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Whether the Intertropical Convergence Zone (ITCZ) migrated mer-
idionally or contracted and expanded in response to varying climate
boundary conditions remains debated. Recently, Yang et al.1 proposed
that the ITCZ in the Indo-Asian-Australian monsoon region has con-
tracted during the early Heinrich Stadial 1 (HS1). However, our thor-
ough analyses of both proxy records and climate simulations
consistently indicate a southward migration of the ITCZ during the
early HS1. Our results contribute to a better understanding of the
dynamics of the ITCZ during North Atlantic cold events.

Firstly, there are two main sources of uncertainty in paleoclimate
records, i.e., proxy uncertainties and age uncertainties2. Age uncer-
tainties are critical when investigating climate oscillations of such a
short duration (e.g., 18.3–16.3 ka) andmightmask or bias the timing of
abrupt climate events. However, the study of Yang et al.1 used a single,
linearly interpolated agemodel without considering age uncertainties.
Herewe use the R package ‘rbacon’3 to construct 10,000 Bayesian age-
depth models for each record and perform Monte Carlo simulations2

to combine both proxy and age uncertainties, which allows a robust
assessment of uncertainties and variabilities in the proxy records
(Supplementary Methods). Our results demonstrate that age uncer-
tainties based on Bayesian age-depth models can be several times
larger than that of radiocarbon dates, especially in between dating
points (Supplementary Figs. S1 and S2). Neglecting age uncertainties
and using a single age model would severely underestimate total
uncertainties and may lead to inaccurate interpretation. For instance,
themagnitudes of variations in someproxy records (e.g., ADM-159 and
SK129-CR04) during the period 21–15 ka are smaller than total uncer-
tainties and thus may not be significant (Supplementary Fig. S3).

Secondly, Yang et al.1 cited fivemarine records to support a humid
climate in northern low latitudes at ~3–9°N during the early HS1 at
~18.3–16.3 ka, opposite to a drying climate in the Asian monsoon
region. However, our detailed comparison indicates that 4/5 of these
records in fact exhibit a drying trend, consistent with the pattern of
Asian summermonsoon as represented by the Hulu Cave δ18O record4

(Supplementary Fig. S4). Our objective analyses based on the Bayesian
change-point detection algorithm (Supplementary Methods) indicate
that the onset of long-term increase in local seawater δ18O (δ18Olocal)

records (and thus a drying climate) occurred at ~18.8 ka for central
AndamanSea5 (Fig. 1b), southern SouthChina Sea6 (Fig. 1d) and Eastern
ArabianSea7 (Fig. 1e), and at ~19.1 ka for Sulu Sea8 (Fig. 1c), synchronous
with ~19.1 ka at Hulu Cave4 (Fig. 1a). These δ18Olocal changes, however,
are opposite to that of core I106 reconstructed by Yang et al.1, which
indicates a decreasing trend in δ18Olocal (and thus a wetting climate)
since ~18.8 ka (Fig. 1g). Our correlation analyses based on all combi-
nations of Bayesian age models (100 million pairs) further quantita-
tively indicate that these records are positively correlated with the
Hulu record but negatively correlated with the I106 record (Fig. 1h, i).
The only record supporting the result of core I106 is the XRF-based log
(Fe/Ca) record from core MD06-3075 in the Davao Gulf, southern
Mindanao9, which indicates a wetting trend since ~18.5 ka (Fig. 1f).
However, the hydroclimate of Mindanao is additionally influenced by
the El Niño–Southern Oscillation and Pacific Walker circulation10.
Taken together, these records do not support the existence of a wet
belt in northern low latitudes during the early HS1.

Thirdly, Yang et al.1 concluded arid conditions in the Southern
Hemisphere during the early HS1, synchronous with those north of
~9°N. However, seawater δ18O is not only controlled by rainfall and
evaporation, but also by the advection of water masses (laterally or
vertically) and ocean current changes. The marine records used to
infer dry conditions in the Southern Hemisphere during the early HS1
by Yang et al.1 lie in routes of South Java Current (GeoB10042-1), the
Indonesian Throughflow (ITF) (SO217-18519, SO217-18515, MD01-2378,
MD98-2165 and GeoB10069-3) and the Mozambique Current
(GIK16160-3). These ocean currents flow from north to south and thus
may transport saltier waters from more northerly locations, where
rainfall was indeed reduced during the early HS1. The weakening and
salinification of the ITF during glacial periods due to sea-level lowering
and shelf exposure reduced the inflowof relatively fresh water and led
to salinification of Indian Ocean11. This effect accumulated over time
and might have reached a maximum during the early HS1 when
deglacial began11. The strengthening of Agulhas leakage due to
southward shift in the Southern Hemisphere westerlies during the
early HS112 could have also enhanced the Mozambique Current and
brought more saltier water to site GIK16160-3. Notably, the stalagmite
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δ18O records from southern Indonesia13 and northern Australia14 and a
leaf wax hydrogen isotope record offshore Zambezi River mouth15

without such flaws clearly indicate higher rainfall during the early HS1.
Lastly, a contracted ITCZ during the early HS1 when the Atlantic

Meridional Overturning Circulation (AMOC) weakened is not sup-
ported by global temperature reconstructions and climate model
simulations. Paleoclimate data assimilation indicates cooling of the
Northern Hemisphere and warming of the Southern Hemisphere
during the earlyHS1, reducing interhemispheric temperature gradient,
and the Southern Hemisphere was warmer than the Northern
Hemisphere16 (Supplementary Fig. S5). According to the theory of
atmospheric energy balance17, the atmosphere has to compensate for
the interhemispheric energy imbalance by shifting the ITCZ towards
the warmer Southern Hemisphere and transfer energy via eddies and
the Hadley circulation to the cooler Northern Hemisphere17. The
hydroclimate records in the Indo-Asian-Australianmonsoon region are
significantly (P < 0.001) correlated with the interhemispheric tem-
perature gradient and show opposite signs between northern and

southern sites, supporting a southward migration of the ITCZ during
the early HS1 (Supplementary Fig. S6). Consistent with proxy records
and expectation from atmospheric energy balance, our analysis of the
TraCE-21ka simulation18 indicates that the ITCZ migrated into the
Southern Hemisphere during the early HS1 (Supplementary Fig. S5),
with rainfall decrease over the Asian monsoon region, Arabian Sea,
equatorial and northern Indian Ocean, equatorial Africa, Sumatra
Island, Sunda Shelf and South China Sea, and increase over south-
eastern Africa, southern Indian Ocean, southern Indonesia and
northern Australia (Fig. 2).

In summary, our analyses reveal several issues that challenge the
hypothesis of a contracted ITCZ during the early HS1 proposed by
Yang et al.1. (1) Age model uncertainties have not been quantified and
changes in someproxy recordsmay be not significant. (2) Themajority
of proxy records do not indicate a narrow, wet hydrological belt in the
northern low latitudes during the early HS1. (3) The seawater δ18O
records affected by advection may not be a reliable indicator of
changes in local rainfall, while other rainfall proxy records have been

Fig. 1 | Proxy records (blue lines) with 95% confidence interval (light blue lines)
reflecting both proxy and age uncertainties. a Stalagmite δ18Olocal record from
cave Hulu in southern China4. b Seawater δ18Olocal record from core ADM-159 in
central AndamanSea5. cSeawaterδ18Olocal record fromcoreMD97-2141 inSuluSea8.
d Seawaterδ18Olocal record fromcoreCG2 in southern South China Sea6. e Seawater
δ18Olocal record from core SK129-CR04 in Eastern Arabian Sea7. f XRF record of log
(Fe/Ca) from coreMD06-3075 in DavaoGulf9. g Seawater δ18Olocal record from core

I106 in southernBay of Bengal reportedbyYang et al.1.h Proportions of statistically
significant (P <0.001) positive (blue) and negative (red) correlations between Hulu
record andother records. i Same ash, but for the correlationswith I106 record. The
red lines are piecewise linear trends of proxy records based on Bayesian change-
point analysis (SupplementaryMethods). The vertical dash lineswith labels indicate
timings of change-points in proxy records. The shading indicates the early HS1 at
~18.3–16.3 ka.
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neglected. (4) Global temperature reconstructions and climate simu-
lations indicate a southwardmigration of the ITCZduring the earlyHS1
due to cooling of the Northern Hemisphere and warming of the
Southern Hemisphere. Our study underscores the importance of
considering age model uncertainties and using quantitative methods
in identifying spatiotemporal pattern of change in paleoclimate
records and provides a paradigm for such analyses.

Data availability
Paleoclimate data analyzed in this study are available in the original
references. TraCE-21ka simulation is available at https://www.
earthsystemgrid.org/project/trace.html. Source data are provided
with this paper.

Code availability
The R package ‘rbacon’ is available at https://cran.r-project.org/web/
packages/rbacon/index.html and example codes for Bayesian age
modeling are provided in the supplementary information. The code
for Bayesian change-point analysis is available in GitHub at https://
github.com/zhaokg/Rbeast.
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