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Abstract

Future changes in the position of the intertropical convergence zone (ITCZ; a narrow band of
heavy precipitation in the tropics) with climate change could affect the livelihood and food
security of billions of people. Although models predict a future narrowing of the ITCZ,
uncertainties remain large regarding its future position, with most past work focusing on zonal-
mean shifts. Here we use projections from 27 state-of-the-art (CMIP6) climate models and
document a robust zonally-varying ITCZ response to the SSP3-7.0 scenario by 2100, with a
northward shift over eastern Africa and the Indian Ocean, and a southward shift in the eastern
Pacific and Atlantic Oceans. The zonally-varying response is consistent with changes in the
divergent atmospheric energy transport, and sector-mean shifts of the energy flux equator. Our
analysis provides insight about mechanisms influencing the future position of the tropical rainbelt,
and may allow for more robust projections of climate change impacts.

The intertropical convergence zone (ITCZ) and its dynamics® play a vital role in the tropical
atmospheric circulation and hydroclimate, sustaining tropical forest and savanna ecosystems,
and influencing the livelihoods of billions of people. As such, intense research has focused
on identifying the physical mechanisms that determine the climatology and variability of the
ITCZ position on intra-seasonal to interannual scales!19, and its long-term response to
large-scale natural climate variability and anthropogenic forcing®->:11-23,
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Past studies have shown that perturbations in the inter-hemispheric asymmetry of the net
energy input into the atmosphere will shift the ITCZ toward the more heated hemispherel.
For example, projected reductions in aerosol emissions?4-26, arctic sea-ice loss (related to
arctic amplification?”:28) and glacier melting in the Himalayas??-30 will reduce albedo
significantly more in the northern hemisphere than in the southern hemisphere, resulting in
northern heating and an 1TCZ shift to the north18:22.31 |n contrast, the Atlantic meridional
overturning circulation (AMOC) that is expected to weaken in the future32-35 (new results
indicate that it has already been weakening3®) will result in a reduction of the northward
oceanic heat transport from the tropics to the northern Atlantic and a northern cooling,
leading to a southward shift of the ITCZ22:37:38,

Despite the relative consensus in the literature with regard to the zonal-mean response of the
ITCZ location to individual forcing agents as discussed above, there is still high uncertainty
regarding the response of the ITCZ location to the integrated effect of all these processes
under climate change. This uncertainty mainly stems from different model physics that yield
different responses even to identical climate change scenarios. Specifically, although a future
narrowing of the ITCZ is a robust projection expected with climate change2%, models differ
considerably regarding changes in the position of the ITCZ, yielding to an almost zero
zonal-mean ITCZ shift when considering the multi-model mean?2. Another reason for this
uncertainty is that most studies have focused on zonal-mean changes of the ITCZ, possibly
masking model agreement over shifts in particular longitudinal sectors. Indeed, because of
the compensating effects of the relevant radiative and dynamical processes influencing the
ITCZ position, and since most of these processes are not expected to be equally influential
in different longitudinal sectors, the integrated ITCZ response to climate change should not
be expected to be homogeneous in longitude!®. Thus, studying the longitudinally-explicit
changes of the ITCZ location is necessary to gain insight into its future response and to
identify robust model projections across different longitudinal sectors.

Here we explore the ITCZ response to climate change during the 215t century, using
1983-2005 as a base period and comparing with projections during 2075-2100. In our
analysis, we use Earth system model simulations from the sixth phase of the Coupled Model
Intercomparison Project3® (CMIPG; a total of 27 different models and 105 indivdual runs;
see Supplementary Table 1) forced with the SSP3/RCP7.0 scenario??41 (that is, the
combination of the shared socioeconomic pathway 3 and the representative concentration
pathway 7.0). For each model simulation, we estimate seasonal and annual-mean changes of
the ITCZ position as a function of longitude (in 1° increments), while also considering the
effect of the models’ present-day ITCZ biases on the revealed changes. Given the existing
ambiguity in the literature as to a regional ITCZ definition*2, we clarify that for the purposes
of this study, the position of the ITCZ is defined as the latitude of maximum (above a
specific quantile) precipitation and minimum outgoing longwave radiation (OLR) in each
longitude, using a probabilistic approach*3 (see Methods). For the sake of completeness, we
also present results based on simpler, univariate precipitation or OLR indices/maps to assess
ITCZ changes. We acknowledge that the adopted tracking approaches might be masking
inherent differences in regional precipitation features (e.g. land vs oceanic rainbelts), whose
however detailed phenomenology and attribution is not the focus in this study.
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We provide evidence that models exhibit high consensus regarding future ITCZ shifts as a
function of longitude, despite the large inter-model spread in the zonal-mean response. The
ITCZ shifts are evaluated for physical consistency with future changes in equatorial sea
surface temperature, as well as changes in the atmospheric energy transport and associated
shifts in the energy flux equator.

Future zonally contrasting shifts of the ITCZ

The annual and zonal-mean ITCZ shift during the 215t century for the CMIP6 models is —0.5
+ 1.2°N (a small southward shift; see Table 1). The inter-model spread within the CMIP6
models is very large (the standard deviation is more than twice the mean shift), which leads
to the multi-model mean shift not being statistically distinguishable from zero, and
confirming previous reports?2:44,

Despite the high inter-model uncertainty regarding the zonal-mean ITCZ shift, the CMIP6
models show greater agreement for different longitudinal sectors (see Figure 1 and Methods
for information on the tracking approach of the ITCZ; explanatory schematics are provided
as Supplementary Figures 1-2). For the May-Oct season, the models exhibit a robust
northward shift of the ITCZ over eastern/central Africa and the Indian Ocean, and a
southward shift over most of the Pacific and Atlantic Oceans; Figure 1a. The projected shift
over Indian Ocean comes primarily from a northward shift in the near-equatorial
precipitation (which represents a secondary ITCZ feature in the present-day observations
during this season that is physically linked with the so-called “equatorial jump” 4546), rather
than a shift in the subtropical “monsoonal” primary convergence zone. The revealed shift
has been argued to associate with future increases in sea surface temperature in the northern
Indian Ocean and locally developed Bjerknes feedbacks between sea surface temperature
gradients, and wind and thermocline changes in the basin®’. In the Nov-Apr season, the
south Indian Ocean convergence zone and the south Pacific convergence zone both shift
northward?®, while the eastern Pacific ITCZ is shown to shift southward. In the Atlantic
basin, there is an equatorward shift of the ITCZ. In general, zonally distinct (and
contrasting) responses of the position of the ITCZ to climate change occur during both
seasons and an even more robust response is visible on annual time scales (see Figure 1c and
Table 1). This response consists of a northward shift over the eastern Africa and Indian
Ocean, and a southward shift over the eastern Pacific Ocean, the Atlantic Ocean, as well as
the South America (where a less robust southward shift is shown). The zonally distinct
responses are also apparent when calculating the future changes in precipitation or OLR (see
Supplementary Figures 3-4).

To more precisely quantify the zonally distinct responses of the ITCZ to climate change, we
tracked the temporal evolution of the ITCZ location as a function of longitude and over two
different longitudinal sectors. We define the Eurasian sector as spanning 20°E-130°E and the
eastern Pacific — Atlantic sector as spanning 250°E-360°E. We note that the boundaries of
these sectors were chosen from visible breaks shown in Figure 2a, but our results are robust
if the boundaries are moderately changed (i.e., by +10° of longitude). A northward ITCZ
shift occurs for the Eurasian sector, while a southward shift occurs in the eastern Pacific —
Atlantic sector (Figure 2a). Over the western Pacific, the ITCZ shifts southward during May-
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Oct and northward during Nov-Apr (as shown in Figure 1), which translates into a decreased
seasonal ITCZ migration in the future, and an annual-mean shift that is nearly zero. When
comparing the 2075-2100 and 1983-2005 periods, a statistically significant (using the #test;
p < 0.01) northward shift on the order of 0.8 + 0.6° is obtained over the Eurasian sector (see
Table 1). In contrast, over the eastern Pacific — Atlantic sector, CMIP6 models indicate a
statistically significant southward shift on the order of 0.7 £ 0.9°. The future ITCZ shift and
the corresponding change in annual-mean tropical precipitation asymmetry (i.e. change in
the quantity: Precip ge.ogen — Precip ge.oges) between 2075-2100 and 1983-2005 are shown
for every CMIP6 model in Figure 2b, indicating that the majority of models predict a future
increase in precipitation in the northern subtropics relative to the south over the Eurasian
sector (red color). The opposite is true for most CMIP6 models over the eastern Pacific —
Atlantic sector (blue color). Figure 2b also shows the robustness of the zonally distinct ITCZ
responses with respect to using different indicators to assess changes in the ITCZ position;
both the precipitation asymmetry and the ITCZ tracking method yield consistent estimates
for most CMIP6 models.

To gain insight about the impact of model biases on our interpretation of the future ITCZ
shifts, we have calculated the present-day double-ITCZ biases for each model and over each
basin, and then regressed the obtained biases with the future ITCZ shifts (see Methods and
Supplementary Discussion). We find that the double-1TCZ biases, if anything, are obscuring
the full extent of the southward ITCZ shift over the eastern Pacific — Atlantic sector, and
thus, our results regarding the zonally contrasting shifts are on the conservative side; see
Supplementary Discussion and Supplementary Figures 5-8.

Overall, the agreement between CMIP6 models over these two sectors (Table 1 and Figures
1-2) provides confidence that climate change will lead to contrasting meridional shifts of the
ITCZ in the Eurasian and eastern Pacific — Atlantic sectors. As already mentioned, these
contrasting responses nearly cancel one another, leading to almost zero ITCZ shift from a
zonal-mean perspective (Table 1), confirming the recent literature?2:44,

Regional mechanisms

Motivated by the known close coupling between sea surface temperature (SST) and
precipitation in the tropics#’49:50, we explored the consistency of the revealed zonally
contrasting shifts of the ITCZ with changes in SST.

We find that over the tropical Pacific Ocean, SST warming is more pronounced in the east
than the west, which is consistent with the anticipated weakening of the Walker circulation
with climate change (Figure 3a)*”%1, In both the eastern Pacific and Atlantic Oceans, higher
SST warming occurs at low latitudes between 10°S and 5°N, which is consistent with this
region serving as an attractor for a southward shift of the ITCZ from its current baseline
position at 4.1 + 2.3°N for this sector (Figure 3c). In contrast, over the Indian Ocean, higher
SST warming in the northern subtropics is consistent with the predicted shift of the ITCZ to
the north from its current baseline position (Figure 3b). The pattern of SST change in the
Indian Ocean resembles a positive Indian Ocean Dipole (I0D) pattern (with more
pronounced warming over the northwestern Indian Ocean and less pronounced warming

Nat Clim Chang. Author manuscript; available in PMC 2021 August 01.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Mamalakis et al.

Page 5

over the southeastern Indian Ocean), traditionally linked to locally developed Bjerknes
feedbacks between SST gradients, and wind and thermocline changes in the basin#7:51.52,

Regarding precipitation shifts over land and changes in monsoonal dynamics, studies have
shown a future shift of rainfall occurrence from early to late in the rainy season under
climate change for most of the individual monsoons®3-55, while in terms of the sign of total
precipitation change, large inter-model spreads are reported over specific regions®®. Despite
the reported uncertainties, generally anticipated changes in regional precipitation are
consistent with our results presented herein®6-59, In particular, over South America, a
southward shift of the south Atlantic convergence zone under climate change has been
reported in observations and in model projections, due to the strengthening of the south
Atlantic subtropical high®”%8. In contrast, over Africa, recent studies find that intense
surface warming over Sahara will deepen the Saharan heat low making the tropical rainbelt
migrate seasonally farther to the north, and reside there longer®%:69, This will alter the
rainfall seasonality in the south and will yield to an increased rainfall in the north and an
average northward shift of the tropical rainbelt>®. Lastly, projections show that global
warming will most likely cause an increase in the Indian summer monsoon rainfall (see
Supporting Figure 3a), accompanied by an enhancement of extreme precipitation
events®1:62, Apart from monsoonal changes, a future zonally asymmetric change of rainfall
over land has been recently projected based on model simulations and attributed to plant
physiological responses to rising CO,53.

Atmospheric energetic constraints

Even though the projected changes in tropical north-south SST gradients are broadly
consistent with the revealed zonally contrasting response of the ITCZ, more insight is
needed as to why these SST changes occur. Both local and non-local process chains are
relevant. For example, the positive 10D pattern in the Indian Ocean has been argued to be a
result of the weakening of the Walker circulation locally, but also influenced at its southern
margin by the oceanic lateral advection of relatively weak warming signatures from the
remote Southern Ocean (see Figure 3a)*7:64-66_ Other non-local mechanisms include
extratropics-to-tropics teleconnections, which are usually based on energetic arguments®:67.
Indeed, in the last two decades, many studies have utilized atmospheric energetic constraints
to gain insight into past or future zonal-mean ITCZ shifts15:6.9.1216.2567-75 \ore recently,
similar arguments have been developed1?.76 and used to explain longitudinally-varying
ITCZ shifts’6-79, Here we examine how the zonally contrasting shifts of the ITCZ for the
SSP3-7.0 scenario are related to energetic constraints, considering changes in atmospheric
energy transport and sector-mean shifts of the energy flux equator.

In response to climate change, models indicate that the net energy input into the atmosphere
(see schematic in Figure 4a) will increase in the tropics and decrease at high latitudes
50°-70°, especially over the ocean (see Figure 4b-d for the change in the total energy input,
and its partitioning into top-of-atmosphere (TOA) and surface components®). Particularly,
over the Atlantic Ocean, a pattern of northern atmospheric cooling and southern heating is
revealed, which is consistent with a future weakening in the AMOC (i.e. the see-saw
response)22:34.35.37.81-83 \yhile over the Southern Ocean, atmospheric cooling is consistent

Nat Clim Chang. Author manuscript; available in PMC 2021 August 01.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Mamalakis et al.

Page 6

with increased heat flux from the atmosphere to the ocean (i.e. ocean heat uptake84-66) in
response to increasing emissions of greenhouse gases®4. Moreover, we find an increase in
atmospheric heating over the tropics, which is mostly a result of the TOA component of the
budget (Figure 4c), and is likely associated with increasing water vapor and anthropogenic
greenhouse gases, and cloud radiative effects; i.e., the outgoing longwave radiation escaping
to space is reduced in the future (see partitioning of TOA energy change in Supplementary
Figure 9c, and [22]). Over land, the effect of decreasing snow and ice albedo (see
Supplementary Figure 9b and studies regarding climate change-induced glacier melting over
the Himalayas230 and climate change-induced sea ice loss in the Arctic2:31:85) and
reduction of anthropogenic aerosols?2-28, are partially compensated by increases in OLR
cooling (see Supplementary Figure 9c). We find that the net effect of all these processes
leads to more energy being added into the atmosphere over land in the northern hemisphere
and specifically over Europe, Southeast Asia, North America, and the Arctic (see Figure 4b).

In terms of the zonal mean, the net effect of all these processes leads to an almost zero
change in the inter-hemispheric energy asymmetry. Particularly, CMIP6 models predict a
change on the order of A(Qs— Qp) = —0.05 + 0.21 PW (Qsand Qy, refer to the
hemisperically integrated atmospheric energy input over the southern and northern
hemispheres, respectively) and consistent with the negligible zonal-mean ITCZ shift
reported in Table 1. However, when considering the Eurasian sector and the eastern Pacific —
Atlantic sector separately, models show a high level of consensus in terms of the sign of the
change over each sector (changes are assessed statistically significant; p < 0.01). Over the
Eurasian sector, most models predict that more energy is added into the northern hemisphere
than the southern hemisphere in response to climate change (Figure 4e), which reduces the
baseline inter-hemispheric energy asymmetry; i.e. A(Qs— Qp) = —0.24 £ 0.10 PW (see
Table 1). In contrast, over the eastern Pacific — Atlantic sector, the northern hemisphere
atmosphere receives less energy in the future (Figure 4e) probably due to the weakening of
the AMOC, which contributes to a northern hemisphere atmospheric cooling; i.e. A(Qs—
Qp) =0.31£0.16 PW.

The above results highlight contrasting changes of the inter-hemispheric energy asymmetry
to climate change between the two considered sectors. To elucidate how these changes alter
the atmospheric energy transport (AET) in the tropics, and thus, the ITCZ, we used a
regional energetics framework (see Methods)1%:76, which has only recently been applied to
explain sector-mean 1TCZ shifts10.76-79 and to the best of our knowledge, it has not yet been
applied to scenarios of future climate change.

Our results show that a robust increase of southward AET occurs over the tropics in the
Eurasian sector (see Figure 5a; baseline results for the AET are shown in Supplementary
Figure 10), which is consistent with the revealed northward shift of the ITCZ. In contrast,
the future cooling over the northern Atlantic Ocean is compensated by changes in the
extratropical divergent AET (likely controlled by extratropical eddies; see Figure 4b), but
also by a robust increase in the northward energy transport over the tropics of the eastern
Pacific — Atlantic sector (see Figure 5a), which is consistent with the revealed southward
shift of the ITCZ in this sector. Similarly to the changes in the ITCZ location and in the
atmospheric energy input, these results highlight zonally contrasting changes in the
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meridional component of the divergent AET, providing more confidence regarding the
contrasting ITCZ shifts over these two sectors (future changes in zonal energy fluxes are
also consistent with the expected weakening of the Walker circulationt”*1; compare Figure
5b with Supplementary Figure 10e).

As a final consistency check of the zonally contrasting ITCZ shifts with regional energetics,
we evaluate the future shifts of the energy flux equator (a zone where the AET diverges and
vanishes1?; EFE) over the two sectors (see Table 1 and Figures 5¢-f). Note that the EFE
variability has been shown to be linked with the ITCZ variability, not only in the zonal
mean:9, but also over large longitudinal sectors, with the ITCZ — EFE link breaking down
only over the western and central Pacific19:86, Our results show that although CM1P6 models
do not predict a robust future EFE shift in the global zonal mean (see Table 1), over the
Eurasian sector, the EFE shifts to the north by 0.6 £0.4°, while over the eastern Pacific —
Atlantic sector, the EFE shifts to the south by 1.3 +1.2° (see also Figure 5c¢). Both these
shifts are statistically significant (p < 0.01), and they explain around 40% of the inter-model
variance of the projected precipitation change (see Figure 5d). Similar EFE shifts are
obtained when using an analytic approximation (see Methods and [10]) to calculate the EFE
latitude (see Table 1, Figure 5e and Supplementary Figure 11). Based on this approximation,
we find that future EFE shifts are mostly driven by changes in the cross-equatorial AET, and
less by changes in the net energy input at the equator (Figure 5f).

Overall, our results show that the zonal differences in the ITCZ response to climate change
have a robust statistical and physical link with sector-mean changes in the atmosphere’s
energy budget. It can also be concluded that CMIP6 models do exhibit consensus over the
two considered sectors, highlighting contrasting ITCZ shifts, contrasting changes in the
atmospheric energy input, and contrasting EFE shifts. The longitudinally varying response
of all these quantities and the corresponding models’ consensus have been hidden in the
zonal-mean analysis of past work. We have repeated the analysis using 31 CMIP5 models,
which yield similar conclusions (see Supplementary Figure 12 and Supplementary Table 2),
although the precipitation shift over the Atlantic is less robust, likely due to higher double-
ITCZ biases and inter-model spread in CMIP587.

Discussion

In this study, the future shifts of the ITCZ and the tropical rainbelt in response to climate
change were explored as a function of longitude and season using climate model simulations
from CMIP6. We find a zonally contrasting response of the location of the ITCZ, which is
robust across different climate models, and different seasons. The sector-wide differences in
the ITCZ response are spatially extensive, covering about two thirds of the globe. The
contrasting ITCZ response can be summarized as a northward shift over the eastern Africa
and Indian Ocean and a southward shift over the eastern Pacific Ocean, South America and
the Atlantic Ocean. The latitudinally varying ITCZ response and its robustness have often
been masked in previous analysis focusing on zonal-mean ITCZ shifts.

We find that the contrasting ITCZ response is driven by a positive |0D-like SST pattern over
the Indian Ocean, and high SST warming near the equator over the eastern Pacific and
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Atlantic Oceans that serves as an attractor for a southward shift of the ITCZ from its current
position. From an atmospheric energetics perspective, our analysis shows that future climate
change induces a zonally contrasting change in the inter-hemispheric heating of the
atmosphere, as a result of the combined effect of radiative and dynamical processes both in
the atmosphere and ocean. Most models show that future changes consist of increases in
atmospheric heating over Eurasia and cooling over the Southern Ocean, which contrasts with
atmospheric cooling over the North Atlantic Ocean as a consequence of a projected AMOC
weakening3435. These changes in the regional extratropical atmospheric heating induce an
increase in the southward energy transport over the tropics of eastern Africa and Indian
Ocean (and an northward shift of the EFE), and an increase in the northward energy
transport over the tropical eastern Pacific — Atlantic sector (and a southward shift of the
EFE), both of which are physically and statistically consistent with the revealed ITCZ
response. Our results provide a single theoretical framework for simultaneously explaining
anticipated future increases of drought stress in southeastern Africa and Madagascar,
intensifying flooding in southern India®%, and greater drought stress in Central America38 —
large hydrological hotspots of global change88:89 that will have considerable impacts on
food security and biodiversity.

We note that although our study establishes consistency between the energetics framework
and projected changes in tropical precipitation, only about 40% of the inter-model variance
of precipitation change is explained based on energetic arguments. This highlights the
important limitations of the energetics framework, already reported in the literature (not only
in regional settings®, but also in the zonal mean?#6:91.92) ‘and the need to further explore
mechanisms involving ocean-atmosphere-land coupling at regional scales. To further infer
causality, carefully designed idealized climate experiments are needed, as a complement to
analyses like this one that attempt to understand mechanisms contributing to robust future
changes in the hydrological cycle within and across different Earth system models.

Probabilistic tracking of the ITCZ.

With regard to regionally tracking the ITCZ, ambiguity exists in the literature as to a precise
regional definition of the ITCZ and/or which is the optimal variable/method to use for
tracking its position#2. For example, past studies have variously used surface pressure
minimum, surface wind convergence, precipitation maximum, minimum outgoing longwave
radiation (OLR) or cloudiness maximum to track the ITCZ*2. The justification for variously
using different variables to track the ITCZ is the assumption that the minima or maxima of
these variables collocate with each other (i.e. pressure minima roughly collocate with
convergence maxima, etc.). Yet, this assumption may not be true over specific regions or in
specific seasons*2, and so, this ambiguity in the regional ITCZ definition is problematic. For
the purpose of this study, we have used a multivariate probabilistic framework3, which
tracks the ITCZ over different longitudes and seasons by simultaneously assessing the
statistics of multiple variables, and thus increasing the robustness of the tracking approach
(see studies®9:93.94 for other similar approaches). In particular, we consider overlapping
longitudinal windows, and use the window-mean precipitation and OLR (the two most
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common variables in the ITCZ literature) to track the ITCZ. For each window and season,
ITCZ points are defined as those which correspond to the maximum (above a certain
threshold) joint probability of non-exceedance of the two window-mean variables (note that
in cases where precipitation and OLR extrema collocate, the latter definition falls back to
simply tracking the points of the extrema, and results would be identical if we were to use
either variable on its own). The end product of the method is to provide the probability of
every grid point in the tropics to be part of the ITCZ in a longitudinally-explicit manner (see
Supplementary Figures 1-2). The resulting probability distribution of ITCZ position is used
to compare the climatology and interannual variability of the ITCZ between observations
and CMIP6 models during a contemporary base period (1983-2005), as well as to assess
future ITCZ changes (defined as the difference between 2075-2100 and the base period).

More specifically, let X denote the variable (e.g. precipitation) used for defining the ITCZ
location, and X7’ the zonal mean of X within the longitudinal window [A-w/2, A+u/2] of
width wand during month/season £ The latitudinal distribution of Xx7;’ can be obtained from
observations or model outputs. For a specified probability of non-exceedance a (tracking
threshold), we define x/;7, to be the 2" quantile of X7, i.e.,

F(xfu”ta) = Pr[X,ﬁ}t < xﬁ;’la] =a
where Fis the cumulative distribution function (CDF) of Xx7;". We define the random
variable q){};,’a to be the location (in degrees of latitude) at which the ITCZ is most likely to
prevail, in longitude A, and in month/season ¢ A sample of <1>,’};fa may then be the set of

latitudinal points ¢}, at which the value of Xx7/5" exceeds the " quantile x5, that is:

lobla): X5 @l > xbla=F '@ or
At Ato At (1)

(ol F(XG (0fs10) > a

In other words, we track the position of ITCZ based on the upper (1 - 4x100% of

precipitation in longitude A and month/season £ which corresponds to the points (p,'};fa.

When considering the OLR to track the ITCZ, the negative OLR is used, since deep
convection associates with minimum (not maximum) OLR. Such an approach is rather
computationally efficient and allows the analysis of both the annual-mean location and the
intra-annual variability of the ITCZ, simply by obtaining the ITCZ points, goﬁ;fa, for each

calendar month or each season.

When jointly considering multiple (e.g. M= 2) variables X = [.Xq, X5, ..., Xj] to track the
ITCZ (as in this study), the ITCZ points, qa,’};,ta, also satisfy Equation (1), but ~is now the

joint CDF of X%,
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Herein, we used a non-exceedance a = 85% as a tracking threshold (general conclusions
have been tested across other thresholds too, to ensure robustness), and we averaged
precipitation and OLR over longitudinal windows of width w= 15° (see Supplementary
Figures 1-2 for schematics). However, the framework is general and applicable in
considering any single variable, and/or jointly distributed multiple variables to define the
ITCZ. See [43] for more information.

Atmospheric Energy Budget.

Considering a long enough period (e.g. 1983-2005) so that the energy storage in the
atmosphere is negligible!:9%, and assuming that the system is in equilibrium, the atmospheric
energy budget is 6:9°:

V.F=R©4_0=0 @

where F is the vector of vertically-integrated atmospheric moist static energy flux, RTOA is
the net energy input at the top of the atmosphere (TOA; i.e. net downward shortwave minus
the outgoing longwave radiation) and Ois the ocean energy uptake (can be further
partitioned into latent/sensible heat and radiative surface components) and represents the
heating from the surface (note that the energy storage in the land is negligible on timescales
greater than a seasonl). Qis the net energy input into the atmospheric column of unit
horizontal area (see schematic in Figure 4a, and Supplementary Figure 10a-b for the
distribution of Qin the base period), and Equation (2) states that it is equal to the horizontal
divergence of the AET.

Regional Energetics — EFE latitude approximation.

The energy flux F in Equation (2) can be decomposed into the divergent and rotational
components (F, and F,, respectively), and since the divergence of the rotational component
is identically zero (i.e. V - F,, = 0), Equation (2) takes the form of Poisson’s equation:

V-F,=Vy=0 @

where y is the energy flux potential (an arbitrary scalar function)10.76 such that its gradient
is equal to the divergent component of AET, i.e. (dXx, dJ/x) =Vy=Fy= (uy, V)()' By
solving Equation (3), the potential y (also F,) can be obtained; all derivatives are evaluated
in spherical coordinates but written here in Cartesian coordinates for simplicity. The zonal
component of the divergent AET is negligible compared to the meridional component
outside from the tropics, (i.e. v, > v, see Supplementary Figure 10c), while in the tropics,
they are of the same magnitude (i.e. both the Walker and Hadley circulations contribute to
the divergence of heat; Supplementary Figure 10d-e)10.76.77,

For a sector with longitudinal boundaries A1 and A, the sector-mean position of the EFE (or
equivalently of the ITCZ), can be approximated to a first order by meridionally expanding
(Taylor series) Equation (3) at the equatorl0:
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)
L1 BN

[@EFE];; = —

4
Ul — ity 112 X
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A PP
where [ -] ﬁ represents the zonal mean over the sector, subscript “0” represents average

values near the equator, and ais Earth’s radius.

Definition of ITCZ bias in the models.

The double-ITCZ bias of each CMIP6 model over the eastern Pacific or Atlantic Ocean is
defined as the average (over the considered longitudinal sector) difference in the Nov-Apr
probability distribution of the ITCZ location between the model and the observations (see
Supplementary Figure 6):

ap—— 1y (1 bpe 1y
EECERINE Lae  E | hol do ®)
r)

where APDF, , is the difference in the Nov-Apr probability distribution function (PDF) of
the ITCZ location between the model and the observations at latitude ¢ and longitude A, and
ry is the model’s longitudinal resolution. For calculating the bias over the Atlantic Ocean,
[p1, @] = [15°S, 10°N] and [A1, A;] = [310°E, 360°E], while for the eastern Pacific bias,
[¢1, ¢2] = [10°S, 15°N] and [A4, A] = [200°E, 300°E]. The ITCZ biases of all models are
presented in Supplementary Table 1. The average bias (weighted by the longitudinal width
of each sector) is also presented.

Correlation significance.
For estimating the (1 — 0)% intervals corresponding to statistically insignificant linear
correlation (for a p-valuep), we assume a £distribution: r, = % where tis the (1 -
N -2+t

pI2)% quantile of the #distribution, with d.f. = A~2, and Nis the sample size.

Data availability.

The data we use in our analysis are all freely available. We use satellite data (monthly
precipitation series on a 0.25° x 0.25° grid®6, and OLR series on a 1° x 1° grid%7, for
1983-2005), and climate model outputs from the sixth phase of the Coupled Model
Intercomparison Project39 (CMIP6); see Supplementary Table 1.

Code availability.

Upon reasonable request, the code that support the findings of this study can be provided by
Dr. Antonios Mamalakis (amamalak@rams.colostate.edu).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Difference in the distribution of the ITCZ location
between 2075-2100 and 1983-2005

a) May-Oct

Longitude (°E)

Figure 1: Future changes in the location of the ITCZ in response to climate change, as projected
by CMIP6 models.

a) Difference in the probability density function (APDF) of the location of the ITCZ in May-
Oct between 2075-2100 and 1983-2005. In each period, the location of the ITCZ is defined
by tracking the location of maximum precipitation and minimum outgoing longwave
radiation (OLR) in overlapping longitudinal windows (we use the joint statistics of the two
variables; see Supplementary Figures 1-2 and Methods). b) Same as in (a), but for Nov-Apr.
¢) Same as in (), but the changes in the annual distribution are shown. In all plots, the multi-
model mean across 27 CMIP6 models is presented, while stippling indicates agreement (in
the sign of the change) in more than % of the models considered. Results indicate a robust
northward ITCZ shift over eastern Africa and Indian Ocean and a southward ITCZ shift over
eastern Pacific and Atlantic Oceans.
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Figure 2: 215t century series of ITCZ location as projected by CMIP6 models.
a) Series of the 5yr-mean ITCZ location relative to the base period as a function of longitude

(positive values imply a northward shift). The multi-model mean across 27 CMIP6 models is
presented, while stippling indicates agreement (in the sign of the change) in more than % of
the models considered. b) Scatter plot of the projected annual ITCZ shift (horizontal axis)
and change of tropical precipitation asymmetry (vertical axis) between the periods
2075-2100 and 1983-2005, using all 27 CMIP6 models zonally averaged over the Eurasian
sector (20°E-130°E; red color) and the eastern Pacific — Atlantic sector (250°E-360°E; blue
color). Each model is labeled according to Supplementary Table 1. For models with multiple
runs, the average shift across all runs is presented. Based on either index (ITCZ shift or
precipitation asymmetry), a robust contrasting ITCZ response between the two sectors is
visible, whereby the ITCZ is projected to shift northward in the Eurasian sector and
southward in eastern Pacific — Atlantic sector. The northward ITCZ shift shown in panel (a)
over 200°E-250°E, is an artifact coming from the negative pattern at 25°S shown in Figure
1c, which dominates the change of the mean of the PDF in these longitudes.
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a) Changes in the global sea surface temperature with climate change
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c) Changes in Precipitation and SST over E Pacific and Atlantic Oceans
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Figure 3: Future changes in sea surface temperature and precipitation in response to climate

change, as projected by CMIP6 models.

a) Global changes in sea surface temperature (SST) between future 2075-2100 and base
period 1983-2005. b) Zonal mean over the Indian Ocean (50°E-100°E) of the changes of
precipitation (in mm/d) and SST (in Celsius). ¢) Same as in (b), but for the eastern Pacific
and Atlantic Oceans (250°E-360°E); land changes are not considered in the zonal mean. All
results refer to the multi-model mean across 27 CMIP6 models.
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Changes in the global atmospheric energy input under climate change
mean (2075-2100) — mean (1983-2005)
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Figure 4: Future changes in the atmospheric energy input in response to climate change, as
projected by CMIP6 models.
a) Graphic representation of the atmospheric energy budget. b) Difference of the average

energy atmospheric input between 2075-2100 and 1983-2005 periods (shading), while
vectors show the change in the divergent component of the atmospheric energy transport;
vectors are on the order of 107 W/m (see Figure 5 for specific values). ¢) Same as in (b), but
only the top of the atmosphere (TOA) component is shown. d) Same as in (b), but only the
surface component is shown. This panel highlights the contribution of the ocean to the future
atmospheric heating/cooling. €) Zonal mean of (b) over the Eurasian sector (20°E-130°E;
red curve) and the eastern Pacific — Atlantic sector (250°E-360°E; blue curve). The
horizontal axis is scaled as sin(¢)’2. In all plots, the multi-model mean across 27 CMIP6
models is presented. Results show that under global climate change, more energy is added in
the atmosphere over the northern hemisphere than the southern hemisphere in the Eurasian
sector, while the opposite is true in the eastern Pacific — Atlantic sector.
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Changes in the Atmospheric Energy Transport and EFE location with climate change
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Figure 5: Future changes in the atmospheric energy transport (AET) over the tropics and the
energy flux equator (EFE) in response to climate change, as projected by CMIP6 models.

a) Change in the divergent meridional component of the AET over the tropics between
2075-2100 and 1983-2005. The multi-model mean across 27 CMIP6 models is presented,
while stippling indicates agreement (in the sign of the change) in more than % of the models
considered. b) Same as in (a), but for the divergent zonal component. c) Future EFE shift as
a function of longitude. EFE is tracked by the latitude where the divergent meridional AET
diverges and vanishes. The magenta curve shows the multi-model mean, while the error bars
show the inter-model spread (+ st. dev.). d) Change in the precipitation asymmetry (between
2075-2100 and 1983-2005) as a function of the EFE shift, using all 27 CMIP6 models
zonally averaged over the Eurasian sector (20°E-130°E; red color) and the eastern Pacific —
Atlantic sector (250°E-360°E; blue color). Each model is labeled according to
Supplementary Table 1. For models with multiple runs, the average shift across all runs is
presented. e) Same as in (d), but the EFE shifts are approximated using the analytic
expression in Equation (4); see Methods. f) The EFE shifts in (e) are decomposed into shifts
that consider changes only in the cross-equatorial AET (horizontal axis) or only in net
energy input at the equator (vertical axis). Results show that with climate change, the future
state of the atmospheric energy transport will be characterized by an increased southward
transport (divergent component) over the tropical Eurasian sector, which implies a northward
shift of EFE, and it is statistically consistent with a northward shift of the ITCZ. The
opposite (i.e. increased northward energy transport and southward shift of EFE) is true in the
eastern Pacific — Atlantic sector. Also, future EFE shifts are shown to be dominated by
changes in cross-equatorial AET.
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Table 1:

Mean and standard deviation of the future ITCZ and EFE shifts (2075-2100 minus 1983-2005, positive values
indicate northward movement) and changes of the inter-hemispheric energetic asymmetry over different
longitudinal sectors, as obtained from 27 CMIP6 model outputs. The baseline values (i.e. referring to
1983-2005) are also provided. Values with bold font correspond to a multi-model mean which is statistically
distinguishable from zero, based on the #test (o< 0.01). It is shown that there is a robust consensus across
models regarding future changes in the Eurasian and eastern Pacific — Atlantic sectors, but such a consensus is
not apparent in the global zonal mean. Note for example that in the sector-mean analysis, the inter-model
variability (i.e. st. deviation) in future changes is either smaller or of the same magnitude with the multi-model
mean, while in the global zonal-mean analysis the inter-model variability is in all cases 2 to 4 times larger than
the multi-model mean.

Eurasian Sector | E Pacific — Atlantic Sector
27 CMIP6 Models Global zonal mean [20°E-130°E] [250°E-360°E]

Base Period 3.6+2.0 -1.0+1.1 41423
ITCZ latitude (°N)

Future Shift -0.5+1.2 0.8 £0.6 -0.7+0.9

Base Period -0.03 +0.37 0.93 £0.21 -0.96 +0.23

Qs - Qn (PW)
Future Change -0.05+0.21 —0.24 +0.10 0.31+0.16

Base Period -0.3+1.1 -3.5+0.8 4.4+22
EFE latitude (°N)

Future Shift 0.0 £0.6 0.6 0.4 -1.3+1.2

Base Period -0.4+0.8 -3.3+0.9 45+1.7

EFE latitude approximation'© (°N)
Future Shift 0.2+0.5 0.7 0.4 -1.3+1.0
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