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Abstract. The Inter-Tropical Convergence Zone (ITCZ) is a major precipitation feature in the global equatorial regions and
a crucial part of the tropical atmospheric circulation. Due to its effects on the Hadley circulation, changes in the position
and characteristics of the ITCZ can have a cascading impact not only in tropical regions that receive abundant precipitation
throughout the year but also in adjacent sub-tropical regions that receive less rainfall, mostly in certain seasons. Aiming for
a better understanding of tropical and sub-tropical precipitation dynamics, here we study the changes in the ITCZ position
and characteristics, including the edges and strength, across various longitudinal bands for 2 °C and 4 °C' Global Warming
Levels (GWLs) above the pre-industrial conditions. Our analysis is based on idealized simulations from the Tipping Points
Inter-comparison Project (TIPMIP). Shifts in the characteristics of the ITCZ are contrasted with the changes in the tropical
and sub-tropical precipitation from these idealized experiments. Additionally, the variations in the regional zonal mean of
the pressure velocity, as well as the global zonal mean of the mass streamfunction and pressure velocity, are assessed for
both GWLs and compared with the modifications in the ITCZ location and associated precipitation. Our results show that the
global zonal mean ITCZ will contract with a higher global mean temperature, with a general displacement toward the winter
hemisphere. In the various regions, the ITCZ response to increasing global temperatures generally varies, but overall, weaker
updrafts are projected. The precipitation intensity of the ITCZ band becomes stronger, despite the weakening of the Hadley
cell circulation and its ascending and descending branches, with decreased precipitation projected in the descending branch

over the sub-tropics.
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1 Introduction

The tropical general atmospheric circulation is fundamentally structured around the Intertropical Convergence Zone (ITCZ),
which is a region near the equator characterized by intense and widespread upward motion of air masses (Waliser and
Somerville, 1994). This ascent is driven by strong surface heating under persistently high solar insolation and, in combina-
tion with the high moisture content of the tropical atmosphere, results in deep convection and heavy precipitation. The rising
air diverges in the upper troposphere and moves poleward before subsiding in the sub-tropics, forming the descending branch
of the Hadley circulation. Near the surface, this flow returns equatorward as the trade winds, closing the circulation (Stachnik
and Schumacher, 2011). Branching off from the ITCZ are several persistent, semi-permanent areas of convergence located
primarily over oceanic regions of the Southern Hemisphere. While distinct from the main ITCZ, features such as the South
Pacific Convergence Zone (Vincent, 1994; Brown et al., 2020) and the South Atlantic Convergence Zone (Villela, 2017) act as
prominent poleward extensions of this system.

Several methodologies have been proposed for identifying the ITCZ position (Nicholson, 2018; Byrne et al., 2018). Some of
these approaches are based on the mass streamfunction (Byrne and Schneider, 2016b), while others rely on the pressure velocity
(Zhou et al., 2020) or the energy flux (Bischoff and Schneider, 2014). Precipitation is another parameter that is regularly used to
identify the ITCZ, due to the pronounced rainfall amounts that accompany it. For example, the precipitation centroid (Frierson
and Hwang, 2012; Donohoe et al., 2013; Rolddn-Gémez et al., 2022; Mischell and Lee, 2022) and the precipitation maximum
(Liu et al., 2020; Ramotubei et al., 2025) have been proposed to identify the location of the ITCZ. Other methodologies are
based on satellite observations, including the maximum cloudiness (Waliser and Gautier, 1993), or the Outgoing Long-Wave
Radiation (Chopra et al., 2024). More complex definitions use multiple variables, such as wind divergence, along with wet bulb
temperature (Berry and Reeder, 2014; Wodzicki and Rapp, 2016).

The position of the ITCZ in different parts of the planet is associated with many factors, such as the warming and cooling of
the large ocean basins on multidecadal scales (Green et al., 2017), the inter-hemispheric sea surface temperature (SST) contrast
(Mischell and Lee, 2022; Rajendran et al., 2013), the atmospheric energy flux (Adam et al., 2016a, b; Wei and Bordoni, 2020),
cross-equatorial energy transport in the oceans, and aerosol radiative forcing (Zhang et al., 2021). The width of the ITCZ
is partly governed by the radiative influence of upper-tropospheric clouds on the lower troposphere (Dixit et al., 2018). In
turn, the annually averaged ITCZ width determines the meridional extent of the Hadley cell, since a narrower ascending
branch confines the outflowing air to higher zonal momentum, causing it to become baroclinically unstable at a lower latitude
and thereby contracting the Hadley cell poleward extent (Watt-Meyer and Frierson, 2019). In addition, the El-Nifio Southern
Oscillation (ENSO) has been found to affect the position of the Hadley cell and subsequently of the ITCZ on an inter-annual
basis (Yun et al., 2021; Roldan-Gémez et al., 2022; Li et al., 2023).

Climate models are often subject to large biases in the tropical regions, which in turn leads to incorrect representation of
the climate in the other parts of the globe, through the general atmospheric circulation, which originates in the tropics. The
CMIP6 models, as the previous generations of CMIP models, are plagued by the double ITCZ problem (Tian and Dong, 2020),

which is manifested mostly in the Central and Eastern Pacific as the erroneous simulation of two parallel precipitation bands
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on either side of the equator, instead of a single ITCZ located primarily north of the equator. They also generally overestimate
precipitation for most of the tropical land regions (Li et al., 2022), with most of the heavy tropical rainfall in the CMIP6
models being the result of the large-scale component, instead of the convection parameterizations (Yang et al., 2021), due to
the inadequate spatial resolution.

Despite the discrepancies in how different climate models represent the ITCZ and the associated tropical weather, a con-
sistent picture of its variability is emerging from the analysis of long-term observational records. Such observations indicate
that, although the zonal mean position of the ITCZ has not changed significantly, in some regions (e.g., near the Americas), it
has a northward trend, while in others (e.g., the Western Pacific), it has a southward trend (Liu et al., 2020). On inter-annual
timescales, the ITCZ position migrates north and south in response to El Nifio and La Nifia, respectively (Ramotubei et al.,
2025). On much longer timescales, there are indications from proxy data that the ITCZ has generally shifted northward since
the Last Glacial Maximum, but by less than 3 degrees of latitude due to energetic constraints (Yuan et al., 2023).

Overall, future climate projections indicate that the annual and zonal-averaged ITCZ is expected to become narrower in
a warmer planet (Byrne and Schneider, 2016a, b; Byrne et al., 2018), suggesting that the seasonal ITCZ is likely to shift
equatorward. Other studies that explicitly focus on the seasonal migration of the ITCZ have found that the ITCZ, defined by
the mid-tropospheric pressure velocity, is expected to move equatorward, become wider, and weaken (Zhou et al., 2020). In
addition, climate models project that as the global average temperature rises, the Hadley cell is projected to widen (Grise and
Davis, 2020; Son et al., 2018), which is an expected outcome of the scaling theory by Held (Schneider, 2006; Frierson et al.,
2007), due to the increase of the static stability of the sub-tropical atmosphere, which in turn causes a poleward shift for the
baroclinic eddies. The widening of the seasonally averaged ITCZ acts to further widen the Hadley cell, since in theory, it
prevents the eddies from reaching lower latitudes (Watt-Meyer and Frierson, 2019). The strength of the Hadley cell, and of its
ascending and descending branches, is expected to weaken (Hu et al., 2018). This response to a warmer climate is attributed
to the mismatch between the increase in water vapour, which scales with the Clausius-Clapeyron equation (Vecchi and Soden,
2007), and the precipitation, which scales with the radiative cooling increase (Held and Soden, 2006). The precipitation in
the equatorial regions is generally expected to intensify due to increased water vapour in the atmosphere (Vecchi and Soden,
2007), despite the weakening of the Hadley cell and the convective updrafts of the ITCZ (Held and Soden, 2006).

Research based on scenario simulations, such as SSP-driven CMIP6 projections, has clarified the large-scale response of
tropical circulation to warming; however, the time-dependent nature of such forcing complicates the isolation of equilibrium
responses at specific warming levels. In addition, regional changes in ITCZ structure remain insufficiently constrained. Ide-
alized stabilization experiments provide a way to overcome both limitations. Accordingly, this study has three objectives: to
quantify equilibrium changes in the ITCZ and Hadley cell at specified global warming levels; to assess the associated regional
precipitation changes and circulation adjustments across the tropics and subtropics; and to develop an ITCZ identification

methodology that complements existing approaches while improving its robustness and applicability for global-scale analyses.
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2 Data
2.1 Earth System Models and idealized simulations

The Tipping Points Modelling Intercomparison Project (TIPMIP) project is an international collaboration that aspires to com-
prehensively broaden our perspective of tipping dynamics in various Earth system components and their uncertainties, using
coupled ESMs (Winkelmann et al., 2025). It aims to assess the risk of crossing individual tipping points within the Earth system
and to identify the processes and feedback mechanisms that drive these critical transitions.

The models participating in TIPMIP are forced with prescribed C'O- emissions to achieve specific, predefined warming
regimes. There are three main types of simulations: the ramp-up simulations, where the average temperature of the planet
increases at a specific rate; the stabilisation runs, where the temperature of the planet is kept constant at specific Global
Warming Levels by zeroing the C'O5 emissions; and the ramp-down runs, where the temperature decreases at a specific,
predefined rate utilizing negative C'O2 emissions.

For both the pre-industrial control and stabilization experiments, a 50-year analysis period was selected. To ensure that the
stabilization runs approached equilibrium, particularly with respect to ocean adjustment, the first 100 years of each simulation
were excluded. The subsequent 50 years were then used for all analyses.

In this study, we focused on TIPMIP idealised simulations that follow the TIPMIP-ESM Tier 1 protocol (Jones et al., 2026).
Specifically, zero-emission simulations that were initialized from the ramp-up simulation at the 2 °C' and 4 °C' GWL above
the pre-industrial control runs are used. These are hereafter referred to as the 2 °C' and 4 °C' GWL stabilization simulations.
These GWL stabilization runs are compared to the corresponding pre-industrial control runs (piControl). The models used are
the EC-Earth3-ESM-1 (Doscher et al., 2022), UKESM1-2-LL (Sellar et al., 2019; Smith et al., 2021; Mulcahy et al., 2023),
CRNM-ESM2-2 (Bossert et al., 2025), and IPSL-CM6-ESMCO2 (Boucher et al., 2020), GFDL-ESM2M (Dunne et al., 2012),
MIROC-ES2L (Hajima et al., 2020) and NorESM2-LM (@yvind Seland et al., 2020). The characteristics of each ESM, as well
as the specific variants used in this study, are summarised in Table 1.

The different models use different Experiment IDs to indicate specific GWLs. For X.Y degrees of GWL, most models use the
Experiment ID of esm-up2p0-gwlXpY (e.g., for 4.0 degrees of GWL, the stabilization run is denoted as esm-up2p0-gwl4p0).
The exceptions are the NorESM2-LM, which uses the esm-up2p0-swlXpY, and the CNRM-CERFACS-ESM2-1, which uses
the 02Kpd-XY naming scheme.

2.2 Reanalysis and observations

To verify the robustness of the ITCZ identification methodology described in Sect. 3.1, a brief evaluation was conducted using
the different reanalysis and observational products. (see Appendix A). Specifically, the ERAS reanalysis (Hersbach et al.,
2020), the NCEP Reanalysis 2 (Kanamitsu et al., 2002), and the Global Precipitation Climatology Project (GPCP) gridded
observations (Adler et al., 2018) were used. This evaluation was designed to confirm that the methodology yields physically
realistic estimates of both the ITCZ core latitude and its latitudinal boundaries across the regions and seasons considered,

thereby providing confidence in its applicability to real-world data.
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Table 1. TIPMIP models that have been used in this study

Model name Contributing Atmospheric Oceanic Reso- | Experiments / Ensemble members used
Project Resolution (km) lution (km)
EC-Earth3-ESM-1 OptimESM 80 100 esm-piControl: rlilp1fl

esm-up2p0-gwl2p0: rlilplfl, r3ilplfl,
rdilplfl, rSilplfl

esm-up2p0-gwldp0: rlilplfl, r3ilplfl,
rdilplfl

UKESM1-2-LL OptimESM 130 100 esm-piControl: rlilplf]

esm-up2p0-gwl2p0: rlilplfl
esm-up2p0-gwl4p0: rlilplfl
CNRM-ESM2-2 OptimESM 100 100 esm-piControl: r1ilp2f2
02Kpd-20: r1ilp2f2
02Kpd-40: r1ilp2f2
IPSL-CM6-ESMCO2 OptimESM 130 100 esm-piControl: rlilp3fl
esm-up2p0-gwl2p0: r1ilp3fl

esm-up2p0-gwl4p0: r1ilp3fl
GDFL-ESM2M TipESM 250 100 esm-piControl: rlilp1fl

esm-up2p0-gwl2p0: rlilplfl
esm-up2p0-gwl4p0: rlilplfl
MIROC-ES2L TipESM 500 100 esm-piControl: rlilplfl

esm-up2p0-gwl2p0: rlilplfl

esm-up2p0-gwl4p0: rlilplfl
NorESM2-LM TipESM 250 100 esm-piControl: rlilp1fl

esm-up2p0-swi2p0: rlilplfl

esm-up2p0-swldp0: rlilpl1fl

2.3 Data processing

The ITCZ characteristics were computed by applying the algorithm to the seasonal mean of each year at the native model

resolution. The analysis was conducted separately for each variant of each model. Multi-model means were constructed with

equal model weighting; for models with multiple variants, an ensemble mean across variants was first calculated for each
120 experiment and then included in the multi-model mean.

For the general circulation variables, all simulations were first regridded to a common 1° x 1° grid using linear interpolation.
Seasonal means were then calculated for each model across all available years and variants. Finally, the multi-model ensemble
mean was derived from these model averages.

In the seasonal averaging, the December-January-February (DJF) season was defined using consecutive months, such that

125 December from the previous calendar year was combined with January and February of each year.



130

135

140

145

150

https://doi.org/10.5194/egusphere-2026-5285
Preprint. Discussion started: 17 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

3 Methodology
3.1 Definition of ITCZ characteristics

To identify the ITCZ location, we propose a methodology based on the precipitation centroid method, with modifications
designed to improve robustness with respect to the chosen latitude bounds and to reduce the influence of extra-tropical precip-
itation, while still performing well over a limited zonal band. Instead of computing the centroid of precipitation over a fixed
tropical latitude range, we first calculate zonal-mean precipitation and identify latitude intervals where precipitation exceeds a
relative threshold defined as a fraction of the local maximum and the dominant precipitation band is selected. For this dominant
band, a precipitation strength metric that accounts for both total precipitation and proximity to the equator is defined. The ITCZ
latitude is finally defined as the precipitation-area-weighted centroid computed within the selected band only. This approach
preserves the physical interpretation of the precipitation centroid while reducing sensitivity to latitude-range choices, enabling
ITCZ identification in limited zonal regions, and minimising the influence of storm tracks, topography and other secondary
precipitation features.

Specifically, to identify the ITCZ location in a zonal region with longitudes A € [A1, A2] and within a latitude search do-
main ¢ € [¢1, ¢2] (which may either correspond to prescribed bounds or the full available latitude range), the zonal mean of
precipitation P(¢, \) between these longitudes is firstly calculated as follow using the original model resolution:

_ o2 P, A)dA

Do) = , , 1
() f,\/\f N ¢ € (1,92 (1

The zonal-mean precipitation is then linearly interpolated onto a 0.1° latitude grid, and a threshold is defined as follows:
Py = amax P(¢), a=0.5 ()

The contiguous latitude bands (Rj) where the zonal mean exceeds this threshold are identified as:

P(¢) > Pipyr (3)

The peak latitude-weighted precipitation is calculated for each band as:
P, = max (P(¢)cos(¢)) ©)
In cases where two or more precipitation bands have peak latitude-weighted precipitation values exceeding 80% of the
maximum, the selection of the dominant band depends on their hemispheric distribution. If at least one such peak occurs in
each hemisphere, the dominant precipitation band is defined as the one located in the Northern Hemisphere that lies closest to
the equator. If multiple qualifying peaks exist but are confined to a single hemisphere, the dominant band is instead defined as
the one whose peak is closest to the equator. In all other cases, where only a single peak exceeds the threshold, it is identified

as the dominant precipitation band:

k* = arg m}ilx P )
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where Ry~ is the dominant precipitation region.

The precipitation strength of the dominant precipitation band is calculated as:

Sp+ = / P(¢)cospdg (6)

PE Rk«

Finally, the centroid of precipitation is computed within this dominant precipitation band R« as:

Biter = fqﬁeRk* PP (¢)cos pde )
o fzﬁem* P(¢)cos pde

The northern and southern edges of the ITCZ are defined as the latitude bounds of the dominant precipitation band Ry~.
As a consistency check, to ensure that this diagnostic provides a physically meaningful representation of the ITCZ location
and edges, we evaluated it using reanalysis data by comparing the diagnosed ITCZ location with the precipitation maps. This
evaluation is provided in Appendix A.

In this study, the world is divided into seven different non-overlapping zonal regions, in addition to the global zonal mean.
The selected region (with the longitude range in parentheses) are: America (—90°, —40°), Atlantic Ocean (—40°, —10°), Africa
(—=10°, 40°), Indian Ocean (40°, 120°), Western Pacific (120°, 170°), Central Pacific (170°, 230°) and Eastern Pacific (230°,
270°). These regions of interest are geographically defined in Fig. A1 for visual purposes. For each region, the ITCZ location
and characteristics were calculated for the December-February (DJF) and June-August (JJA) seasons of each year in the study

period.
3.2 Mass Streamfunction and Pressure Velocity

For the identification of the location and characteristics of the main circulation cells, the mass streamfunction was calculated

from the seasonally averaged global zonal mean of the meridional wind (Hartmann, 2015):

P
W(p,p) = W / vdp ®)
0

where « is the Earth’s radius, g is the gravitational acceleration, v is zonal mean of the meridional velocity, ¢ is the latitude
and p is the pressure level.

In tandem with the mass streamfunction, the regional and global zonal mean of the pressure velocity was used to more
clearly identify regions of ascending and descending air columns, which are associated with the ascending and descending
branches of the Hadley cell.

For the calculation of the circulation metrics, the mean between 800 and 300 hPa was calculated for both the mass stream-
function (V) and the pressure velocity (@). The strength of the Hadley cell was then calculated as the maximum absolute value
of U along the latitudes, while for the strength of the updrafts, the minimum value of & across the latitudes. The edges of the
Hadley cell were defined as the latitudes where W crosses zero. These metrics were calculated separately for each model, and

the multi-model mean and standard deviation were subsequently computed.
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3.3 Vertical moisture transport

The vertical moisture transport, using large-scale atmospheric flow and hydrostatic approximations, is defined as:
q-w
Fy=—— 9
9

where q is the specific humidity, w is the pressure velocity, and g is the acceleration of gravity. In the analysis, the monthly

values of ¢ - w were first calculated, and then the ensemble averaging was performed as in the rest of the variables.
3.4 Robustness metric

The Signal-to-noise ratio (SNR) (Hawkins and Sutton, 2012; Mahony and Cannon, 2018) was used to assess the robustness of
the change in the variables of individual models. The SNR is defined as:
|Ap

OpiControl

SNR = (10)

where 0picontror i the monthly temporal standard deviation of the variable in the piControl run and Ay represents the
difference of the temporal mean for the variable between the ensemble mean of the GWL runs and the piControl runs for each

model separately:

A _ZiV:IIU’GWL ZiwzllupiControl n
H=TTN T M (1

where p is the temporal mean of each variant. NV and M are the number of variants of the GWL and piControl runs for the

model, respectively.

4 Results
4.1 Precipitation changes

As the mean global temperature rises, precipitation patterns are expected to change across the globe. Figure 1 reveals a robust
signal of wetter tropical and, to a lesser extent, polar regions and generally drier sub-tropics, especially for the 4 °C GWL. For
the DJF season, large increases in precipitation are expected at both GWLs over the whole tropical Pacific, up to or exceeding
+1 and +2 mm/day for the 2 °C and 4 °C' GWL, respectively. Precipitation increases of up to 1 mm/day are also expected in the
equatorial part of the Indian Ocean, especially in the 4 °C' GWL. At the same time, decreases are expected in the sub-tropical
regions, especially in the Pacific and Atlantic sectors, as well as in the southern Indian Ocean. For the JJA season, significant
increases in precipitation are predicted in the tropical regions of the Pacific, but also near the Indian subcontinent. On the
contrary, a notable decrease in precipitation is expected in Central America, with a more pronounced response at the higher
GWL. Overall, tropical precipitation increases are slightly larger between the 4 °C' and 2 °C' GWLs than between the 2 °C'
GWL and the pre-industrial conditions, except in the Indian Ocean during the boreal summer. However, the changes are less

robust over the central and eastern Pacific (Fig. S1).
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2 °C GWL

4 °C GWL

-08 -04 00 04 08 12 16
Precipitation difference (mm d=1)

-1.6 -1.2

Figure 1. Multi-model mean precipitation differences between idealised stabilisation runs at 2 °C' (top) and 4 °C' (bottom) Global Warming
Levels and Pre-Industrial control, for the December-to-February (DJF) season (left) and the June-to-August (JJA) season (right). Hatching
denotes regions where at least 5 out of 7 models agree on the sign of change, and at least 4 out of 7 models show a robust signal-to-noise

ratio (SNR>1).

4.2 Changes in ITCZ characteristics

Driven by changes in precipitation, the idealized experiments simulate several shifts in ITCZ location and width in response
to global warming. For instance, in the American sector (Fig. 2), the models agree on a slight narrowing of the ITCZ in both
seasons examined, most notably in JJA and under the highest GWL. At the same time, the ITCZ core shifts southward by less
than 0.5° in JJA, whereas in DJF the models consistently indicate a small northward shift. In the Atlantic sector, the models
project a southward displacement of both the northern ITCZ edge and the ITCZ core in JJA under the 4 °C GWL, while the
southern edge shows no significant change. In DJF, however, there is no robust model agreement on changes in either the ITCZ
location or its edges.

For the African sector, the ITCZ core and both edges shift northward in DJF, with the displacement exceeding 1 degree of
latitude under the 4 °C GWL. For the JJA season, there is no significant change expected for the edges and the ITCZ location
itself. Over the Indian Ocean, the ITCZ core and its southern edge are projected to shift northward in both seasons and under
both GWLs, whereas no model agreement is found for the northern edge in either GWL, except in DJF under the 2 °C GWL,

where a slight northward shift is indicated.
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The Pacific basin also shows clear regional contrasts in the modeled ITCZ response. For the Western Pacific sector, the
models indicate a slight southward displacement of the northern edge and the ITCZ core in JJA under the 4 °C GWL, whereas
in DJF under the 2 °C' GWL a small northward shift is projected. In the Central Pacific sector, no significant change is projected
for the northern edge in either GWL or season; however, under the 4 °C' GWL, the ITCZ core and southern edge shift southward
in both seasons. In the Eastern Pacific sector, all ITCZ characteristics shift southward in both seasons, with the signal becoming
more pronounced at the higher GWL. Overall, the DJF changes are generally larger than those in JJA.

For the global zonal mean, the ITCZ core and its southern edge are projected to shift northward in DJF, whereas both move
southward in JJA. The northern edge shifts southward in both seasons and at both GWLs, with the signal becoming more
pronounced at the higher GWL.

Generally, as a response to the global and equatorial warming, the precipitation intensity of the ITCZ is expected to increase
for both seasons and in most sectors, with some exceptions for the Americas, Indian Ocean, and Western Pacific. For the
American sector, in particular, the strength of the ITCZ is expected to become slightly stronger in DJF and slightly weaker
in JJA, especially in the 2 °C' GWL. In the Indian Ocean, many models indicate a strengthening in the 2 °C' GWL for both
seasons, but there is no model consensus for the JJA season of the 4 °C GWL. In the Western Pacific sector, a significant
increase in the ITCZ intensity is projected mostly for the JJA season, but for the DJF season, there is no agreement between
the models on the change in strength predicted.

Comparing these ITCZ changes (Fig.2) with the precipitation response (Fig.1) reveals broad agreement. In the American
sector, the modest shifts in ITCZ location, edges, and intensity are consistent with the minimal precipitation changes over
northern South America. In the African sector, the strengthening of the ITCZ in DJF aligns with pronounced precipitation
increases over central Africa, whereas in JJA the weak ITCZ changes are reflected in only minor precipitation differences.
Over the Indian Ocean, the precipitation dipole is consistent with the northward displacement of the ITCZ core and its southern
edge in both seasons. In the Western Pacific, the marked precipitation increases, especially in JJA, are mirrored by a substantial
intensification of the ITCZ during that season. In the Central and Eastern Pacific, the large projected precipitation increases in

both seasons are generally accompanied by only modest increases in ITCZ intensity.
4.3 Pressure Velocity changes

Pressure velocity responses to global warming were also examined to assess changes in the ascending and descending branches
of the Hadley cell (Figs. 3, 4, and S2). Across the different longitudinal sectors, the pressure velocity changes at the 2 °C GWL
(Fig. 3) generally have the same sign as those at the 4 °C GWL (Fig. 4), although they are weaker in magnitude and less robust.
Furthermore, the changes between 4 °C and 2 °C' (Fig. S2) closely resemble those between the 2 °C' GWL and the piControl
simulation. Consequently, Fig. 3 is not discussed further.

In the American sector, a 4 °C warmer climate is associated with a weakening of both ascending and descending motions
(Fig. 4). This response is particularly pronounced in the middle troposphere during both seasons considered, alongside a
deeper vertical extension of the ascending and descending branches in the upper parts of the atmosphere, which leads to a

higher tropical tropopause. In JJA, the decrease in intensity is focused in the northern part of the updrafts, which indicates
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Figure 3. Zonal mean of multi-model mean pressure velocity changes between 2 °C' GWL and piControl for the different longitudinal
regions, for the DJF (left) and JJA (right) seasons. The multi-model mean of the change is shown with filled contours, while the solid
contours indicate the values of the multi-model mean climatology for the piControl run. Hatching denotes regions where at least 5 out of 7
models agree on the sign of change and where at least 4 out of 7 models show a robust signal-to-noise ratio (SNR>1). Positive values of the

pressure velocity mean downward velocities, and negative values mean upward velocities.
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Figure 4. Same as Fig. 3 but for the 4 °C' Global Warming Level

a southward shift of the northern edge of the updrafts, in agreement with Fig. 2. In the Atlantic sector, ascending motion is
260 generally weak in DJF, but is projected to weaken further at the 4 °C' GWL. In JJA, a similar weakening is projected in the
northern portion of the ascending branch, accompanied by a deeper extension of ascent into the upper troposphere. Over Africa,

substantial weakening of both ascending and descending motions is projected in JJA under global warming, together with a
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northward extension of the ascending branch in the lower troposphere. In DJF, a more modest weakening of ascending and
descending motions is projected. Over the Indian Ocean, ascending motion weakens primarily in the southern portion of the
ascending branch in both seasons, while descending motion weakens in both hemispheres. This pattern is consistent with the
northward displacement of the ITCZ and its southern edge shown in Fig. 2.

The Pacific sectors exhibit the largest responses compared with all other regions. In the western Pacific, a significant weaken-
ing of ascending motion is evident during boreal winter. During boreal summer, the dipole pattern of pressure-velocity changes
indicates a southward displacement of the ascending branch.

In the central Pacific, ascending motion is simulated to weaken substantially in both hemispheres and during both seasons.
This weakening is accompanied by a reduction in the intensity of descending motion over the equatorial region. In the Eastern
Pacific during DJF, ascending motion associated with the southern branch of the ITCZ intensifies, whereas that associated
with the northern branch weakens. Both ascending branches remain shallow, however, and do not extend beyond the middle
troposphere. These changes are accompanied by a slight strengthening of the southern edges of the sub-tropical descending
branch and a weakening of descending motion over the equatorial region. During JJA, a pronounced dipole in pressure-velocity
changes extends throughout the troposphere, indicating a southward shift of the ascending branch, which is predominantly
located in the Northern Hemisphere. This shift is accompanied by a substantial weakening of descending motion at and south

of the Equator.
4.4 Global general circulation changes

Introducing the large-scale circulation response, Figure 5 and Table 2 show a robust weakening of the main Hadley cell in both
seasons under the 2 °C GWL relative to piControl. In DJF, the Hadley cell intensity is projected to decrease by about 7%, while
both the southern and northern edges are expected to shift slightly northward by approximately 0.7 and 0.4 degrees of latitude,
respectively. In JJA, the Hadley cell strength is projected to decrease by 5%, with the southern edge shifting southward by 0.8
degrees and the northern edge moving northward by about 1 degree relative to piControl.

Examining the global zonal mean of pressure velocity, a slight weakening of both downdrafts and updrafts is generally
projected along the descending and ascending branches of the Hadley cell in both seasons. During DJF, the ITCZ updrafts are
not expected to change substantially in intensity, but they do shift northward, consistent with a northward displacement of the
Hadley cell’s southern edge and weaker downdrafts along its opposite edge. These circulation changes are accompanied by
a precipitation dipole, with increased rainfall just south of the equator and reduced rainfall to the north. During JJA, a slight
southward shift and weakening of the main updrafts by about 4% along the northern edge of the Hadley cell is expected in a
2 °C warmer world, with weakened downdrafts on the opposite end of the Hadley cell. The displacement of the ITCZ updrafts
is associated with increased precipitation at these latitudes and reduced precipitation in the downdraft regions.

For the 4 °C GWL, similar changes to those shown in Fig. 5 are projected when compared to the 2 °C' GWL (Fig. S3).
Relative to the pre-industrial conditions, however, the 4 °C' GWL exhibits more pronounced changes (Fig. 6; Table 2), with
stronger model agreement across the zonal section. A pronounced weakening of the main Hadley cells by about 15% is

observed for both seasons. For the DJF season, there is a slight northward displacement of both edges of the Hadley cell
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Figure 5. Multi-model mean circulation changes between 2 °C' GWL and piControl. Zonal mean mass streamfunction changes are shown
for the (a) DJF and (b) JJA seasons, with filled contours, while solid contours indicate the values of the multi-model mean climatology for the
piControl run. Panels (c) and (d) are as in (a) and (b), but for the pressure velocity. Panels (e) and (f) show the changes in the zonal mean of
precipitation between the stabilisation run and the piControl run for the DJF and JJA seasons, respectively. Hatching denotes regions where
at least 5 out of 7 models agree on the sign of change and where at least 4 out of 7 models show a robust signal-to-noise ratio (SNR>1).

Positive values of mass-streamfunction indicate clockwise direction of movement, and negative values indicate counter-clockwise direction.

by about 1 degree of latitude. In the summer season, both edges of the Hadley cell are expected to be displaced poleward in
their respective hemispheres by about 2 degrees.

Table 2 shows no weakening of the main updrafts in DJF, while in JJA there will be large decrease in intensity approaching
11%, with a more pronounced northward (southward) displacement of the updrafts in the DJF (JJA) season. Additionally, there
is a larger increase in precipitation at the location of the ITCZ updrafts for both seasons, compared to the piControl, with a
decrease in precipitation in the descending regions on the opposite end of the Hadley cell.

An increase in the vertical moisture transport in the tropical regions, between 10° S and 10° N, during both seasons and
GWLs, is expected, most notably in the lower and middle troposphere (Figure 7). In the sub-tropical regions of both hemi-

spheres, a decrease in the vertical moisture transport is projected in all scenarios. In the winter hemisphere, this decrease in
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Table 2. General circulation metrics for the multi-model mean

Season Run Hadley cell (HC) strength Southern edge of | Northern edge of | Updrafts strength
10 kg s—1) HC (° latitude) HC (° latitude) (1072 Pa s~ 1)

piControl 1.92+0.15 -13.2£1.5 28.240.6 -3.3640.54

DJF 2°C GWL 1.78+0.17 -12.5£1.3 28.6£0.6 -3.3440.64
4°C GWL 1.62+0.14 -12.0+1.4 29.1£0.7 -3.3740.61
piControl 2.0640.21 -26.9£1.0 16.6+1.9 -5.2140.27

JJA 2°C GWL 1.95+0.17 -27.7+£0.9 17.6£1.9 -5.0240.24
4°C GWL 1.75+0.14 -28.5+0.9 19.3+3.3 -4.6640.43

DJF JA

T
w
(a) — 2 =
3 27
200 v 200 2 12
f/ S o
[ y . 2 = 08
E a0 ? ; S 400 g 3
S ¢ 9 < "3 “ T
F=3 S
<4 < 0B [
2 600 / 2 600 < 3
S 2
V% "E M
a / a 5 @
800 / . / g 800 2% 08 5
o ]
\2\/// o/, .- 128
7z
1000 Io 1000 &
. o
() Pressure Velocity =
n 7 [ 0.008 T 0.05
I <4 n
200 ) / | 200 ooos & 004 —~
= 7
= /7 { = 0.004 é 003 9
o 400 / | o 400 o 0.02 &
[ [ / S 0.002 @ 001 2
£ J < g 01 2
600 600 2 g
g ﬁ -0.002°g 001>
& & 4.004@ 0025
800 800 v 0.03 &
-0.006 5 g
| a 0.04 O
a
L I -0.008 @ 0.05
1000 -40 1000 —40 -20 0 20 40 &
— (e) Precipitation Change — () Precipitation Change
g 20 g 20
§, 15 g 1.5
g 10 ]
f= =4
£ oos £
£ o0 £
el N o
5705 s
=] =1
®-1.0 ®-10
= a
‘G -1.5 S -1l5
o L
a -2.0 a -2.0

—40 =20 20 40 : -40 =20 20 40

0 0
Latitude Latitude

Figure 6. Same as Fig. 5 but for the 4 °C' Global Warming Level.

vertical transport of moisture covers a wide band between 10° and 40° of the corresponding hemisphere, and extends through-
out the troposphere. On the other hand, in the summer hemisphere, the decrease in the vertical moisture transport in the
sub-tropics is confined in the latitude band between 10° and 20° of the corresponding hemisphere, and does not extend beyond
the middle troposphere. In the 4 °C' GWL, there is a more robust signal across the latitudes and pressure levels for the projected

310 changes.
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Figure 7. Multi-model mean vertical moisture transport changes between 2 °C' and 4 °C GWLs and Pre-Industrial control. With filled
contours, the changes are shown for DJF (left) and JJA (right) seasons, while solid contours indicate the values of the multi-model mean
climatology for the piControl run. Hatching denotes regions where at least 5 out of 7 models agree on the sign of change and where at least

4 out of 7 models show a robust signal-to-noise ratio (SNR>1).

5 Conclusions

The Intertropical Convergence Zone (ITCZ) is a global precipitation feature that is highly sensitive to global warming. Changes
in its location and intensity can therefore have substantial consequences for ecosystems and socio-economic activities across
the tropics and beyond. Here, we propose an ITCZ identification methodology that complements existing approaches and
demonstrates robust performance across most regions of the globe. For example, in the eastern Pacific, climate models often
simulate a southern branch of the double ITCZ that is as strong as, or stronger than, its northern counterpart. In such cases, our
detection algorithm adapts by identifying the ITCZ position between the two hemispheric branches.

Using idealised equilibrium simulations at predefined global warming levels (GWLs), we investigated changes in tropical
precipitation, ITCZ characteristics, and Hadley cell structure. In the global zonal mean, the ITCZ narrows during boreal winter,

while its northern edge shifts southward in both seasons. Overall, the ITCZ core tends to move towards the winter hemisphere,
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with larger displacements at the higher GWL, and with its southern edge shifts following it. The apparent narrowing partly
reflects the quantile-based definition used to diagnose the ITCZ edges.

At the regional scale, changes in ITCZ position generally correspond to projected precipitation changes shown in Fig. 1. For
example, the northward displacement of the southern edge of the Indian Ocean ITCZ is consistent with the projected precipita-
tion dipole in this region during both seasons. ITCZ precipitation intensity increases across most regions, with exceptions over
the continental equatorial America and Africa in JJA. This widespread intensification is consistent with the projected increase
in precipitation across much of the equatorial belt.

Regional ITCZ displacements generally become more pronounced at the higher GWL, although uncertainty also increases
where the simulated changes are small. This is evident, for example, for the northern edge of the central Pacific ITCZ during
both seasons.

The ascending and descending branches associated with the Hadley circulation weaken in most regions, with the largest
responses occurring over the central and eastern Pacific. Although ascending motion weakens through much of the troposphere,
some regions exhibit a slight strengthening in the upper troposphere, which leads to a higher tropopause.

The mass streamfunction analysis indicates a weakening of the Hadley circulation in both seasons, with a greater decrease
in the higher GWL. This weakening of the Hadley cell agrees with Hu et al. (2018). The zonal mean of the pressure velocities
shows that the ascending branch of the Hadley cell is being displaced towards the winter hemisphere, in agreement with the
displacement of the ITCZ location. These plots also signify that the descending and ascending branches of the Hadley cell will
become slightly weaker. This weakening of the Hadley cell in warmer climates is caused by the mismatch in the increase of
water vapor in the tropical atmosphere, which scales with the Clausius-Clapeyron relation by about 7% K ~* (Vecchi and Soden,
2007), and the increase in precipitation, which scales with the radiative cooling increase by about 2% K ~! (Held and Soden,
2006; Vecchi and Soden, 2007). As a result, there is a reduction in the convective mass flux in the tropics (Held and Soden,
2006; Su et al., 2014; Kjellsson, 2015), in order to maintain the global water balance, which translates to weaker updrafts and
weaker Hadley cell circulation.

Despite the weakening of ascending motion, precipitation associated with the ITCZ generally intensifies. Higher tropical
temperatures increase atmospheric moisture availability and enhance vertical moisture transport over tropical regions (Fig.
7), thereby supporting increased precipitation. In contrast, the sub-tropical descending branches are generally associated with
reduced precipitation and moisture fluxes.

The ITCZ and tropical-circulation changes identified here provide insight into processes that may contribute to non-linear
responses of the tropical climate system at different GWLs. Because the ITCZ plays a central role in tropical precipitation
and atmospheric energy transport, clarifying its response to warming is essential for identifying mechanisms that may am-
plify regional climate change. By examining equilibrium responses across warming levels and longitudinal sectors, this study

advances understanding of tropical climate sensitivity and its implications for regional water availability.
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Figure A1l. Seasonally averaged precipitation for the period 1980-2010 of ERAS, NCEP Reanalysis 2 and GPCP for DJF and JJA. The centre
of the error bars indicates the median latitude of the ITCZ centre for each region, for the respective season over the years, while the caps
show the median latitude for the edges of the ITCZ. The large black horizontal lines above and below the error bars show the 0.9 and 0.1

quantiles of latitudes of the northern and southern edges of the ITCZ, respectively.

Appendix A: Evaluation of Methodology

The ITCZ identification methodology of Sect. 3.1 was applied to seasonally averaged reanalysis (ERAS and NCEP Reanalysis
2) and observational (GPCP) data for the years between 1980 and 2010 (Fig. Al).

The methodology identifies the location and edges of the ITCZ reasonably well for most cases. In the Central Pacific in DJF,
the methodology generally correctly chooses the ITCZ for the majority of the years, since the median location of the ITCZ is
confined over the ITCZ. For some of the years, though, the 0.1 quantile of the southern edge latitude is at or near the southern
edge of the Southern Pacific Convergence Zone. This could be due to its large precipitation intensity, which can exceed that of
the ITCZ in this part of the world, or due to the proximity of the two, which leads to the methodology identifying it as a single
band.

During the JJA season, although the methodology generally identifies the ITCZ location across most regions, the northern
edge extends into the mid-latitude storm track in certain areas, such as the Western Pacific. In the Indian Ocean region, where
the ITCZ is less well defined and the monsoon dominates, the methodology identifies the monsoon rainbands as part of the

ITCZ. This classification is a consequence of the precipitation-based detection method and should be interpreted accordingly.
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By design, the methodology can be used with monthly averaged precipitation data, but also with seasonally and annually

averaged data.

Appendix B: Evaluation of the models

The historical runs of the models were compared to the ERAS reanalysis for the period 1981-2005. For OptimESM models,
the corresponding CMIP6Plus historical runs were used. For the UKESM1-2-LL, there were 3 historical variants, for the EC-
Earth3-ESM-1, 5 variants, for the IPSL-CM6-ESMCO2, 4 variants, and for the CNRM-ESM2-2, 1 variant. For the rest of the
models, the CMIP6 (or the CMIP5 for the GFDL-ESM2M) historical runs were used. For the GFDL-ESM2M, 1 historical run
was used, and for the MIROC-ES2L and NorESM2-LLM 3 historical runs each.

Figure B1a,b indicates that most models exhibit significant precipitation biases in the equatorial regions of the major oceanic
bodies during both seasons. Specifically, all models indicate a dipole of precipitation biases over the equatorial regions of the
Atlantic for the DJF season, with positive biases at the south. All models have positive precipitation biases over most of the
maritime continent (South-East Asia) for DJF. Additionally, all models except MIROC-ES2L have positive precipitation biases
in the western equatorial part of the Indian Ocean, just east of Africa.

For the JJA season, all models have positive precipitation biases over the equatorial Atlantic region, with EC-Earth3-ESM-1
and UKESM1-2-LL models exhibiting notable negative precipitation biases just north of it. Most models except the UKESM -
2-LL have negative precipitation biases over the Western Pacific region. All models except MIROC-ES2L have negative pre-
cipitation biases in the equatorial Central and Eastern Pacific region, with positive biases just north and south of it.

Comparison of years 10-50 of the ramp-up TIPMIP simulations with the historical simulations for each model (Fig. Blc,d),
corresponding to similar levels of warming (~ 0.2 — 1.0 ¢ C), shows only minor differences in precipitation for the majority
of models. The largest differences are observed in the GFDL-ESM2M model, with increased precipitation in the ramp-up over
the Western Pacific for both seasons, and decreased precipitation over the Central Pacific in DJF. In the NorESM2-LM, there
is a small but notable precipitation difference dipole, with positive values just north of the equator and negative just south of
the equator, over most of the equatorial regions of the planet, for both seasons. A similar, but weaker, precipitation difference
dipole is observed in the UKESM1-2-LL model, but only in the DJF season.

The small precipitation differences between the early years of the ramp-up simulations and the historical runs at comparable
warming levels lends confidence to the use of the zero-emission protocol, initialized from the ramp-up simulations at specified
GWLs, and suggest that it produces realistic precipitation changes at those warming levels.

Utilizing the MSPAEF metric (Karpasitis et al., 2026) to quantify the general performance of the models more precisely
(Fig. B2), it is evident that the EC-Earth3-ESM-1 model performs the best at representing the precipitation distribution out
of the models used in this study, for most seasons, but not for the annually averaged precipitation, where UKESM1-2-LL and
NorESM2-LM perform better than it. On the other hand, the GFDL-ESM2M has the worst performance in the representation

of precipitation, which is expected since it is an earlier generation model than the rest, as the only CMIP5 model of the
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Figure B1. Historical precipitation evaluation and precipitation differences of TIPMIP ramp-up experiments compared to historical runs
for each model. Columns (a) and (b) display model precipitation anomalies relative to ERAS reanalysis for the historical reference period
(1981-2005) during the DJF and JJA seasons, respectively. Columns (c) and (d) show the precipitation differences between the initial phase
of the TIPMIP ramp-up simulations (years 10-50) and the historical baseline period (1981-2005) for the DJF and JJA seasons, respectively.
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Figure B2. Heatmap of MSPAEF metric values for the historical runs of the TIPMIP models compared to the ERAS reanalysis of the tropical
precipitation (20° S to 20° N) for the different seasons of the period 1981-2005.

ensemble. Generally, all models have better performance at representing precipitation during the DJF and SON seasons, while
they struggle more in the MAM and JJA seasons.

To further assess model performance in representing the ITCZ, we employ the Tropical Precipitation Asymmetry Index
(TPAI) and the Equatorial Precipitation Index (EPI) (Tian and Dong, 2020) in the Pacific region (120° E to 80° W), which
provide quantitative measures of the double ITCZ bias. Higher values of both indices indicate a reduced double ITCZ bias and,
therefore, a more realistic simulation of tropical precipitation.

As shown in Fig. B3, most models (except MIROC-ES2L) exhibit lower Pacific TPAI and EPI values compared to the
reanalysis and observational datasets, indicating a pronounced double ITCZ bias across most of the ensemble. Among the
models, IPSL-CM6-ESMCO?2 stands out with particularly low EPI values, suggesting an overly strong equatorial cold tongue

and suppressed precipitation along the equator. In contrast, NorESM2-LM shows the worst performance in the TPAI index,
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Figure B3. Scatter plot of Pacific TPAI versus EPI double ITCZ indices for the 1981-2005 period. Each point represents the mean value
from the historical simulations of the TIPMIP models, averaged across available ensemble members. Observational and reanalysis estimates
from ERAS, NCEP Reanalysis 2, and GPCP are shown for comparison. Circles denote model results, while squares indicate observational

and reanalysis datasets.

indicating increased precipitation in the southern part of the equatorial Pacific, which is also evident in Fig. B1. The MIROC-
ES2L is the only models whose EPI and TPAI values are really close to the reanalysis and observations, indicating it has the
least double ITCZ bias of the models.

Code and data availability. The Python code used in this work can be obtained from https://doi.org/10.5281/zenodo.21787106 (Karpasitis,
2026a). The ERAS data are publicly available from the Copernicus Climate Data Store (CDS) at https://cds.climate.copernicus.eu/datasets/
reanalysis-era5S-single-levels-monthly-means (ECMWEF, 2019). The GPCP data are available at https://www.ncei.noaa.gov/access/metadata/
landing-page/bin/iso?id=gov.noaa.ncdc:C00979 (NCEI, 2022). The NCEP Reanalysis 2 data are publicly available at https://psl.noaa.gov/
data/gridded/data.ncep.reanalysis2.html (NCEP, 2022). The original TIPMIP model output datasets are not yet publicly available and are

expected to be released through the official TIPMIP data archive. Due to their large size, the complete model output cannot be included with
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this publication. To facilitate reproducibility, reduced processed datasets containing the intermediate analysis fields used for figure generation

are provided through the Zenodo repository associated with this study at https://doi.org/10.5281/zenodo.21818785 (Karpasitis, 2026b).
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