
1.  Introduction
The Intertropical Convergence Zone (ITCZ), a zonal band of maximum precipitation resulting from the surface 
meridional convergence and convection of the tropical atmosphere, extends around the globe and stretches over 
the tropical regions of the Pacific, Atlantic and Indian Ocean basins (Christensen et al., 2013). The position and 
behavior of this band is shaped, inter alia, by the distribution of oceans and continents, with a position slightly 
north of the Equator over the eastern Pacific and Atlantic Oceans (Xie et al., 2007). Likewise, changes in the solar 
irradiance induce seasonal shifts of meridional convergence in concurrent trade winds from both hemispheres and 
local convection, with their northernmost and southernmost positions reached during boreal summer and winter, 
respectively (Huang et al., 2013). These seasonal shifts define the wet and dry seasons of many tropical areas, 
including the monsoon regions of Asia, Australia, the Americas, and Africa, and alterations in this seasonal cycle 
can produce persistent droughts and floods with important socio-economic consequences for the affected regions 
(IPCC, 2014).

The position and intensity of the ITCZ is known to have evolved over millennia and longer timescales as a conse-
quence of changes in the meridional heat transport and sea surface temperatures (Donohoe et al., 2013). South-
ward displacements of the ITCZ have been found in simulations of the Last Glacial Maximum (LGM; Chiang 
et al., 2003), linked to an asymmetric cooling between the Northern Hemisphere (NH) and the Southern Hemi-
sphere (SH) generated by a change in the amount of polar sea ice, variations in surface albedo, and changes in the 
Thermohaline Circulation (THC; Lohmann, 2003). This mechanism of asymmetry has been extensively analyzed 
in model sensitivity experiments that have investigated impacts of increased ice cover (Chiang & Bitz, 2005), NH 
cooling (Broccoli et al., 2006), alterations of the THC (Zhang & Delworth, 2005), and the asymmetry introduced 
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by orography (Takahashi & Battisti,  2006). Displacements of the ITCZ are particularly relevant over oceans 
(Chiang & Bitz, 2005), with a northward displacement of the Pacific ITCZ in response to the cooling of the 
eastern Pacific (Takahashi & Battisti, 2006) or with a southward shift of the Atlantic ITCZ linked to the cooling 
of the northern Atlantic (Vellinga & Wood, 2002).

Changes in external forcing during the Last Millennium (LM), even if lower in magnitude than those in the 
LGM-to-Holocene transition, also produced significant changes in the global distribution of simulated and recon-
structed temperature anomalies (Gulev et al., 2021). These radiative forcing changes also impact the simulated 
hydroclimate of tropical and extratropical areas (Roldán-Gómez et al., 2020), with alterations in the intensity and 
distribution of tropical monsoons and changes in extratropical modes of variability, like the Northern (NAM; 
Thompson & Wallace, 2001) and Southern Annular Modes (SAM; Fogt et al., 2009; Jones et al., 2009), coor-
dinated with volcanic activity (Anchukaitis et  al.,  2010; Tejedor et  al.,  2021) and periods with increased or 
decreased temperatures like the Medieval Climate Anomaly (MCA; ca. 950–1250 CE) and the Little Ice Age 
(LIA; ca. 1450–1850 CE; Bird et al., 2011; Diaz et al., 2011; Graham et al., 2010).

In tropical areas, changes in external forcing like large volcanic events can induce meridional hemispheric asym-
metries and trigger ITCZ shifts (Colose et al., 2016; Tejedor et al., 2021), even if the magnitude of these shifts 
may be relatively small and strongly depend on longitude (Atwood et al., 2020). The MCA and LIA have not 
been clearly associated with ITCZ shifts in simulated hydroclimate (Rojas et al., 2016), but reconstructions of 
precipitation for these periods show opposite behaviors between areas to the north and south of the current mean 
seasonal position of the ITCZ (Haug et al., 2001). In particular, reconstructions of precipitation from regions of 
East Africa (Brown & Johnson, 2005; Russell & Johnson, 2007) show anti-phased behavior between lakes north 
and south of the current ITCZ positioning during the MCA and LIA periods (Anchukaitis & Tierney, 2013). 
Precipitation reconstructions in the Cariaco basin, to the north of the current ITCZ, and the Peruvian Andes and 
the Brazil's Nordeste, to the south of current ITCZ positioning, similarly show anti-phased behavior (Novello 
et  al.,  2012; Vuille et  al.,  2012), as do regions of the Pacific islands (Sachs et  al.,  2009) and southeast Asia 
(Newton et  al.,  2006). Analyses based on reconstructed and simulated hydroclimate have suggested that this 
anti-phased behavior is linked to ITCZ shifts coordinated with changes in external forcing (Atwood et al., 2021; 
Newton et al., 2006; Sachs et al., 2009). These shifts in the ITCZ have been mostly found over the eastern Pacific 
and Atlantic basins, while changes in the western Pacific were more consistent with expansions and contractions 
of the ITCZ (Yan et al., 2015). Agreements between reconstructions and model simulations were found for the 
characterization of the ITCZ shifts over large areas of the Asian monsoon region, South America and the Mari-
time Continent, while larger differences exist in other regions, like the Pacific basin, for which the simulated 
hydroclimate mainly shows alterations of the Walker circulation (Atwood et al., 2021). In addition to external 
forcing, internal variability therefore may be important in shaping the position and intensity of the ITCZ over 
decades to centuries. In contrast to external radiative forcing, the role of internal variability in ITCZ changes has 
not been systematically analyzed.

This work assesses the contribution of internal variability on the ITCZ shifts relative to that of external forcing 
by analyzing simulations from the Community Earth System Model – Last Millennium Ensemble (CESM-LME; 
Otto-Bliesner et al., 2015). The use of an ensemble of simulations generated with the same model and different 
initial conditions allows for a better characterization of internal variability and external forcing contributions. We 
use these simulations to address the following questions:

1.	 �Does internal variability drive ITCZ changes?
2.	 �How does that variability compare to forced changes?
3.	 �Is the answer to these questions dependent on the basin that is analyzed?
4.	 �How do these results compare to proxy records?

2.  Data and Methods
The CESM-LME (Otto-Bliesner et al., 2015) includes 13 simulations that consider natural and anthropogenic 
forcings using the CMIP5/PMIP3 protocol (Schmidt et al., 2011, 2012). These simulations, which span the period 
850–2005 CE, are known as the “all forcing” subensemble. The external forcing considered in these simulations 
includes solar (Vieira et al., 2011), volcanic (Gao et al., 2008), land use (Pongratz et al. (2008) spliced to Hurtt 
et al. (2011) at 1500 CE), greenhouse gases (MacFarling-Meure et al., 2006), aerosols (Lamarque et al., 2010), 
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and orbital changes (Berger, 1978). Results from the CESM-LME have been also compared in the Supporting 
Information (Text S1 in Supporting Information S1) with a 3-member LM ensemble from the Goddard Institute 
for Space Studies (GISS; Schmidt et al., 2006; Schmidt et al., 2014) model.

Multidecadal and centennial changes in seasonal tropical precipitation have been analyzed by applying a Principal 
Component (PC; Barnett & Preisendorfer, 1987) analysis to intertropical precipitation. Following the approach 
described in Roldán-Gómez et al. (2020), the 13 simulations have been low-pass filtered with a moving average 
of 31 years and concatenated in a single batch, to obtain a set of Empirical Orthogonal Functions (EOFs) valid for 
all of them. The PC time series are obtained by projecting each individual simulation onto the EOF basis deter-
mined from the ensemble. This approach facilitates the extraction of modes of variability with a common spatial 
pattern for all the simulations produced with the same model. To take into account the seasonal and longitudinal 
variability of the ITCZ, separate analyses have been performed for the Pacific, Atlantic and Indian Ocean basins, 
both for the periods of December–February (DJF) and June–August (JJA).

To analyze the contribution of external forcing, common to all simulations, PC analyses have been also applied to 
the ensemble average. Conversely, the contribution of internal variability has been analyzed by applying the PC 
analyses to the concatenation of the 13 simulations after removing the ensemble average. This approach removes 
the common variability linked to the external forcing, while only the internal variability specific to each particular 
simulation is retained.

ITCZ shifts have been analyzed by computing the precipitation centroid of the area between 20°S and 20°N, 
except for the Pacific basin, in which the southern branch of the ITCZ (Tian & Dong, 2020) has been removed 
by limiting the computation to the area between 0° and 20°N. To analyze how each particular mode alters the 
position of the ITCZ, a comparison between the precipitation centroid in the positive and negative phases of the 
mode has been performed.

3.  Results
The position of the ITCZ (Figures 1a and 1e) shows seasonal changes that are consistent with those determined 
by Christensen et al.  (2013). In JJA, the ITCZ reaches 5°N in the Pacific and Atlantic Oceans, extends from 
equatorial eastern Africa over the Indian Ocean, and reaches 10°N over southern Asia. In DJF, the ITCZ shifts 
southward over the eastern Pacific, reaching 15°S over western South America and the Equator in the Atlantic, 
while in the Indian Ocean it goes from 15°S over eastern Africa to central Indonesia.

The first mode of the ensemble average shows a temporal evolution (Figures 1c and 1g) that resembles that of the 
external forcing, with opposite behaviors during the MCA and LIA, an impact associated with volcanic events, 
and a clear transition in the industrial period. According to this mode, positive net radiative forcing anomalies 
tend to shift the ITCZ to the south, as shown with the variations of the precipitation centroid in Figures 1b and 1f. 
These changes are particularly relevant in the Atlantic basin, for which shifts of 0.5° are found, but changes also 
appear in certain areas of the Pacific and Indian basins. Consistent with reconstructions from South America 
(Novello et al., 2012; Vuille et al., 2012) and Africa (Anchukaitis & Tierney, 2013), the EOF (Figures 1a and 1e) 
shows negative loadings north of the Atlantic ITCZ and positive loadings to the south. In the Indian Ocean basin, 
negative loadings are found over continental areas of India and southeast Asia and positive loadings over the 
ocean and in northern Australia, also consistent with southward ITCZ shifts. In the Pacific Ocean basin, ITCZ 
shifts are also found in DJF, but not so clearly in JJA, during which time negative loadings extend south and north 
of the ITCZ.

The contribution of external radiative forcing is associated with an asymmetric warming of the NH and SH, as 
shown in the correlations with temperature in Figures 1d and 1h. Positive correlations are found in the SH and 
in the high latitudes of the NH, while negative correlations spread over tropical and extratropical areas of the 
NH, including the northern Atlantic, northern Pacific, northern Africa, the Mediterranean basin, and regions of 
central Asia and eastern North America. The boundary between positive and negative correlations is found at the 
ITCZ location during each season, with the negative correlations reaching central Africa in DJF. This distribu-
tion of temperatures generates an asymmetry between both hemispheres that drives ITCZ shifts, similar to shifts 
observed in simulations of the LGM (Chiang et al., 2003) and in sensitivity experiments with increased forcings 
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(Broccoli et al., 2006; Chiang & Bitz, 2005), indicating that even if variations of external forcing during the LM 
are smaller than those experienced during the LGM, the LGM mechanisms are also applicable to the LM.

To analyze the contribution of internal variability to ITCZ shifts, the first mode of simulated precipitation is 
derived, after removing the ensemble average (Figures 2a and 2e). The EOF associated with this mode shows 
positive loadings north of the eastern Pacific ITCZ and negative loadings to the south. This anti-phased behav-
ior is consistent with ITCZ shifts, which in this case are driven by internal variability and are consistent with 
the reconstructions of precipitation from the Pacific islands (Sachs et al., 2009). The ITCZ shifts, computed as 
variations in the position of the precipitation centroid (Figures 2b and 2f), reach 0.5° for DJF and 0.2° for JJA. 
Over the Indian Ocean and the western Pacific, EOF loadings of mostly uniform sign spread over the areas of 
maximum precipitation, indicating that instead of shifting the ITCZ, the mode contributes to a widening of the 
area of maximum precipitation, in agreement with Yan et al. (2015).

In contrast to impacts from external radiative forcing, no asymmetry between the NH and SH is characterized in 
the correlation maps of Figures 2d and 2h. Instead, the patterns of the El Niño - Southern Oscillation and Pacific 
Decadal Oscillation (ENSO/PDO; Newman et al., 2016; Sarachik & Cane, 2010) appear. A regional asymmetry 
is found in the eastern Pacific, with positive correlations between the first mode of precipitation and temperature 
north of the ITCZ, and negative correlations to the south.

Shifts in the Pacific ITCZ generated by the modes of internal variability (Figures 2b and 2f) are similar in magni-
tude to those generated by the modes of external forcing in the Atlantic (Figures 1b and 1f), indicating that both 
internal variability and external forcing contribute to shape the global hydroclimate of the LM. The loadings of 

Figure 1.  (a) First EOF of DJF tropical precipitation, obtained from the average of the “all forcing” subensemble of the CESM-LME. The percentage of explained 
variance is shown below the EOF map. (b) Difference between the precipitation centroid in the years with the PC greater than 1 and less than −1, expressed in degrees 
of latitude. (c) PC time series. (d) Correlation between temperature (shading) and precipitation (contours) and the PC time series. Horizontal black lines indicate the 
domain of the EOF calculation. Light blue line in panels (a) and (d) shows the tropical precipitation centroid. (e)–(h) Same as (a)–(d), but for JJA.
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the EOFs and the correlations with temperature and precipitation for the modes of internal variability (Figures 2a 
and 2e and 2d, 2h) also show similar magnitudes to those obtained with the modes of external forcing (Figures 1a 
and 1e and 1d, 1h), especially for the Pacific and Indian Ocean basins.

If the PC analysis is directly applied to the raw simulations (Figures 3a and 3d), the contributions of both external 
forcing and internal variability are present. The PC time series (Figures 3c and 3f) obtained for the Atlantic basin 
show consistent variations for all the simulations over multidecadal timescales, with a temporal evolution that 
corresponds to that of external forcing factors (Roldán-Gómez et al., 2020). In contrast to the results over the 
Atlantic, the temporal evolution shown in the leading PC time series of the Pacific and Indian basins do not pres-
ent any clear signature from radiative forcing. For these basins, the forcing is instead present in the second modes 
(Figure S1 in Supporting Information S1). The first EOFs of precipitation within each basin account for variances 
that are in the range of 13%–21%, while the second modes explain less than 10% of the variance, indicating that 
the contribution of internal variability for the Pacific and Indian basins exceeds that of external forcing.

Over the Atlantic and the central and eastern Pacific basins, loadings of different sign indicate ITCZ shifts 
(Figures 3a and 3d), consistent with the phase opposition between northern and southern boundaries of the ITCZ 
found in reconstructions for both the Pacific (Sachs et al., 2009) and the Atlantic basins (Novello et al., 2012; 
Vuille et al., 2012). For the Indian and the western Pacific, positive loadings distribute over the areas of maxi-
mum precipitation and negative loadings in the boundaries, consistent with the expansions and contractions of 
the ITCZ shown by Yan et al. (2015). Similar patterns are obtained with the GISS model (Text S1 in Supporting 

Figure 2.  (a) First EOF of DJF tropical precipitation, obtained from the “all forcing” subensemble of the CESM-LME after removing the subensemble average. The 
percentage of explained variance is shown below the EOF map. (b) Difference between the precipitation centroid in the years with the PC greater than 1 and less than 
−1, expressed in degrees of latitude. (c) PC time series. Black line shows the average PC time series, while the colored lines are associated with the individual ensemble 
members. (d) Correlation between temperature (shading) and precipitation (contours) and the PC time series. Horizontal black lines indicate the domain of the EOF 
calculation. Light blue line in panels (a) and (d) shows the tropical precipitation centroid. (e)–(h) Same as (a)–(d), but for JJA.
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Figure 3.  (a) First EOF of DJF tropical precipitation for the Pacific, Atlantic and Indian basins obtained from the “all forcing” subensemble of the CESM-LME. The 
percentage of explained variance for the three basins is shown below the EOF maps. Light blue line shows the tropical precipitation centroid. (b) Difference between 
the precipitation centroid in the years with the PC greater than 1 and less than −1, expressed in degrees of latitude. (c) PC time series. Black line shows the average PC 
time series, while the colored lines are associated with the individual ensemble members. (d)–(f) Same as (a)–(c), but for JJA. (g) Difference of precipitation between 
points in the North and in the South for the locations in South America (SAM), Africa (AFR), and the Pacific (PAC) represented with black dots in (a) and (d) for all 
the simulations of CESM-LME. Black lines show the differences for the ensemble average. (h) Time series of precipitation for the points in the North (red) and in the 
South (blue) for the first simulation of CESM-LME. (i) Correlations between points in the North and in the South (NS) and between the difference North-South and 
the PC time series of Atlantic (SAM and AFR) and Pacific (PAC) obtained with each individual simulation (PC). The significance level (p < 0.05) accounting for 
autocorrelation is shown with a solid black line.
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Information S1). Even if some differences exist in the results, possibly due to the smaller ensemble size, this 
indicates that our findings are not exclusively tied to a single model.

The changes in the position and extension of the ITCZ are illustrated by extracting time series of precipitation 
for locations close to the ITCZ boundaries. Locations have been selected in the Pacific, South America and 
Africa, in line with the reconstructions from Sachs et al. (2009), Vuille et al. (2012), Novello et al. (2012), and 
Anchukaitis and Tierney (2013). For all these locations, the difference between northern and southern boundaries 
(Figure 3g) presents a significant correlation with the PC time series (Figure 3i). This indicates that for these 
particular locations, the first mode shapes the evolution of precipitation and explains the anti-phased behavior 
found in reconstructions.

If the time series for the northern and southern boundaries of the ITCZ are separately analyzed (Figure 3h), anti-
phased behaviors are observed. To avoid masking the contribution of internal variability, Figure 3h presents the 
time series for a single simulation. The behavior is confirmed across the full ensemble using the correlation coef-
ficients (Figure 3i), which show negative correlations between precipitation in the northern and southern bound-
ary regions. These negative correlations are significant for most ensemble members in JJA. In DJF, the negative 
correlations are not as strong, but still significant for most ensemble members in the Pacific locations and for 
some ensemble members in the locations of South America and Africa. For certain ensemble members, small 
correlations are obtained in DJF. This is the case in ensemble member 07 in South America, ensemble members 
02 and 12 in locations over South America and Africa, and in ensemble member 11 for the Pacific location. 
A separate analysis of these simulations (Figure S2 in Supporting Information S1) shows that the anti-phased 
behavior between regions to the north and south of the ITCZ still exists, even if the location of the impacted areas 
slightly differs from the other simulations.

Similar to what is found in the modes of external forcing (Figures 1d and 1h), the Atlantic mode (Figures 4b 
and 4e) is indicative of weakening and strengthening of the NH latitudinal temperature gradient. Figure 4e also 
shows an ENSO pattern in JJA, with negative (positive) correlations with temperature over the eastern (western) 
equatorial Pacific. This mode could therefore link volcanic eruptions with latitudinal changes in the ITCZ and 
El Niño events, consistent with results from Stevenson et al. (2016) and Pausata et al. (2020). For the Pacific and 
Indian modes (Figures 4a and 4d and 4c, 4f), similar patterns to those obtained for the modes of internal varia-
bility (Figures 2d and 2h) are found.

4.  Conclusions
Our analyses show that for the LM the contribution of internal variability to ITCZ changes is as important as 
that of external forcing. The role of internal variability is particularly relevant over the Pacific Ocean, where 
it explains ITCZ shifts up to 0.5°, and the Indian Ocean, where it produces expansions and contractions of the 
ITCZ. For both basins, the contribution of internal variability is larger than that of external forcing, appearing 
in the first mode of variability obtained from a PC analysis and showing similarities with reconstructed data. In 
the Atlantic basin, even if there is also a contribution from internal variability, the tropical precipitation is mainly 
shaped by ITCZ shifts associated with the external forcing. Therefore, there are two types of ITCZ shifts over the 
LM timescale considered herein: the ones driven by external forcing, characterized by an asymmetric distribution 
of temperatures between the NH and SH and predominant in the Atlantic, and the ones associated with internal 
variability, characterized by a cooling or warming of the eastern Pacific. This behavior is likely associated with 
the different modes of variability involved in each basin. The strong impact of internal variability in the Pacific 
ITCZ is characteristic of the dynamics of ENSO/PDO, with spatial patterns showing a phase opposition between 
regions in the north and the south of the eastern Pacific ITCZ, while for the Atlantic, the external forcing projects 
on modes like the NAM and SAM.

Even if the modes associated with these ITCZ shifts only explain between 13% and 22% of the tropical variability, 
at the boundaries of the ITCZ these changes shape the principal characteristics of precipitation. Locations to the 
proximal north and south of the ITCZ in the eastern Pacific, northern and eastern South America, and central 
and eastern Africa show a clear anti-phased behavior in simulated precipitation, with coordinated increases and 
decreases. The study of the mechanisms behind these ITCZ transitions, including the impacts of internal varia-
bility and external forcing, therefore becomes a critical factor to understand the evolution of the hydroclimate in 
these regions.
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The relative contribution of internal variability and external forcing obtained with the CESM-LME should be 
confirmed with other state-of-the-art models, which may present a different characterization of internal variabil-
ity and forced ITCZ responses (Text S1 in Supporting Information S1). Despite the potential differences between 
models, the analyses performed provide a framework for identifying which regions may be more impacted by 
radiative forcing, for which ITCZ transitions could be accurately characterized with model simulations, and 
which ones are more impacted by internal variability, for which the timing of ITCZ shifts in model simulations 
might be not representative of when these shifts occurred in the real world. This identification allows for a better 
interpretation of proxy-reconstructed shifts in ITCZ positioning over the last several millennia, and a better 
assessment of the risks imposed by natural variations in the ITCZ that may better characterize the hydroclimate 
of some tropical regions over decades to centuries.

Figure 4.  Correlation between temperature (shading) and precipitation (contours) and PC time series obtained for the areas of (a) Pacific, (b) Atlantic and (c) Indian 
basins (Figure 3c) for DJF. Boxes indicate the domains of the EOF calculation as in Figure 3a. Light blue line shows the tropical precipitation centroid. (d) – (f) Same as 
(a)–(c), but for JJA.
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Data Availability Statement
The analyses included in this work have been based on the CESM-LME data, which are available in https://www.
earthsystemgrid.org/dataset/ucar.cgd.ccsm4.cesmLME.html.
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