-
cant. The statistical significance at 95 percent is evaluated 
using the Student t-test. The effective degree of freedom 
was computed as EDOF = NΔt∕2Te where N , t and Te are 
the length, time resolution and the e-folding decay time of 
autocorrelation of the timeseries, respectively (Panofsky 
et al. 1958).

In order to distinguish the role played by each heat trans-
port component in BJC, we compute a Turner Angle (Tu) 
based on ocean and atmospheric heat transport anomalies, 
which is analogous to the Turner Angle used to understand 
the relative roles of salinity and temperature in the water 
column stability (Turner 1973). The BJC Turner Angle is 
computed following Eq. (3) where primes indicate anoma-
lies and the bar indicates a time mean. The computed Turner 
angle indicates whether BJC is full or partial and whether 
the atmosphere undercompensates or overcompensates vari-
ations in ocean heat transport, as described below.

with,
Tu = 0 full BJC.
−𝜋∕4 < Tu < �∕4 partial BJC.
−𝜋∕4 < Tu < 0 the atmosphere undercompensates the 

ocean.
0 < Tu < 𝜋∕4 the atmosphere overcompensates the ocean.
To explore the mechanisms associated with BJC at dec-

adal and centennial timescales, we compute an AMOC index 
as the maximum of the overturning streamfunction in the 
North Atlantic [20°N–60°N]. To understand changes in 
the ocean and the atmospheric response linked to AMOC 
fluctuations, we perform linear regressions of ocean and 
atmospheric fields onto the AMOC index. AMOC changes 
impose hemispherical antisymmetries on temperature and 
heat transports, while the Intertropical Convergence Zone 
(ITCZ) tends to shift toward the warmer hemisphere. We 
explore the correlation of AMOC changes and ITCZ shifts 
in a BJC context. We use as a proxy of ITCZ location the 
precipitation centroid, computed as the latitude that splits 
in two equal parts the tropical precipitation [20°S–20°N]. 
Then we check if the precipitation centroid is sensitive to 
changes in the AMOC. Since this relationship is strongest in 

(3)Tu = tan−1
AHT � + OHT �

AHT � − OHT �

the tropical Atlantic, we only show results for the precipita-
tion centroid over that region.

In order to analyse the relative role of the Atlantic and 
Indo-Pacific OHTs in BJC, we compute the heat budget of 
the Southern Ocean (SO) and its Atlantic and Indo-Pacific 
sectors as in Eq. (4). The rate of change of ocean heat con-
tent in that region dOHC∕dt is mainly due to contributions 
from zonal OHT� and meridional OHT� ocean heat trans-
ports and surface heat fluxes integrated over the area of 
interest, ∫ QsfcedA . We note that the model surface heat flux 
output includes the effect of sea ice. Other terms contribu-
tions are considered negligible. When computing the heat 
budget of the full SO, the term OHT� vanishes. If we con-
sider 35°S as the boundary dividing the SO from the Atlan-
tic and the Indo-Pacific basins, then the net ocean meridi-
onal heat transport into the SO equals the OHT out of the 
Atlantic at 35°S minus the OHT entering the Indo-Pacific 
at the same latitude. The difference between dOHC∕dt and 
∫ QsfcedA gives the total ocean heat transport convergence. 
Then, we can compare the magnitude of total heat transport 
convergence to the other heat budget terms.

3 � Results

3.1 � Decadal BJC

At decadal timescales, BJC occurs in the Southern Hemi-
sphere mid-latitudes (45°S–65°S) and north of 15°N in the 
Northern Hemisphere (Fig. 2a). No statistically significant 
decadal Bjerknes compensation is found over the northern 
deep tropics, the equatorial and southern tropical regions 
and close to Antarctica. While in the Southern Hemisphere 
a statistically significant BJC is found strictly over the mid-
latitudes, in the Northern Hemisphere BJC is stronger and 
extends north of 15°N.

We find two local maxima of negative correlation of 
0.78 and 0.75 around 38°N and 67°N respectively. These 
latitudes correspond to the storm track region and the mar-
ginal ice zone (MIZ). The strong compensation at these two 
key latitudes is further described in Fig. 3. In these regions 
large air-sea fluxes and sharp meridional sea surface tem-
perature gradients allow a quick adjustment of the atmos-
pheric circulation. The preferred location of the absolute 
maximum in the decadal BJC can be model dependent (Out-
ten et al. 2018), but in our model BJC over the storm track 
region is slightly stronger. The decadal OHT variance is 
greatest between 40°S and 40°N, while both the OHT and 

(4)
dOHC

dt
= −OHT�−OHT� + ∫ QsfcedA
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AHT variances are maximum over the storm track region 
(Fig.  2b). In contrast, their ratio std(AHT)∕std(OHT) is 
larger in the MIZ (Fig. 2c).

The time-mean Turner Angle between decadal ocean 
and atmosphere heat transport anomalies (Fig. 2d) reveals 
that the atmosphere undercompensates the ocean at almost 
every latitude, except in the MIZ where the ocean and the 

atmosphere components contribute equally to BJC (the 
Turner Angle is close to 0°). Therefore, the latter met-
ric gives results over these regions analogous to the ratio 
std(AHT)∕std(OHT).

Next, we investigate the role of the  AMOC in dec-
adal BJC. We compute an AMOC index as the maximum 
overturning volume streamfunction in the North Atlantic 

Fig. 2   a Correlations between oceanic and atmospheric heat trans-
port anomalies as a function of latitude. The strongest decadal BJC 
is found around the storm track region (38°N) and the marginal ice 
zone, MIZ (67°N). To isolate decadal and centennial timescales a 
Butterworth bandpass-filter is used with time windows of [10–80] 
and [80–250] years, respectively. b Standard deviation of AHT (dot-
ted lines) and OHT (solid lines) as a function of latitude. c Ratio of 
AHT standard deviation to OHT standard deviation. d The time-mean 

Turner Angle (Tu) between oceanic and atmospheric heat transport 
anomalies. Shading indicates that the atmosphere undercompensates 
(light blue) or overcompensates (light pink) variations in ocean heat 
transport. Solid curves have correlation values significant at 95% 
according to Student's t-test, while dashed parts of the curves indicate 
a lower significance. In all panels blue indicates decadal metrics and 
orange indicates centennial metrics. Computations are based on the 
entire 2000 years of the control



580	 Y. Povea‑Pérez et al.

1 3

[20°N–60°N]. The resulting time series leads OHT over 
the storm track region by 2 years with a correlation coef-
ficient of 0.62 (by 4 years over the MIZ with a correlation 
of 0.54). We further investigate changes in the Atlantic cir-
culation at decadal timescales by regressing the overturning 

volume streamfunction onto the AMOC index (Fig. 4a). We 
observe pronounced changes between 40°N and 50°N in the 
strength and vertical extension of the deep overturning cell. 
We also analyse the dynamical components of OHT in the 
Atlantic: OHT due to gyre circulation (OHT-gyre), OHT 

Fig. 3   Time series of ocean and atmosphere heat transport anoma-
lies at the latitudes of the maximum decadal BJC: (a) the storm track 
region and (b) the marginal ice zone (MIZ). The decadal AMOC 

index is correlated with OHT at 38°N (67°N) with a coefficient of 
0.62 (0.54). A multi-decadal band-pass filter has been applied to the 
time series (Data and Methods)

Fig. 4   a, b Regression of Atlantic overturning volume streamfunction 
onto the AMOC index for years 1–800 (shading, non-dimensional, 
i.e., Sv/Sv). Note that at centennial timescales AMOC anomalies 
extend much farther into the Southern Hemisphere. Grey contours 

indicate the time-mean overturning streamfunction with 2  Sv con-
tour intervals ( 1Sv ≡ 10

6m3s−1 ). c, d Regressions of Atlantic ocean 
heat transport and its components (meridional overturning, gyre, and 
eddy) onto the AMOC index for years 1–800
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due to meridional overturning circulation (OHT-overt) and 
OHT due to parameterized mesoscale eddy-induced advec-
tive transport (OHT-eddy) (Fig. 4c). We find that changes 
in the Atlantic OHT are dominated by the overturning cir-
culation south of 45°N while north of this latitude OHT-
gyre is the dominant component. The OHT-eddy component 
only changes in a latitude band between 35°N and 50°N 
while representing less than 20% of the total Atlantic OHT 
response. We note however that in our model, as in most 
climate GCMs, the eddy contribution is parameterized and 
its values can be smaller than the observations.

To understand heat redistribution in the ocean as well 
as atmospheric response to AMOC and OHT fluctuations, 
we regress the zonally-integrated Atlantic and Indo-Pacific 
Ocean heat content and the zonally averaged atmospheric 
temperature onto the AMOC index (Fig. 5a–c). In the Atlan-
tic, we observe a strong heat gain in the surface layers north 
of 15°N, and some of Atlantic warm waters penetrating 

across the MIZ. In the mid-latitudes we find a subsurface 
cooling associated with the returning flow of North Atlan-
tic deep waters. This heat loss in the mid-latitudes at the 
subsurface connects with a heat loss region in the tropics 
near the surface. In the Indo-Pacific as anticipated, the 
ocean response to AMOC fluctuations is shallow and less 
pronounced however there is a slight heat gain in the Pacific 
north of 15°N and heat loss in the tropics. No significant 
changes are identified below 2500 m. Because AMOC is 
stronger and there is an anomalous northward OHT in the 
Atlantic, the atmosphere responds with a pronounced warm-
ing in the Northern Hemisphere. This warming is strongest 
north of 30°N up to 800 mb. As a consequence of the strong 
atmospheric inter-hemispheric contrast there is a southward 
compensating AHT.

3.2 � Centennial BJC

We now diagnose the centennial BJC, analyse its mecha-
nisms and compare it to the decadal BJC. At the centennial 
timescales, in contrast to decadal, we find a strong BJC at 
all latitudes north of 60°S (Fig. 2a). The ratio of centen-
nial AHT to OHT is maximum in the tropics (Fig. 2b). 
The standard deviations of centennial OHT and AHT as 
functions of latitude have similar values, and they are both 
smaller than decadal values, south of 15°N. North of this 
latitude, centennial OHT standard deviation is larger than 
that of the atmosphere and comparable to decadal AHT and 
OHT variability as a consequence of the AMOC two spectral 
peaks in the IPSL-CM6A-LR model. The ratio of centennial 
AHT to OHT (Fig. 2c) is largest between 15°S and 15°N, 
while the Turner Angle (Fig. 2d) is smallest, indicating that 
centennial ocean and atmosphere heat transport anomalies 
are comparable in this region, contributing to a strong BJC. 
In the extra-tropics of both hemispheres the atmosphere 
undercompensates the ocean, except south of 60°S.

The structure of the overturning circulation (Fig. 4b) 
shows that centennial anomalies in the AMOC spans fur-
ther south of the equator when compared to the decadal 
timescale. The maximum of the anomalous overturning cell 
lies between 30°N and 45°N, and extends deeper than the 
model climatology. The Atlantic OHT response to AMOC 
variations (Fig. 4d) reveals that, as for the decadal case, the 
pattern of OHT components changes at the latitude of the 
maximum overturning: south of 40°N major changes in 
OHT are due to the overturning component, while north 
of 45°N the gyre contribution dominates. Changes in the 
centennial AMOC result in a 50% stronger OHT response 
compared to that of decadal.

The regression of zonally-integrated OHC in the Atlantic 
at centennial timescale (Fig. 6b) has a similar structure com-
pared to that seen for the decadal timescale. We also observe 
a heat gain at the surface and heat loss in the subsurface 

Fig. 5   Regression onto the AMOC index of decadal anomalies of 
zonally-averaged air temperature (a) and zonally-integrated ocean 
heat content for the Atlantic (b) and Indo-Pacific (c) for years 1–800 
(ocean heat content was integrated from temperature in [°C]). Con-
tours show the time means of the regressed fields (with 10 K contour 
intervals for the atmosphere, and 0.1  PJ/m2 for the ocean). Hatched 
areas indicate significance levels lower than 95 percent according to 
Student's t-test
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layer associated with the overturning cell change and the 
returning flow of deep water formed in the high-latitudes 
North Atlantic. However, at the centennial timescale, the 
heat loss expands to the South Hemisphere to include the 
tropical region, which was not the case for decadal. We 

also note that the heat lost in the first 1000 m in the South 
Atlantic is compensated by a heat gain in the Indo-Pacific 
at the same depths and latitudes (Fig. 6c). The atmospheric 
response to AMOC variations is similar to decadal but also 
stronger (Fig. 6a): one part of the heat gained at the ocean 
surface is released to the atmosphere, then the meridional 
gradient of temperature decreases inducing an anomalous 
compensating southward atmospheric heat transport.

Given the dynamical links between the AMOC and ocean 
heat transport and the Hadley Cell and atmospheric heat 
transport, we explore the covariability of the AMOC and 
ITCZ at centennial timescales in the context of BJC. Previ-
ous studies stressed the role of ocean–atmosphere energy 
compensation across the equator in connecting ITCZ shifts 
to AMOC variations (Donohoe et al. 2013; Frierson et al. 
2013; Marshall et al. 2014). As a measure of ITCZ loca-
tion we use the centroid of area-weighted tropical precipita-
tion in the North Atlantic (Donohoe et al. 2013; Frierson 
& Hwang 2012). In agreement with the previous studies, 
we find that ITCZ shifts on centennial timescales corre-
late well with AMOC changes: the ITCZ shifts northward 
(southward) when the AMOC becomes stronger (weaker) 
(Fig. 7). This can be explained by a simple consideration: 
when the AMOC strengthens, this increases oceanic north-
ward heat transport, warming the Northern hemisphere and 
strengthening the Hadley cell that is located to the south of 
the ITCZ. The stronger Hadley cell transports more energy 
across the equator southward (largely as geopotential energy 
in the upper troposphere) but more moisture northward (in 
the lower troposphere), thus shifting the ITCZ northward. 
This argument implies a full or partial atmospheric com-
pensation of oceanic heat transport variations. Although the 
precipitation centroid index relates to both ITCZ intensity 

Fig. 6   As in Fig. 5 but for centennial anomalies

Fig. 7   a Centennial cross-equatorial oceanic and atmospheric heat 
transport anomalies. Annual mean values were computed before 
applying the centennial band-pass filter. b Centennial variations in the 

AMOC index [Sv] and ITCZ latitudinal position defined as the pre-
cipitation centroid [°]. AMOC variations lead ITCZ shifts by about 
4 years
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and location, our results further imply that the ITCZ shift 
in response to AMOC variations is a consequence of BJC.

To further investigate the potential interbasin compen-
sation between Atlantic and the Indo-Pacific centennial 
ocean heat transports anomalies (Fig. 8) we compute the 
correlation as a function of latitude between Atlantic and 
Indo-Pacific OHTs (Fig. 8a). We note a strong compensation 
south of 15°N with correlation values around 0.9. A time-
mean Turner Angle between Atlantic and Indo-Pacific OHTs 
anomalies (Fig. 8b) shows that the interbasin compensation 
originates from the Atlantic. Time series of OHTs at 35°S 
at each basin (Fig. 8c) shows that most of the heat lost by 
the Atlantic is gained by the Indo-Pacific at the same lati-
tude. We also find a strong interbasin compensation around 
45°N. We did not explore it further but we argue that an 
atmospheric bridge from the North Atlantic to the North 
Pacific (northward shift of westerlies) may be the cause of 
the compensation at these latitudes. Since the Pacific lacks a 
deep reaching overturning cell, the wind-driven ocean gyres 
are the main mechanism to modulate OHT over that region. 
Previous analysis suggests that atmospheric westerlies can 
shift in response to AMOC variations (Liu et al. 2020), thus 
causing changes in the ocean gyre circulation.

The Atlantic and the Indo-Pacific are connected through 
the SO, which is a large reservoir of heat, where air-sea heat 
fluxes of large magnitude take place and in which the wind-
driven Antarctic Circumpolar Current (ACC) is a major 
feature. Accordingly, we test the hypothesis that the cen-
tennial interbasin exchange occurs effectively through this 
‘ocean bridge’ rather than through an ‘atmospheric bridge’ 

by computing the heat budget of the SO (Fig. 9). The differ-
ence between the rate of change of ocean heat content and 
the surface heat flux result in the total ocean heat transport 
convergence, which is the only term that could designate the 
potential role of the atmosphere in the interbasin exchange. 
If we consider 35°S as the boundary dividing the SO from 
the Atlantic and the Indo-Pacific basins, then the net ocean 
meridional heat transport into the SO equals the meridional 
heat transport out of the Atlantic at 35°S minus meridional 
heat transport entering the Indo-Pacific at the same latitude.

Next, we compare the magnitude of total heat transport 
convergence to the ocean heat transport magnitude. In the 
Atlantic sector of the SO (Fig. 9a) the standard deviation of 
both meridional and zonal heat transport is around 0.02 PW 
compared to 0.006 PW for the heat transport divergence. In 
the Indo-Pacific sector (Fig. 9b) the standard deviation of 
ocean heat transport is 0.01 PW compared to 0.005 PW for 
the heat transport convergence. In the whole SO (Fig. 9c), 
the meridional heat transport equals the heat transport 
convergence. All this shows that the centennial interbasin 
exchange takes place mainly through the ocean and that the 
atmospheric contribution is one order of magnitude smaller 
than the ocean terms. During the strong AMOC regime 
(years 1–800), the Atlantic OHT at 35°S leads by 5 years the 
Indo-Pacific OHT at the same latitude which is consistent 
with the former driving the latter. Figure 10a-b summarizes 
the interbasin exchange through the ocean bridge: centen-
nial AMOC anomalies lead the Atlantic OHT at 35°S by 18 
years, then the zonal OHT through 20°E by 7 years. This 
signal propagates into the Indo-Pacific basin 2 years later. 

Fig. 8   A Bjerknes-like interbasin compensation (especially pro-
nounced during the strong AMOC variability regime, i.e., years 
1–800). a Correlation between Atlantic and Indo-Pacific heat trans-
port anomalies as a function of latitude. b The Turner Angle for 
Atlantic and Indo-Pacific heat transport anomalies. Shading indi-

cates whether Atlantic (light blue) or Indo-Pacific anomalies (pink) 
dominate. c Time series of Atlantic (blue) and Indo-Pacific (orange) 
heat transport anomalies at 35ºS. Solid curves in panels (a) and (b) 
indicate values significant at 95 percent according to Student's t-test. 
Dashed parts of the curve indicate a lower significance
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OHT out of the Atlantic at 35°S leads OHT into the Indo-
Pacific by about 6 years.

4 � Conclusions and discussions

In this study a long control run of the IPSL-CM6A-LR 
model is used to investigate the BJC validity for the 
model-simulated natural climate variability. Specifically, 
we investigate BJC on decadal and centennial timescales 
and the key mechanisms involved. We have proposed a 

Fig. 9   Heat budget at the 
centennial timescale for (a) the 
Atlantic and (b) Indo-Pacific 
sectors, and (c) the Southern 
Ocean (for schematics see 
Fig. 10). Blue curves indicate 
anomalies in the meridional 
OHT; orange curves indicate 
anomalies in the zonal OHT; 
green curves correspond to 
total OHT convergence for 
each region. Note that in panels 
(a) and (b), OHT convergence 
is significantly smaller than 
individual OHT terms, which 
suggests that heat is transported 
directly between the Atlantic 
and Indo-Pacific, thus setting 
the interbasin BJC

Fig. 10   a A schematics for the centennial Bjerknes-like interbasin 
compensation. Vertical and horizontal arrows represent anomalous 
meridional and zonal ocean heat transports between the four regions 
marked in the figure. b Lead-lag correlations between the correspond-

ing time series. Negative lags mean that the starred term leads. Corre-
lations larger than ±0.7 are statistacally significant at 95% according 
to Student’s t-test
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new diagnostic for BJC based on the Turner Angle, which 
allows us to quantify the relative contribution of ocean and 
atmospheric heat transport anomalies and thus to distin-
guish whether the atmosphere undercompensates or over-
compensates changes oceanic heat transport.

The decadal BJC is mostly restricted to mid-latitudes in 
both hemispheres even though it is stronger in the Northern 
Hemisphere. No BJC is found near the equator, in tropical 
regions and close to Antarctica at this timescale. The max-
ima of the decadal BJC, as found in other models as well, 
are located in the storm track region and in the marginal 
ice zone (MIZ). The decadal Turner Angle shows that the 
atmosphere undercompensates oceanic changes, which con-
firms in an independent way the central role of the AMOC as 
a source of ocean heat transport (OHT) variations that initi-
ate BJC. The fact that the ocean has a dominant influence on 
the atmosphere in the extratropics corroborates the validity 
of using the Turner Angle to diagnose BJC.

At centennial timescales, the integral of the net heat flux 
through the TOA and the rate of change of ocean heat con-
tent are both an order of magnitude smaller compared to 
meridional heat transports. In contrast to the decadal case, 
heat available in the climate system can therefore only be 
distributed between the ocean and the atmosphere, explain-
ing a stronger BJC at this timescale (anticorrelation larger 
than 0.8 north of 65°S). Similar to the dynamics on decadal 
timescales, on centennial timescales the atmosphere under-
compensates the ocean. It is interesting that in the tropical 
regions the magnitude of atmospheric heat transport varia-
tions becomes nearly equal to that for oceanic heat transport 
variations (Fig. 2b). In contrast to the decadal case, cen-
tennial AMOC anomalies extend south of the equator and 
so does the centennial BJC. The mechanisms driving BJC 
are similar on decadal and centennial timescales: a strong 
AMOC produces anomalous northward OHT that warms the 
high-latitude atmosphere, reducing the meridional tempera-
ture gradient and inducing an anomalous southward AHT in 
compensation (Yang et al. 2017).

Further, we highlight a strong linkage between the cen-
tennial AMOC strength and ITCZ meridional shifts as a 
manifestation of equatorial BJC. This covariability between 
the AMOC and ITCZ is weaker at decadal timescales, con-
sistent with the lack of decadal BJC near the equator. This 
suggests that a strong equatorial BJC is accompanied by 
ITCZ response to the interhemispheric thermal contrast led 
by AMOC changes. The ITCZ is sensitive to AMOC fluctua-
tions only in the tropical Atlantic as the centennial BJC at 
the equator is mostly achieved in this basin.

At centennial timescales, we also observe a strong inter-
basin ocean heat transport exchange between the Atlantic 
and the Indo-Pacific, which is again led by AMOC changes. 
This exchange operates as a Bjerknes-like interbasin 
compensation for which the role of atmosphere is small 

compared to that of the ocean, and the Atlantic and the 
Indo-Pacific basins are connected by the Southern Ocean 
circulation. This interbasin Bjerknes compensation is con-
sistent with an interbasin seesaw induced by the AMOC in 
the ocean heat content of each basin as described by Sun 
et al. (2022).

The present analysis has shown the critical role of the 
Atlantic basin in BJC and the large-scale energetics of the 
ocean and the atmosphere. The AMOC is a driver of BJC 
at both decadal and centennial timescales and its meridi-
onal extension determines the strength of BJC as a function 
of latitude. AMOC variability needs to be strong enough 
(standard deviation larger than 1 Sv in the current model) 
to observe a robust response in the ITCZ meridional shift, 
which is itself a part of the atmosphere response contributing 
to BJC, as well as to sustain an interbasin BJC-like compen-
sation with the Indo-Pacific in the Southern Hemisphere.

Some of these results are especially pronounced in the 
part of the IPSL-CM6A-LR control simulation that displays 
strong centennial AMOC variations. The lack of such clear 
BJC in the quiescent AMOC phase would need to be fur-
ther investigated in models that have less active centennial 
AMOC variations. The existence of different regimes could 
also be investigated in other climates (past or scenarios) as 
such differences can strongly influence the potential role of 
BJC in climate change.
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