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Abstract Tropical hydroclimatic events, characterized by extreme regional rainfall anomalies,
were a recurrent feature of marine isotope stages 2-4 and involved some of the most abrupt and dramatic
climatic changes in the late Quaternary. These anomalies were pervasive throughout the tropics and
resulted from the southward displacement of the Hadley circulation and the Intertropical Convergence
Zone (ITCZ) and its associated convective rainfall, modulated by regional factors. Lake sediments,
stalagmites, and offshore marine sediments that integrate inland continental conditions provide a
comprehensive record of these changes over the past ~70,000 yr. Vast areas experienced severe drought
while other areas recorded greatly increased rainfall. Within the uncertainties of dating, these tropical
rainfall anomalies occurred very close in time (£10%-10° yr) to the deposition of North Atlantic ice-rafted
debris (IRD) that defines Heinrich events (HEs). The IRD record is a good proxy for the amount and
distribution of additional freshwater forcing which was necessary to bring about a drastic reduction in
the Atlantic Meridional Overturning Circulation (AMOC) strength during each HE. As a consequence of
this reduction in AMOC and an abrupt expansion in the area of sea-ice, cooling of the North Atlantic and
adjacent continents took place, with a rapid atmospheric response involving the southward displacement
of the ITCZ and associated rainfall belts. The climatic consequences of this large-scale change in the
Hadley circulation, modulated by regional factors, is clearly recorded throughout the tropics as a series of
abrupt and extreme hydroclimatic events. Some of the physical mechanisms that may have played a role
in those changes are discussed.

Plain Language Summary Many continental paleoclimate records from the inter-tropical
zone show that there were occasional abrupt changes in rainfall across the region that we call “Tropical
Hydroclimatic Events.” These extraordinary climate changes occurred throughout the tropics, with
excessive rainfall in some areas, while at the same time other regions experienced severe drought. These
events resulted from large outflows of freshwater into the North Atlantic. The sudden freshening of the
subpolar North Atlantic led to a slow-down or cessation in deepwater formation: the Atlantic Meridional
Overturning Circulation (AMOC). This led to a rapid reduction in the northward flux of heat by the ocean
in the poleward flowing Gulf Stream current, which in turn led to a reorganization of the atmospheric
general circulation, modifying the climate in various parts of the world. The consequences of the large
and sudden flux of freshwater to the North Atlantic leading to a collapse of the AMOC caused major rain
belts across the tropics to shift southward, but this large-scale atmospheric response had different regional
consequences. We provide an overview of these sudden changes in tropical climates around the world and
considers some of the physical mechanisms that may have played a role in those changes.

1. Introduction

The focus of this review is on the climate of tropical and sub-tropical regions at times when ice-rafted sedi-
ments (IRD) were carried into the North Atlantic and deposited over large areas, mainly between 40°N and
55°N (in the “Ruddiman Belt”; Kissel, 2005). Around these times, large and abrupt changes in hydroclimate
(resulting from major changes in rainfall amount) were widespread across all low latitude regions. These
changes are distinct from other abrupt changes that are associated with Dansgaard-Oeschger (DO) events
seen in ice cores (Corrick et al., 2020).
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Figure 1. North Atlantic IRD stack derived from 15 individual sediment cores (arbitrary units scaled to a maximum of
1). Brown-shaded range indicates time periods when IRD values exceeded the median value (0.13: black dashed line)
for 13-70 ka B.P. (data from Lisiecki & Stern, 2016). Marine isotope stages indicated at the top. Note that the timing and
magnitude of IRD maxima vary from one location to another, and only 5 cores extend back before MIS4. For 0-40 ka
B.P, the dating is based on radiocarbon (interpolated to 500 yr intervals); dating of the 40-150 ka portion of the stack

is by correlation to GICCO05 and speleothem age models and interpolated to 1000 yr intervals. Data source: https://doi.
0rg/10.1002/2016PA003002; Supp data set S1: palo20372-sup-003-ds01.txt.

To clarify the terminology used here: the IRD is recognized by distinct facies changes in North Atlantic
sediment cores—stratigraphically, these are Heinrich layers. Since these layers appear to have been de-
posited within a relatively short period of time, the term Heinrich event (HE) describes these depositional
time intervals. However, not all HEs were the same; some appear to have been abrupt and singular events
(such as HE4) whereas others had multiple phases (cf. Hodell et al., 2017). This is as illustrated in Figure 1,
which shows a stack of IRD records from the North Atlantic (Lisiecki & Stern, 2016). We will use this record
throughout the article to compare with paleoclimatic evidence from low latitudes, but several limitations
should be noted. First, the timing and magnitude of IRD maxima varied from one location to another across
the Ruddiman Belt (see Figure S2 in Lisiecki & Stern, 2016, and the Discussion section below) and stacking
such data may obscure the detailed sequence of deposition within an event. Second, for 0-40 ka B.P., the
dating is based on radiocarbon (interpolated to 500 yr intervals) whereas dating of the 40-150 ka portion of
the stack is by correlation to GICCO5 (the Greenland ice core 2005 chronology) and speleothem age models,
and interpolated to 1000 yr intervals. Third, only five of the selected cores extend back before MIS4. While
the timing of maximum IRD deposition in this composite record is fairly clear, defining precisely when
HEs began, and when they ended is more problematical and compounded by the uncertainties involved in
radiocarbon dating marine sediments, leading to a range of published estimates (Table 1). In the figures of
this article, the time of IRD maximum and the interval when IRD exceeded the median in MIS2-4 will be
indicated, based on the Lisiecki and Stern stack.

Since Heinrich layers are presumably associated with freshwater forcing (from melting icebergs that de-
livered the IRD to the North Atlantic) and such forcing is linked to a reduction in Atlantic Meridional
Overturning Circulation (AMOC) strength (see Discussion), some have used the term Heinrich stadial to
describe a period of reduced AMOC and associated cooling. In fact, North Atlantic cooling often preceded
the deposition of IRD so the use of this term is confusing, and especially so when “Heinrich” is applied to
an overall period of cooling (a stadial), which may have begun long before the deposition of IRD (Heinrich
layers). Furthermore, as a reduction in AMOC leads to warming in the southern hemisphere, it seems
illogical to link the word “Heinrich” to a stadial at all, and so (as suggested by Andrews & Voelker, 2018),
it probably should be abandoned. By the same token, it is inappropriate to label a rainfall anomaly in the
tropics a “HE” (even if roughly synchronous with HEs), since HEs are defined by the deposition of IRD in
the extra-tropical North Atlantic.
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Table 1
Timing of Heinrich Layers (ka B.P.)
Sources: 1 1b 2 3 4 5 6*
HE1 16.0 18-15 16.4-16.2 17.25-16 18.0-15.6 15.6-15.2 (HI.2) 16.13-14.615
16.5-16.2 (H1.1)
HE2 24.5 26-23.5 24.2-24 25.2-24 26.5-24.3 24.03-23.292
HES3.. 30.5 31-30 32.2 ~31 32.7-31.3
HE4 39.0 37.5-39.5 39.2-38.1 ~38 40.2-38.3 39.54-38.42
HES5 47.0 50-46 48.4-45.8 ~45 50-47 48.39-47.101
HES5a 55.0 55-54
HE6 61.0 62-61 60.6 ~60 63.2-60.1
HE7 67.0 67 67.8
HES8 ~86
HE9 ~107
HE10 ~109
HE11 ~134. 135-132
HE12 ~140 140

Note. 1. Lisiecki and Stern (2016): Peak IRD in stack of 15 records (interpolated to 500 yr intervals up to 40 ka B.P.
and 1,000 yr intervals before that). 1b. Range of stacked IRD values >0.13 (median value for 13-70 ka B.P.). 2. Zhou
etal. (2021): #*°Th, minima in JPC37 (43°58'N, 46°25'W, 3,981 m). 3. Hemming (2004): based on %IRD in a number of
N. Atlantic sediment cores; dating of HE1 and 2 based on '“C; others correlated to Greenland ice core 3'%0. 4. Sanchez-
Gorii and Harrison (2010): “Heinrich stadials”. 5. Hodell et al. (2017). 6. Rhodes et al. (2015) (*Antarctic ice core
methane, indicating tropical wetland expansion in the southern hemisphere).

In this article, abrupt and significant rainfall changes in the tropics and sub-tropics are referred to as Trop-
ical Hydroclimatic Events (THESs). We consider continental records that provide evidence for one or
more THEs in MIS 2-4. There are many more records of the most recent THE (corresponding to HE1) than
for earlier events, and less agreement about the timing of earlier THEs. Although there may have been
THES (and related HEs) during MIS5 or during earlier marine isotope stages (cf. Channell et al., 2012; Ho-
dell, Channell, et al., 2008; Martrat et al., 2007; McManus et al., 1999), here the focus is on the most recent
5 or 6 events which occurred during the last ~70 ka (Figure 1). Generally, the archives considered are either
lake sediments (if well-dated) or stalagmites, though occasionally marine sediments that have recorded
some aspect of conditions on the adjacent continents are also considered (Figure 2). As with marine sedi-
ments, there are often difficulties in precisely dating abrupt changes seen in lake sediments, but THEs can
generally be dated very precisely in stalagmites by the use of U-series dating methods (with uncertainties
on the order of only a few decades, in some cases). Geographically, the domain being considered is the area
between the Tropics of Cancer and Capricorn though other records relevant to conditions in that region are
included when appropriate.

2. Controls on Tropical and Sub-Tropical Climate

The climate of the tropics and sub-tropics is dominated by the Hadley circulation, which creates distinct
seasonal changes, and strong regional variations in rainfall related to passage of the sun overhead (Figure 3).
During the equinoctial seasons, the Hadley circulation has two distinct cells, with the ascending limb (the
Intertropical Convergence Zone, ITCZ), positioned slightly north of the Equator today, on average, and
areas of subsidence to the north and south in the sub-tropics. However, in the solstitial seasons, there is
only one cell, with the area of low-level convergence and rising air shifting from north of the Equator in
boreal summer to south of the Equator in boreal winter, and a corresponding hemispheric shift in the
zone of subsidence (Webster, 2005; Figure 3). Net heat transport is oriented in the direction of motion in
the upper branch of the Hadley cell where moist static energy exceeds that at the surface. Thus, energy is
transported away from the ITCZ, so when the ITCZ is displaced toward the southern hemisphere (in austral
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Figure 2. Locations mentioned in the text: 1. Lake Tulane, Florida; 2. Abaco Island, Bahamas; 3. SantoTomas Cave, western Cuba; 4. Larga Cave, Puerto

Rico; 5. Lake Petén Itza, Guatemala; 6. Terciopelo Cave, Nicoya Peninsula, Costa Rica; 7. Rio Secreto Natural Reserve, Yucatan, Mexico; 8. Sabana de Bogota,
Colombia; 9. Cariaco Basin, Venezuela; 10. Gulf of Guyaquil, Ecuador/Pert; 11. Pacupahuain Cave, central Peruvian Andes; 12. El Condor and Diamante caves,
northern Amazonian Pert; 13. Santiago Cave, Amazonian Ecuador; 14. Salar de Uyuni, Bolivia; 15. Offshore of Nordeste, Brazil; ; 16. Paix@o cave, northeastern
Brazil; 17. Santana and Botuvera caves, southeastern Brazil; 18. Offshore of Cape Blanc, Western Sahara/Mauretania; 19. Offshore of Senegal River, Senegal;

20. Offshore of Guinea-Bissau; 21. Gulf of Guinea; 22. Offshore of Congo River (extent of Congo Basin indicated by dashed line); 23. Offshore of the Nile River
delta; 24. Lake Bosumtwi, Ghana; 25. Lakes Bambili and Barombi Mbo, Cameroon; 26. Lake Tana, Ethiopia; 27. Lake Albert, Uganda/Democratic Republic

of the Congo and Lake Victoria, Uganda/Tanzania; 28. Lake Challa, Tanzania/Kenya; 29. Lake Tanganyika, Tanzania/Democratic Republic of the Congo; 30.
Lake Malawi, Malawi, Mozambique; 31. Offshore of Zambezi River; 32. Makgadikgadi Basin, Botswana; 33. Moomi cave, Socotra Island, Yemen; 34. Offshore of
the Indus delta, Arabian Sea; 35. Bittoo cave, northern India; 36. Mahmluh cave, Meghalaya, northwestern India; 37. Offshore of the Godavari and Mahanadi
rivers, Bay of Bengal; 38. Multiple speleothems, China; 39. Huguang Maar, southern China; 40. Thuong Thien cave, northern Vietnam; 41. Offshore of Sumatra;
42. Flores, Indonesia; 43. Ball Gown Cave, northwestern Australia; 44. Lynch's crater, northeastern Australia. Dotted lines and arrows indicate major river
watersheds for which offshore sediments provide proxy information. Base map shows a MODIS satellite-derived vegetation index for January 2001 (https://
earthobservatory.nasa.gov/global-maps/MOD_NDVI_M).

summer/boreal winter) there is a northward transfer of atmospheric energy across the equator and when
the ITCZ is in the Northern Hemisphere (boreal summer/austral winter) there is a southward transfer of
atmospheric energy across the equator (Donohoe et al., 2013, 2014; Held, 2001; Schneider et al., 2014). To-
day, because of the oceanic transport of energy into the northern hemisphere via the AMOC, the northern
hemisphere is generally warmer than the southern hemisphere and so the mean position of the ITCZ is
slightly north of the Equator, which leads to a compensating net flux of atmospheric energy into the south-
ern hemisphere. It follows that a reduction in the oceanic flux of energy into the northern hemisphere (due
to a reduction or cessation of the AMOC, or a major change in albedo due to expansion of sea-ice-or both)
would result in a southward shift in the mean position of the ITCZ, such that the net atmospheric energy
flux would then be from the southern to the northern hemisphere. Thus, the magnitude of the overall ITCZ
displacement (latitudinally) would depend on the interhemispheric temperature difference.

Figure 4 illustrates the consequences of seasonal changes in the Hadley circulation (today), in terms of
(zonal mean) rainfall distribution; the convective rainfall belt is confined to a narrow belt over oceanic
regions and varies little throughout the year, whereas over continental areas where large seasonal changes
in surface heating occur, heavy amounts of summer rainfall extend far from the equatorial ITCZ (Figure 5).
Regions with large seasonal changes in rainfall are commonly described as having a monsoon rainfall re-
gime (Gadgil, 2018; Geen et al., 2020). Regional variations due to the distribution of the continents and sea-
sonal changes in circulation create sharp boundaries (geographically and temporally) between areas with
a high (convective) rainfall climate regime, and much drier areas where warm, subsiding air is dominant.
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Figure 3. Zonally averaged wind (m s™!) (easterly winds shaded) and mass stream function (mean flow with height and latitude) (10'° kg s~!) for 4 seasons,
shown with respect to latitude and altitude (pressure in hPa). Reprinted, with modifications, by permission from Springer: The Hadley Circulation: Present, Past
and Future (eds. H.F. Diaz and R.S. Bradley), Webster, P.J., The elementary Hadley circulation, 9-60, ©2013.

The distribution of rainfall during the northern (or southern) summer months, when surface heating is
greatest, is influenced by the extent of land areas, topography and other factors in each continental region
(cf. Atwood et al., 2020; Mamalakis et al., 2021), as well as the specific humidity of air entering into convec-
tive plumes which transfer moist static energy aloft. The delivery of moist air masses to continental interiors
(via the Trade winds and monsoonal systems) is closely linked to upwind sea surface temperatures and
wind strength. The distribution and amount of rainfall therefore depends on a combination of large-scale
circulation dynamics (the Hadley circulation) and local thermodynamics (available moist static energy),
which varies regionally (Schneider et al., 2014). For example, in the Americas, convective rainfall extends
far southward across the Amazon lowlands in January (austral summer), with moist air transported inland
via the northeast Trade winds, while the Pacific coastal margins remain dry due to the topographic barri-
er of the Andes (which limits moisture flux from the east) and the cool oceanic current offshore, where
convection is suppressed (Garreaud et al., 2009). During boreal summer, Amazonia is relatively dry as the
zone of maximum rainfall shifts toward Central America, but due to the more limited land mass there, the
seasonal displacement to the north is less pronounced. Over Africa, the geography is quite different with an
extensive landmass extending across the tropics and sub-tropics, and highlands across much of East Africa.
The zone of deepest convection and maximum rainfall occurs south of the zone of surface wind conver-
gence, with the heaviest rainfall in Equatorial Africa caused by mesoscale convective systems that develop
over the East African Highlands (Nicholson, 2018) and topographically controlled low-level jets delivering
moisture into the African interior from the Indian Ocean (Munday et al., 2021).

BRADLEY AND DIAZ

50f 35



At . .
A\I Reviews of Geophysics 10.1029/2020RG000732
3 T L} L] L
g
E 2
z
=
&
'-E 1
=
&
[=
(o]

605 305 equ 30N 60N

precipitation rate (m year‘]}

605 305 equ 30N 60N

Figure 4. Zonal mean rainfall distribution over the oceans (above) and over continental regions (below). Reprinted by
permission from Springer: The Hadley Circulation: Present, Past, and Future (eds. H.F. Diaz and R.S. Bradley), Webster,
P.J., The elementary Hadley circulation, 9-60, ©2013.

3. The Signal of THEs in the Americas

3.1. Florida, the Bahamas and the Caribbean

In Florida, lower sea-level and generally drier conditions led to lower water tables during the last (Wis-
consin) glaciation, so only the deepest lakes had continuous sedimentary records from that period (Watts
& Hansen,, 1994). Lake Tulane, in south-central Florida is one example: an 18.5 m core spans the last
~50-60,000 calendar years (though dating of the record before ~40 ka is somewhat problematical; Grimm
et al., 2006). The pollen record from this site shows pronounced oscillations in the percentage of Pinus
(pine) pollen, which varies in opposition to the percentages of Quercus (oak) and Ambrosia (ragweed and
marsh-elder). This is interpreted as a shift from pine to oak-savanna or open grassland-type vegetation, with
abrupt transitions between the two (Grimm et al., 1993, 2006). These changes represent a shift in moisture
availability, with the pine phase resulting from warm, wet intervals separated by drier episodes when oak
dominated the landscape and the lake level was lower. Periods of pine abundance (named “TP1” to “TP6”)
were correlated with HEs HE1 to HE6 (within fairly large dating uncertainties), though the pine expansion
associated with HEs HE2 to HE4 lasted longer, starting before and continuing after the corresponding HEs.
van Beynen et al. (2017) also found evidence for warmer and wetter conditions (relative to the prevailing
glacial climate) around the time of HE 2 in a stalagmite from northwestern Florida. Grimm et al. (2006)
interpreted these changes as due to a reduction in northward flowing tropical water into the North Atlantic
(due to a slowdown in the AMOC), which resulted in warming of the Gulf of Mexico and the Caribbean Sea,
and the adjacent land areas (cf. Rithlemann et al., 1999). In addition, a wider (more continental) Florida
peninsula when sea level was lower may have led to more convective summer rainfall. Thus, conditions in
south-central Florida were relatively wet and warm (year-round) during HEs (Arnold et al., 2018; Grimm
et al., 2006).

This record stands in contrast to conditions just east of the Florida peninsula, in the Bahamas, and to the
south in Cuba and Puerto Rico. A stalagmite record from Abaco Island in the Bahamas provides strong evi-
dence that sea surface temperatures during HEs 1-3 averaged ~4.3°C + 2.7°C cooler than present, with ox-
ygen isotopic maxima at ~15, 24.1, and 31.5 ka B.P. (Arienzo et al., 2017, 2015). SSTs were particularly cool
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Figure 5. January and July (boreal winter and summer) rainfall totals and position of the ITCZ; black dotted lines indicate the ITCZ location in the opposing
season. Red lines denote the Equator and Tropics of Cancer and Capricorn. Reprinted, with modifications, by permission from Springer: Nature Geoscience,

6 (3), Deplazes, G., Liickge, A., Peterson, L.C., Timmermann, A., Hamann, Y., Hughen, K.A., Rohl, U,, Laj, C., Cane, M.A., Sigman, D.M., Haug, G.H., Links
between tropical rainfall and North Atlantic climate during the last glacial period. 213-217. ©2013.
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Figure 6. Oxygen isotope record from stalagmites in Santo Tomas
Cave, Cuba (black) and Cueva Larga, Puerto Rico (red; Warken

et al., 2019, 2020). Dashed blue lines indicate the timing of maximum
IRD in the stacked record of 15 North Atlantic cores (from Lisiecki &
Stern, 2016). Shaded brown intervals indicate times when IRD exceeded
median values for MIS2-4. Data sources: https://doi.org/10.1594/
PANGAEA.911486; https://doi.pangaea.de/10.1594/PANGAEA.912646.

(by ~5.9°C) in HE1. Fluid inclusions within the stalagmite indicate that
precipitation amounts were not significantly different from today during
those intervals. These SST estimates are similar in magnitude to those
derived for HEs 4 and 5, from alkenones in sediments from the Bermuda
Rise (Sachs & Lehman, 1999), indicating a significant change in the posi-
tion and/or temperature of the Gulf Stream during HEs. It is noteworthy
that bathymetric data from off the Atlantic coast of Florida reveal iceberg
scours as far south as the Florida Keys (~24°N), most dating from HE3
(Condron & Hill, 2021; Hill & Condron, 2014). High-resolution model
simulations indicate that cold water from the Labrador Sea could have
transported icebergs within a narrow southward-flowing coastal current,
and this may explain why temperatures were cooler in the Bahamas dur-
ing Heinrich episodes, while relatively warm waters were found further
west, within the Gulf of Mexico. A speleothem record from Cuba, span-
ning the last ~96 ka, also suggests that generally cooler and drier condi-
tions prevailed during HEs, as recorded by a reduction in growth rates
and a slight enrichment in oxygen isotopes (Warken et al., 2019). This
conclusion is reinforced by trace element and 3'%0 in a stalagmite from
Larga Cave, Puerto Rico, which registered consistently dry conditions
during the time of HEs 1-4 (Warken et al., 2020; Figure 6).

BRADLEY AND DIAZ

7 of 35



”~|
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2020RG000732

1
1
1
1
1
1
1
* *::
* § * :i
* §**¢ 1% *
< * K *
£ i i
Q *1 * * ~
) ! * ok %
‘_c‘o ] * * 1
*
* *
1 *.
1 .
1 : *:
i *
1 1
1 1
1 1
THE2 THE3 THE4
T T T T T ‘ T T | T T T ‘ T T T T I T
20,000 25,000 30,000 35,000 40,000
Years B.P.

Figure 7. Carbon isotope data from Lake Petén Itz4, Guatemala, based on the ostracod Lymnocythere opesta in core
PI-6 (chronology updated [pers. comm., J. Escobar & M. Brenner|; isotopic data from Escobar et al., 2012). Dashed
blue lines indicate the timing of maximum IRD in the stacked record of 15 North Atlantic cores (from Lisiecki &
Stern, 2016). Shaded brown intervals indicate times when IRD exceeded median values for MIS2-4.

3.2. Central America

The longest terrestrial record from Central America is from Lake Petén Itz4, a closed basin lake in the
lowlands of northern Guatemala where a sediment core (PI-6) spanning the last ~75 ka was recovered (D.
Hodell, pers. comm., 2021). The climate at this latitude (~17°N) is subtropical (mean annual temperature of
~25°C) with a strong seasonal cycle of rainfall related to the northward migration of the ITCZ in summer
months, when convective activity increases, but much drier conditions due to enhanced subsidence, when
the ITCZ moves southward in winter months (Hodell, Anselmetti, et al., 2008). The sediments in Lake
Petén Itza consist of an alternation of distinct units, varying from clay-rich facies, deposited during wetter
intervals, to beds with a high concentration of gypsum, deposited during dry periods when lake volume
declined and lake water salinity increased. These changes are reflected in the magnetic susceptibility of the
sediments, with the lowest values during the driest intervals. Changes in water chemistry associated with
lake level fluctuations are also recorded in the 8§3C and 880 of ostracods in the sediments. Higher values
of both isotopes occur when lake levels were low and the coring site was within the well-mixed epilimnion
(and/or warmer conditions prevailed; Escobar et al., 2012). An alternative explanation is that changes in os-
tracod 3C resulted from changes in pore water caused by the input of terrestrial organic carbon, which had
switched from C3 to predominantly C4 vegetation during dry intervals (Mays et al., 2017). Evidence from os-
tracod assemblages suggests that water temperatures were <3°C lower during MIS2-4 (Cohuo et al., 2018)
whereas palynological evidence suggests that air temperatures were cooler (by ~5°C-7°C) during the Last
Glacial Maximum (LGM, centered at 21 ka B.P.). However, the no-analog vegetation assemblage which was
present at that time makes such estimates quite uncertain (Bush & Colinvaux, 1990; Correa-Metrio et al.,
2012a, 2012b). Clumped isotope thermometry and gypsum hydration water indicate conditions may have
been even cooler (—5°C to —10°C relative to the Holocene average;Grauel et al., 2016; Hodell et al., 2012).
With the cooling of that magnitude, evaporation from the lake (and the watershed) would have been di-
minished, but the lowest lake levels (as much as 56 m below present day) occurred before and after the
LGM, as indicated by both lithological and isotopic evidence, so rainfall amounts must also have been
significantly reduced (Correa-Metrio et al., 2012b). Lake Petén Itz4 is ideally situated, and deep enough to
have recorded such large hydroclimatic changes. Most importantly, the timing of each episode of gypsum
deposition, and high values of 8'3C and 80 roughly corresponds to a HE in the North Atlantic (Figure 7).
Hodell, Anselmetti, et al. (2008) argued that these dry intervals reflect a southward shift in the mean po-
sition of the ITCZ over Central America, resulting in very little convective rainfall in summer and thus a
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significant decline in lake water volume. There may also have been less convective rainfall within the ITCZ
as a result of cooler Atlantic SSTs, leading to less moisture flux to the convergence zone as well as a reduc-
tion in the number and intensity of tropical depressions from the sub-tropical Atlantic (Escobar et al., 2012;
Medina-Elizalde et al., 2017; Stager et al., 2011). During the LGM sensu stricto, cold season precipitation
associated with frontal systems from North America (Nortes) may have compensated somewhat for the
lower summer rainfall amounts (Bush et al., 2009). Lower lake levels during THEs are clearly seen in 8§'3C,
reflecting oxygenation of the entire water column at those times, and in magnetic susceptibility, recording
the precipitation of gypsum from the water column. However, evidence from ostracods and diatoms (in-
dicative of water conductivity) indicate that not all THEs were similar. Although all THEs resulted in high
species variability as the water level fell and habitats within the lake were drastically altered, THEs 1 and 5
appear to have been the most extreme (coldest and driest). In contrast, THEs 5a and 6 were relatively warm,
though still quite dry (Perez et al., 2021).

Also of note is the rapid alternation of sediment facies within THE1, shifting from gypsum to a thin clay-
rich layer and back again to gypsum, indicating that a brief interval of fluvial discharge punctuated the
otherwise very dry period. This is also recorded as a rapid alternation in 8%0 and (to a lesser extent) in
813C. As discussed later, such rapid alternations in hydroclimatic conditions have also been noted in other
locations, and for other THES.

Evidence for abrupt hydroclimatic (THEs) around the time of North Atlantic HEs is also found in stalag-
mites from the Pacific coast of Costa Rica, although the magnitude of such effects varies. During HE6 and
HE2 rainfall was particularly low, consistent with prolonged displacement of the ITCZ, but the signal for
drier conditions is not so evident during other HEs, perhaps because of Pacific influences on local rainfall in
that region (Lachniet et al., 2009). An exceptionally high-resolution stalagmite record from Yucatan, Mexico
spans the time interval of HE2 and reveals an overall 50% reduction of rainfall during this period, within
which were a series of short-term even drier episodes (Medina-Elizalde et al., 2017). The authors suggest
that such dry conditions (across the wider Caribbean and Gulf of Mexico) may have led to more saline oce-
anic conditions feeding into the Gulf Stream, potentially leading to a resumption in strength of the AMOC.

3.3. Colombia

The longest and most detailed pollen record from the Americas comes from the montane basin of the Sa-
bana de Bogotd in Colombia (~5.5°N), where a subsiding basin has preserved a record of environmental
changes spanning the Quaternary (Hooghiemstra, 1984; Torres et al., 2013). Vegetation in the area is zoned
altitudinally, ranging from tropical forest below ~1,000 m, to Andean forest above ~2,300 m, to pAiramo
above ~3,500 m. At the highest elevations, perennial snow is found. Pollen has been analyzed throughout
the period of record, but in remarkable detail (~60 yr resolution) for the last 284 ka resulting in one of the
most detailed paleoclimatic reconstructions from the tropics (Groot et al., 2011, 2013). The main focus of
most studies has been changes in temperature that are reflected in the percentage of arboreal pollen (AP%),
which is strongly correlated with temperature-driven changes in the upper forest limit. Regional studies
indicate that a 10% change in AP% corresponds to a change in mean annual temperature of 1.3°C + 0.3°C
(assuming a steeper lapse rate during glacial times; Wille et al., 2001). Over the last 284 ka, AP% has varied
from ~10% to >90%, indicating that temperatures at Lake Fuquene (in the eastern cordillera of Colombia,
around 2,500 m) varied from ~6°C during glacial maximum conditions to ~17°C at the peak of interglacial
warmth. Over the long-term, orbital forcing was the primary factor affecting vegetation changes (driven by
related changes in ice sheet growth and the migration of the ITCZ) but millennial-scale changes are also
apparent, with rapid changes in forest composition that appear to be associated with DO events in the North
Atlantic (Groot et al., 2011). The pollen data are more difficult to quantify in terms of hydroclimate, but dur-
ing HE1 and HE3-HES, the area was relatively wet. During HE2, the evidence is less clear; it was certainly
colder but may also have been relatively dry in some parts of the country where the complex topography
makes it difficult to define the overall regional patterns of hydroclimatic changes (Groot et al., 2013; Patifio
et al., 2020; Velasquez-R & Hooghiemstra, 2013).
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Figure 8. Reflectance (L*) in a sediment core from Cariaco Basin (core MD03-2621; 10.7°N, 65°W) (from Deplazes

et al., 2013) [in red] and Ti/Ca ratios from a core off NE Brazil (GeoB 3910-2; 4.2°S; 36.3°W) (Jaeschke et al., 2007)

[in black]. THEs 1-6 are clearly seen, as well as minor anomalies during the Younger Dryas chron and at ~55 ka B.P.
Dashed blue lines indicate the timing of maximum IRD in the stacked record of 15 North Atlantic cores (from Lisiecki
& Stern, 2016). Shaded brown intervals indicate times when IRD exceeded median values for MIS2-4. Data sources:
https://doi.org/10.1594/PANGAEA.815882 (Cariaco Basin); https://doi.org/10.1594/PANGAEA.667497 (GeoB 3910-2,

Ti/Ca).

3.4. Northern South America: Cariaco Basin

In the Cariaco Basin, off the coast of Venezuela, anoxic conditions result from high surface productivity
and a restricted circulation due to a shallow sill, which separates the basin from the open ocean. This
unusual condition leads to the preservation of sediments with minimal bioturbation (and at times annual
laminations) at depths below 300 m, alternating between light-colored, foram and silica-rich sediments, and
darker sediments rich in organic carbon (Peterson et al., 2000, 1991). These different facies reflect large-
scale circulation changes. When the ITCZ migrates far to the south, northeasterly Trade winds lead to an
upwelling of cool nutrient-rich waters; as the ITCZ migrates northward, heavy convective rainfall leads to a
surge in runoff from rivers draining into the Caribbean from the northern coast of South America, with an
increase in minerogenic material and organic carbon from the continent. Changes in the dominant mode of
deposition can be seen in the total color reflectance (“lightness,” L*), which therefore provides an index of
the prevailing circulation regime, and the relative position of the ITCZ in the region (Deplazes et al., 2013;
Figure 8). The Cariaco Basin reflectance (L*) record is highly correlated with isotopic changes in Greenland
on the millennial timescale, with most of the DO events recorded by sedimentary changes (Hughen & He-
aton, 2020). Periods of foram-rich reflective sediments are also apparent at the time of certain HEs, such as
HE1 and HEs 4-7. By analogy with the seasonal changes in sediment deposition today, these events were
associated with strong upwelling (persistent Trade winds) when the ITCZ was displaced far enough to the
South that there was minimal runoff and limited minerogenic sediment flux from the adjacent continent.
However, there are several other periods with similar reflectance anomalies that were not associated with
known HEs. Another parameter that provides a strong record of terrestrial sediment input to the Cariaco
Basin is elemental Fe, which shows distinctly low values during HEs HE3 to HES, indicating little runoff
from South America at those times and thus low rainfall amounts over the river catchments that drain into
the Caribbean (Jaeschke et al., 2007).

3.5. Ecuador and Peru

Sediment cores from off the coast of northern Peru (at ~4°S, in the Gulf of Guyaquil) provide a record of ter-
restrial runoff spanning the last ~18 ky (Mollier-Vogel et al., 2013). Ti/Ca elemental ratios reflect dilution of
the carbonate fraction due to high amounts of sediment transported into coastal waters. Increased sediment
flux occurred during THE1 (~14-18 ka B.P.), with a minor increase also during the Younger Dryas chron.
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This is opposite to the changes recorded in Central America, where the
driest conditions of the last 85 ka were recorded during THE]1. In the
Andes of central Pert (~11°S) cave stalagmites record generally higher
rainfall (a stronger South American monsoon) at the time of HEs (par-
ticularly HE3 and HE4) though the signal is complicated by considerable
millennial-scale variability linked to DO events (Kanner et al., 2012). Fur-
ther east, on the Amazonian side of the Andes (at ~6°S) stalagmites also
record higher rainfall at the time of most North Atlantic HEs. As in cen-
tral Perd, the most isotopically light values of (at least) the last 60,000 yr

E5 THESa THE6

Figure 9. Stalagmite 'O records from Cueva del Diamante (blue) & El
Condor (red) caves in the Peruvian Amazon Basin (modified from Cheng
et al., 2013). Data source: https://www.ncdc.noaa.gov/paleo-search/

study/20450.

, 35 40 45 50 55 60 occurred during the time of HE3, despite reduced insolation due to or-
10° years B.P.

bital (precessional) forcing (Figure 9; Cheng et al., 2013). Furthermore,
it is likely that precipitation was also relatively enriched during glacial
time, due to isotopic changes in the glacial ocean and lower temperatures
(Kanner et al., 2012; Mosblech et al., 2012), so the isotopic shift recorded
during THE3 may, in a sense, underestimate the magnitude of change in
precipitation, relative to earlier events when ice sheets were smaller and
cooling was probably less. Stalagmites from closer to the Equator, in the
Ecuadorian Amazon at ~3°S, registered isotopically depleted rainfall around the times of most Heinrich
episodes, but THE3 was not strongly recorded. Whether this was an artifact of the particular sample or a
true reflection of conditions close to the Equator at that times is unclear, as there were significant hydro-
climatic anomalies around the time of all other HEs (Figure 10; Mosblech et al., 2012). Despite this one
anomaly, collectively these records show that, to the south of the Equator, the dominant hydroclimatic
signal at the time of North Atlantic HEs switched from the droughts found further north, to much higher
than average rainfall amounts. Interestingly, there were significant centennial-scale changes in runoff to the
Gulf of Guayaquil during the most recent THE1, which correspond in time to changes in monsoon rainfall
recorded by speleothems in China (H. Zhang et al., 2019). However, these fluctuations are of opposite sign
in China, with wetter (isotopically lighter) conditions there, when runoff from the coast of southern Ecua-
dor was reduced. There are few other records with sufficient resolution to detect such changes, though it is
clear that THE1 was also not a monotonic event at Lake Petén Itza, or in the Cariaco Basin, or the Arabian
Sea (Deplazes et al., 2013, 2014; Escobar et al., 2012). Furthermore, the stalagmites from central Peru also
show similar centennial fluctuations during THE4 and THES5, suggesting that such variations may be more
widespread and common during North Atlantic HEs (Kanner et al., 2012).
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Figure 10. Composite oxygen isotope record in 4 stalagmites (shown by different colors) from Santiago Cave, eastern
Ecuador. More negative values indicate wetter conditions. Times of peak IRD in a stacked record from the North
Atlantic are shown by the blue lines (cf. Figure 1; from Mosblech et al., 2012, Supplemental). Dashed blue lines indicate
the timing of maximum IRD in the stacked record of 15 North Atlantic cores (from Lisiecki & Stern, 2016). Shaded
brown intervals indicate times when IRD exceeded median values for MIS2-4. Data source: https://www.ncdc.noaa.
gov/paleo-search/study/13733.
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Figure 11. Natural gamma radiation, a proxy for effective moisture, in a sediment core from Salar de Uyuni, Bolivia
(from Baker et al., 2001). The gamma radiation is a result of the radioactive decay of K, U, and Th, elements that

are more concentrated in the lacustrine muds than in salt deposits; hence higher values are indicative of wetter
conditions. Millennial-scale increases in rainfall are superimposed on low-frequency changes driven by precessional
forcing. A volcanic ash at ~45,000 yr B.P. contributed to the exceptionally high values of gamma radiation at that time.
Paleolake Tauca reached its maximum size at ~16,000 yr B.P., more than doubling the area of the Salar de Uyuni (Blard
et al., 2011). Dashed blue lines indicate the timing of maximum IRD in the stacked record of 15 North Atlantic cores
(from Lisiecki & Stern, 2016). Shaded brown intervals indicate times when IRD exceeded median values for MIS2-4.
Data source: https://www.ncdc.noaa.gov/paleo-search/study/9952.

3.6. Bolivia

Several periods of major lake expansion and contraction have occurred on the Bolivian Altiplano (Baker
et al., 2001; Placzek et al., 2013). Paleolake Tauca (15°-22°S) reached its maximum size (52,000 km?, almost
as large as Lake Michigan) from 14.5 to 16 ka B.P., as recorded by shoreline features and diatom-rich mud fa-
cies, in sediment cores recovered from what is now an extensive salt flat (Salar de Uyuni; Baker et al., 2001;
Blard et al., 2011). Isotopic data from the Sajama ice core (Thompson et al., 2000) indicate that snowfall
was relatively enriched at that time, most likely reflecting this local moisture source adjacent to the ice cap.
The timing of earlier wet phases is less certain, but similar mud layers appear to correspond to the timing
of HE2, HE3, HE4 and possibly, HE5 (Figure 11). Although there may have been changes in river systems
linking the various Altiplano drainage basins, hydroclimate model simulations suggest that, even with tem-
peratures 5°C lower, precipitation must have increased by at least 350 mm/yr (2-3 times modern values) to
maintain a lake the size of paleolake Tauca (Nunnery, 2012). Thus, periods of lake expansion resulted from
much wetter conditions associated with a southward shift in the zone of maximum summer rainfall, as seen
in records from Peru.

3.7. Brazil

Sedimentary records from off the coast of northeastern Brazil (Nordeste, from ~0°-3.7°S) provided the
first indication that pronounced hydrological changes on the continent were associated with HEs (Arz
et al., 1998, 1999; Behling et al., 2000; Jaeschke et al., 2007; Jennerjahn et al., 2004; Nace et al., 2014).
Increased chemical weathering during wet periods in the tropics leads to higher levels of iron relative to
potassium in detrital sediments eroded from the landscape. Similarly, the flux of titanium from the conti-
nent, relative to pelagic carbonates (assumed to be constant) also provides an index (Ti/Ca) of precipitation
amount and river runoff. Pulses of Fe and Ti-rich sediments are clearly synchronous with HEs 1-9 (Fig-
ure 12), indicating periods of high runoff from Nordeste rivers. At the same time that these indices reveal
higher levels of precipitation, Mg/Ca ratios of isotopically light planktonic forams indicate slightly higher
SSTs and lower salinities offshore (Nace et al., 2014). These changes all point to stronger convective rainfall
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Figure 12. Ti/Ca ratio for marine sediment core CDH 86, off the mouth of the Amazon River (0.3°N, 44° 12.2°W).
The Ca is derived from biogenic CaCO, (mostly from pteropods, foraminifera, and calcareous nannoplankton) which
is assumed to have been relatively constant over time. High ratios thus indicate that higher amounts of clastic material
were delivered to the ocean during times of relatively wet conditions in the continental interior (adapted from Nace

et al., 2014). Red lines denote peak times of IRD (from Figure 1).

in the Nordeste region during HEs, as a result of a more persistent ITCZ over the region, which is an expect-
ed consequence of colder conditions in the northern hemisphere (Chiang & Friedman, 2012). At the same
time, warm SSTs in the Atlantic south of the Equator and stronger Southeast Trade winds may have in-
creased moisture flux to the continent. A slowdown in the AMOC would have led to a reduction in the flux
of heat northward in the North Brazil Current and the accumulation of relatively warm water offshore (Arz
et al., 1999). It is interesting to note that, for THEI at least, pollen data in offshore sediment cores indicate
there was a two-phase increase in Nordeste rainfall. From ~18 ka to 16.5 ka B.P., rainfall increased enough
to support gallery forests along rivers and streams, but from 16.5 to 15 ka B.P., there was more widespread
rainforest vegetation with tree ferns, suggesting year-round humid conditions (Dupont et al., 2010). Oxygen
isotope data from Paixdo cave stalagmites in northeastern Brazil also indicate that there were two distinct
periods when rainfall increased, from 18.1 to 16.66 ka B.P. and from~16.1 to 14.69 ka B.P. (when rainfall
reached its maximum) before declining again by the beginning of the Belling-Allered interstadial (Strikis
et al., 2015). It is noteworthy that this later period precisely corresponds to the time of an abrupt increase
in CH,, thought to be from southern hemisphere tropical wetlands, as recorded in a West Antarctic ice core
(Rhodes et al., 2015). A two-step pattern is also seen during THE4 and THES in the stalagmite records from
central Pert (Kanner et al., 2012). Wetter conditions were also recorded in caves from northeastern and
central-eastern Brazil at other times, with rainfall maxima centered at ~39.2, 48.2, and 60.5 ka B.P., close
to the timing of HEs 4, 5, and 6 (Strikis et al., 2018). Similarly, stalagmites from the western Amazon Basin
registered higher rainfall at those times, as well as at ~24 and ~30 ka B.P., corresponding to HEs 2 and 3
(Cheng et al., 2013). Wetter conditions during HEs were also clearly recorded further south in eastern Brazil
(~10°S) by periods of stalagmite growth in caves that were simply too dry for such calcite deposition at other
times (X. Wang et al., 2004). Isotopically depleted rainfall from the Amazon Basin even reached the south-
ernmost parts of Brazil (~27°S) during HEs, as recorded by isotopically light !0 in stalagmite carbonate
(Cruz et al., 2006, 2009; X. Wang et al., 2006). This was due to the extreme southward displacement of the
ITCZ and associated convective rainfall as well as a strengthened South Atlantic Convergence Zone at those
times (Strikis et al., 2015).

4. The Signal of THEs in Africa

Sediment cores from offshore provide insight into conditions on the adjacent continent, especially near
the mouths of major rivers where sediments may integrate the paleoclimatic signal from across an entire
drainage basin inland. In a core from the northwestern African coast off Cape Blanc (~21°N) Tjallingii
et al. (2008) used variations in grain size to distinguish between the relative flux of Saharan dust and fin-
er-grained hemi-pelagic mud, derived from coastal rivers. This showed that there were numerous times in
the past 120,000 yr when abrupt increases in the flux of aeolian sediment occurred, generally associated
with minima in benthic foraminiferal §'*C, indicative of a reduction in deep water ventilation in the North
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Figure 13. Ratios of Fe/K in a sediment core from off the coast of Guinea-Bissau (~12.5°N). Higher values of Fe/K
indicate wetter conditions as the more weathered rocks in humid tropical regions contain more Fe relative to the more
mobile potassium. The low values that punctuate this record thus indicate much drier conditions in the continental
interior as the ITCZ and associated rain belt shifted southward and Trade winds delivered dust from the arid interior of
the Western Sahara. Gray shading denotes the timing of Heinrich events in the North Atlantic (modified, from Zarriess
et al., 2011). Data sources: https://doi.org/10.1594/PANGAEA.756401; https://doi.org/10.1594/PANGAEA.756437.

Atlantic (cf. Gallego-Torres et al., 2014). These abrupt THEs (which occurred within all of the last 5 marine
isotope stages) were superimposed on a background of lower frequency precessional variations. Further
south (at ~15.5°N), Mulitza et al. (2008) and Niedermeyer et al. (2010) analyzed sediments from core GeoB
9508 off the Senegal River. As off Cape Blanc, sediments from river outflow are fine-grained, with relatively
high Fe/K and Al/Si geochemical signatures, whereas aeolian material from the Sahel is coarser and has
lower Fe/K values. Changes in these ratios and grain size over the last 57,000 yr reveal five THEs with drier
conditions and limited discharge from the Senegal River, which correspond to Heinrich episodes HE1 to
HES. The Younger Dryas was also drier, though not as dry as during the earlier intervals. Similarly, Zarreiss
et al. (2011) analyzed Fe/K in a core from 12.5°N, off Guinea-Bissau, which clearly records drier episodes
when the ITCZ and associated rain belt was displaced to the south, and dust from the arid continental in-
terior was carried offshore (Figure 13). There is pollen evidence that the Heinrich 1 interval involved three
phases, with two periods of strengthened Northeast Trade winds and increased aridity (especially the sec-
ond phase) separated by a period of less severe aridity from 17.4 to 16.2 kyr B.P. (Bouimetarhan et al., 2012).
This is similar to the pattern seen in a sediment core from the North Atlantic in which Hodell et al. (2017)
identified two distinct episodes of ice-rafting, which they dated as occurring from 17.1 to 15.5 kyr B.P.
(HE1.1) and from 15.9 to 14.3 kyr B.P. (HE1.2; see also Huang et al., 2019).

In other sediment cores, from as far south as ~12°N, Collins et al. (2013), Itambi et al. (2009), Jullien
et al. (2007), and Just et al. (2012) also found strong evidence for enhanced aeolian sediment deposition
during Heinrich intervals. During HE1, dust flux at 13.5°N was 80 times that of the late Holocene (Just
et al., 2012) and sand dunes migrated as far south as ~14°N in Senegal, ~600 km further south than the
current limit of active dunefields in the western Sahara (Collins et al., 2013). Dust and major element var-
iations in a transect of cores from ~21°N to 9°N spanning the last ~60,000 yr, indicate that the Sahara-Sa-
hel boundary was at ~15°N during the LGM (compared to ~19°N today), but was displaced even further
southward, to ~13°N, during Heinrich intervals 1, 2, 4, and 5 (there was no strong signal of a southward
shift during Heinrich 3; Collins et al. (2013). Higher values of 3D in leaf wax n-C,, alkanes also indicate that
convective rainfall in summer was reduced (and/or evaporation increased) during these intervals (Nieder-
meyer et al., 2010).

Moving further south along the coast into the Gulf of Guinea, 80 in forams record changes in sea surface
salinity, which is affected by variations in river flow and the isotopic composition of rainfall (Weldeab, 2012;
Weldeab et al., 2007). More enriched isotopic values are clearly seen during North Atlantic Heinrich
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intervals, indicating reduced runoff and/or heavier isotopic values of the
rainfall entering river systems, which might be expected with a reduc-

tion in monsoon (convective) rainfall. As there is no evidence that the
ITCZ was displaced to the south of the east-west trending west African
coastline (at ~5°N), together with the evidence already discussed, this
suggests that the seasonal migration of the tropical rain belt was greatly
reduced during Heinrich intervals. Today, maximum rainfall occurs ~5°-
10° south of the zone of surface wind convergence (cf. Nicholson, 2018;

Singarayer & Burrough, 2015; Figure 14). In fact, there is additional ev-
idence that relatively dry conditions occurred during Heinrich intervals
all across the equatorial zone of West Africa as far south as Angola (12°S).
For example, Schefuf et al. (2005) and Weijers et al. (2007) studied sedi-

ments in core GeoB 6518, recovered near the mouth of the Congo River,
which drains a vast inland area (equal to 40% of the United States). D of
n-C,, alkanes (the main homolog of plant leaf waxes) was enriched dur-
ing the Younger Dryas and THE], indicating drier conditions prevailed
within the vast Congo River catchment. With less freshwater entering
the ocean, anomalously high §'%0 values in forams were also found.

Figure 14. Monthly mean precipitation in mm/day (filled contours) and

precipitation (mm/day)

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) derived from
soils in the Congo Basin indicate that mean annual temperatures were
4°C -5°C cooler there during THE1 than in the late Holocene, while SSTs
offshore were relatively warm (i.e., had cooled less). This increased the
temperature gradient between the ocean and land surface would have
favored offshore airflow, which (together with weaker South East Trade
winds; Kim et al., 2003) may have led to a reduction in the flux of moist

10 m winds from ERA Interim re-analysis (1979-2013 average). Black lines  air from the ocean to the continental interior, resulting in less convective

illustrate the main zone of intertropical wind convergence (ITCZ), which rainfall over the land area (Weijers et al., 2007).

is generally north of the rainfall maxima. Dashed black lines illustrate

the Congo Air Boundary and red lines indicate the Equator and Tropics In summary, offshore sediment records from the tropical and sub-trop-
of Cancer and Capricorn. Reprinted from Quaternary Science Reviews, ical regions of west Africa provide a clear picture of reduced rainfall

124, Singarayer, J.S.. and Burrough, S.L., Interhemispheric dynamics
of the African rain belt during the late Quaternary, 48-67. ©2015 with

permission from Elsevier.

throughout the region during Heinrich intervals, with a strong increase
in dust flux to the Atlantic within the Northeast Trade winds, as a result
of a more limited seasonal migration of convective rainfall (the “African
rain belt”: Nicholson, 2018) associated with the ITCZ, and greater aridi-
ty across the Sahara/Sahel region. The southern (boreal winter) limit of
the rain belt appears to have remained at around 5°N, but the northern (boreal summer) limit was more
restricted. South of the ITCZ, a cooler land area and weaker trade winds led to less convective precipitation
and lower rainfall totals. This picture is consistent with model simulations in which freshwater forcing is
imposed in the North Atlantic to reduce the Atlantic Meridional Overturning Circulation (so-called hosing
experiments). A reduction in AMOC leads to a southward shift in the summer (northernmost) position
of the West African monsoon trough (ITCZ) by up to 4°-5° latitude and much drier conditions over the
southern Sahara and Sahel with a strengthening of the African Easterly Jet stream and more dust advected
offshore (Mulitza et al., 2008). Warming of the southern hemisphere (associated with a reduction in the
AMOC) would also have led to the poleward migration of the Sub-Antarctic westerlies and a reduction
in the strength of the Southeast Trade winds, contributing to less rainfall in those parts of Equatorial and
sub-tropical Africa south of the ITCZ. The strong links between rainfall all across the northern part of
the African continent can be seen in long records from the Gulf of Guinea and northwest Africa (Weld-
eab, 2012; Zarriess et al., 2011), recording Equatorial runoff and dust flux from the Sahara, respectively)
as well as in an integrated record of runoff from the entire Nile river basin, seen in sediments from the SE
Mediterranean off the Nile delta (Ehrmann et al., 2016). Similar millennial-scale variations are seen in all
three records, indicating the strong control such variations exerted on the position of the African rain belt
over the last glacial cycle (cf. Figures 13 and 15).

Continental proxy records of climatic conditions during Heinrich intervals are mainly provided by lake sed-
iments, but records that extend back beyond THEL1 are rare. Exceptionally dry conditions prevailed across
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Figure 15. Smectite/(illite + chlorite) ratio, a proxy for discharge from the Nile and Atbara rivers, at site GeoTii
SL110, northeast of the mouth of the River Nile in the eastern Mediterranean. Dashed blue lines indicate the timing
of maximum IRD in the stacked record of 15 North Atlantic cores (normalized values, from Lisiecki & Stern, 2016).
Shaded brown intervals indicate times when IRD exceeded median values for MIS2-4. Low smectite/(illite + chlorite)
ratios indicate particularly arid conditions in the upper Nile watershed (modified, from Ehrmann et al., 2016). Data
source: https://doi.org/10.1594/PANGAEA.71373.

much of sub-Saharan West Africa during the time of HE 1, with extreme drought occurring in some areas
(Stager et al., 2011). In Lake Bosumtwi (6.5°N, in Ghana) submerged beaches at —60 m, dating to ~16.3 ka
B.P,, indicate much drier conditions (which led to more erosion of the exposed lake margins and higher
sedimentation rates) during THE1. A similar pattern was seen during earlier HEs (HE2 to HE4; Shanahan
et al., 2012). Magnetic susceptibility of the sediments also increased around the time of HE1 and HE2, most
likely due to a higher concentration of iron sulfide minerals as a result of evaporative concentration of min-
erals caused by drought at those times (Peck et al., 2004). Exceptionally dry conditions were also recorded
during HE 1 in sediments from a high elevation site in western Cameroon (Lake Bambili, ~6°N) (Lézine
et al., 2013, 2019). Further south in Cameroon, sediment cores from Lake Barombi Mbo (~4.6°N) also show
a sequence of dry episodes that (within radiocarbon uncertainties) appear to match closely the droughts
seen at Bosumtwi. Estimates of precipitation changes during the last two HES, based on pollen, suggest a
50% reduction in rainfall which resulted in a shift from the Guinea-Congolese forest biome that dominates
the region today, to savanna, or an open savanna mixed forest (Lebamba et al., 2012).

Lakes Tana (12°N), Albert (~1.6°N), and Victoria (1°S) all became completely desiccated in THE1, resulting
in the virtual cessation of Nile River outflow to the Mediterranean (Lamb et al., 2007; Marshall et al., 2011;
Stager et al., 2002). Seismic reflectors in Lake Tana indicate that there were also earlier arid episodes (THESs)
that may be related to Heinrich intervals HE2, HE4, and HE6 (Lamb et al., 2007). As moisture flux asso-
ciated with the West African monsoon is restricted to the lower levels of the troposphere (Nicholson &
Grist, 2003) and moist air from the Atlantic is limited by topography from penetrating far into tropical East
Africa, the dominant moisture source for tropical East African rainfall is the Indian Ocean (Figure 14; Sin-
garayer & Burrough, 2015). Thus, the pronounced reduction in rainfall (or P-E) seen in records throughout
tropical East Africa must also have involved a significantly weaker flux of moisture entering the continent
from the Indian Ocean (Berke et al., 2012; Tierney et al., 2008). In addition, a more restricted seasonal
migration of convective rainfall toward the eastern margin of the West African monsoon further reduced
rainfall north of the Equator (Figure 14).

South of the Equator, sediments from Lake Tanganyika (~7°S) provide strong evidence for recurrent dry
periods associated with the Younger Dryas and Heinrich intervals HE1 and HE4, and possibly also HE5 and
HES6 (Tierney et al., 2008). A similar situation is observed in Lake Challa (3°S) for HE1 and HE2, as record-
ed by 8D in leaf waxes and lake level seismic reflection data (Moernaut et al., 2010; Tierney et al., 2011).
In Lake Tanganyika, THE1 was exceptionally dry, more so than at any other time in the last 60,000 yr.
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Figure 16. Zr/Ti ratio in Lake Malawi sediments. Peak values indicate high levels of aeolian sediment input from
volcanic source rocks to the north of the lake, resulting from persistent NE winds as the ITCZ shifted to the south
(Brown et al., 2007). Dashed blue lines indicate the timing of maximum IRD in the stacked record of 15 North Atlantic
cores (normalized values, from Lisiecki & Stern, 2016). Shaded brown intervals indicate times when IRD exceeded
median values for MIS2-4.

Although there is no obvious signal of Heinrich intervals HE2 and HE3, this is not the case further south in
Lake Malawi (~10°S) where the elemental Zr/Ti ratio reflects the prevalence of northerly winds that deliver
aeolian material from a large volcanic province to the north of the lake. Each of the Heinrich intervals (as
well as the Younger Dryas period) is strongly recorded by peaks in Zr/Ti (Figure 16). Brown et al. (2007) in-
terpret this as indicating the ITCZ (sensu stricto, which defines the southerly limit of winds from the north),
must have been positioned south of the coring site for at least part of the year during each of the Heinrich
intervals. This implies that there was a significant south/southwestern shift in the ITCZ and Congo air mass
boundary, and associated rainfall during the boreal winter season (Thomas et al., 2012; cf. Figure 14). Such
a scenario is supported by evidence of wetter conditions to the south of Lake Malawi, with Lake Chilwa
(~15°S) more than doubling in the area at the times of H1, H2, and possibly H4 (Thomas et al., 2009) and
increased runoff within the Zambezi River catchment, which had a higher flux of terrigenous material to
the Indian Ocean during the YD and HE1 time periods (Just et al., 2014; Schefuf et al., 2011; van der Lubbe
et al., 2016;). There is also compelling evidence from the Middle Kalahari Desert (~21°S) that very large
lakes developed in the Makgadikgadi Basin, coincident with several previous HEs (Burrough et al., 2009).

5. The Signal of THEs in Arabia and the Arabian Sea

There are very few continuous high-resolution paleoclimatic records from the Arabian Peninsula and the
adjacent Persian Gulf, apart from a few stalagmite records that mainly cover wetter intervals when there
was enough rainfall for groundwater flow in karst regions (Fleitmann & Matter, 2009). Two stalagmites
from Moomi cave on Socotra Island in the Arabian Sea (~12°N), provide records that span the time intervals
from ~11 to 27.5 ka and ~40-60 ka B.P., and so provide some insight into conditions during HEs 1, 2, and 5
(Burns et al., 2003, 2004; Shakun et al., 2007). The driest conditions recorded in Moomi cave (as indicated
by the most enriched oxygen isotopes) occurred at around 47.7 ka B.P. Thereafter, calcite deposition became
abruptly isotopically lighter, signifying a rapid shift to wetter conditions, within a period of ~25 yr (Burns
et al., 2003). Other periods of isotopic enrichment occurred at ~16.4 ka and 23 ka B.P., around the times of
HEs 1 and 2 in the North Atlantic (Shakun et al., 2007). As Socotra rainfall is mainly related to the seasonal
migration of the ITCZ across the island (as well as from tropical cyclones during boreal summer) periods of
extreme aridity are due to convective rainfall associated with the ITCZ staying south of the island, and less
cyclonic rainfall.

Another source of information about terrestrial conditions in the Arabian Peninsula and adjacent Persian
Gulf is provided by sediment cores from off the Indus fan in the northern Arabian Sea, which provide a
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Figure 17. Color Reflectance index (“L1”) in sediments from marine sediment core SO130-289 KL (23.1°N, 66.5°E,
in the northeastern Arabian Sea). Lower values are darker, organic-rich; higher values correspond to periods with
high levels of terrigenous sediment input (data from Deplazes et al., 2013). Dashed blue lines indicate the timing
of maximum IRD in the stacked record of 15 North Atlantic cores (normalized values, from Lisiecki & Stern, 2016).
Shaded brown intervals indicate times when IRD exceeded median values for MIS2-4. Data source: https://doi.
org/10.1594/PANGAEA.815882.

remarkable history of aeolian activity on land areas to the west. Under modern conditions, strong south-
westerly monsoon winds cause upwelling and high nutrient levels which lead to high marine productivity
and depletion of oxygen as organic matter is remineralized. Consequently, sediments are dark and organ-
ic-rich, but when the monsoon was weaker and upwind regions were drier, there was an increase in aeolian
input and a reduction in organic productivity, resulting in lighter-colored sediments. Furthermore, wind-
blown terrigenous material from Arabia has a distinct geochemical signature (relatively high in Mg/Al and
Ti/Al) and has a higher median grain size compared to sediments from the Indus river. Thus, variations in
sediment color (total reflectance, L*), geochemistry and grain size all enable changes in aridity and dust
transport to the adjacent ocean to be tracked through time, with the lightest colored sediments (high L¥)
signifying periods of abundant aeolian deposition (Figure 17; Deplazes et al., 2013, 2014). In this way, THEs
are clearly recorded as intervals when high levels of aeolian dust were transported to the site, signifying a
weak Indian summer monsoon and extremely arid conditions upwind over Arabia and the Persian Gulf.
Each of these events began and ended relatively abruptly.

6. The Signal of THEs in India

Rainfall across India is primarily related to the summer monsoon, which progresses northward across the
continent from June onwards, continuing into September in most years. Rainfall is depleted in '*0 during
the transport of moisture into the continental interior, resulting in isotopically light calcite deposited in
speleothems during periods when monsoons are strongest (i.e., producing more intense rainfall, and/or
prolonged periods of rain). In contrast, weaker monsoons are isotopically enriched (Kaushal et al., 2018).
There are few records within India that span HEs, but a long record from northern India (Bittoo cave) ex-
tends from ~12 to 70 ka B.P. providing a long-term perspective on monsoon rainfall during HE1-HE6 events
at the northern limit of the monsoon system in the sub-continent (Kathayat et al., 2016). Although overall
variations in 8'80 were driven by orbital forcing on the precessional timescale, superimposed on those long-
term fluctuations were abrupt shifts in isotopic values during each HE, signifying particularly low monsoon
rainfall, with the most isotopically enriched period during THE1 (Figure 18). A similar record was found at
the time of HEs HE1 and HE2 in Mawmluh cave, northeastern India (Dutt et al., 2015). Today, both caves
receive monsoon rainfall from the Bay of Bengal with drier periods occurring when airflow from that region
is weak. Back trajectory analysis of air masses reaching Bittoo cave indicate that drier years are associated
with isotopically enriched rainfall coming from local sources and the Arabian Sea, as well as increased
airflow from the Westerlies, which tends to limit convective rainfall (Kathayat et al., 2016, Supplemental).
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Figure 18. Oxygen isotope record for the last 70 ka from Bittoo cave, northern India. Less negative values signify
monsoon failures (data from Kathayat et al., 2016). Dashed blue lines indicate the timing of maximum IRD in the
stacked record of 15 North Atlantic cores (normalized values, from Lisiecki & Stern, 2016). Shaded brown intervals
indicate times when IRD exceeded median values for MIS2-4. Data source: https://www.nature.com/articles/
srep24374#Sec7.

There are very few other terrestrial records from India that provide paleoclimatic data spanning HEs, but
sediment cores from the Bay of Bengal, offshore of the Godavari and Mahanadi rivers that drain much of
central India (Figure 2), provide an integrated view of conditions on the continent. Pollen analysis clearly
shows that during the time of HE2, 70% of pollen came from grassland vegetation, with only 10% from
biomes associated with a wetter climate, indicating that relatively dry conditions prevailed across most of
the interior of India at that time (Zorzi et al., 2015). Similarly, oxygen isotopes in planktonic forams from
sediment cores taken off the eastern coast of India in the Bay of Bengal indicate a period of higher salinity
(enriched 8'®0_, ) during THE1. Today monsoon rains and major river discharge create a strong freshwater
salinity gradient across the Bay of Bengal, but this was evidently weakened during THE1 due to a reduction
in monsoon rainfall over India (Govil & Naidu, 2011; Rashid et al., 2011).

In the absence of a more extensive network of terrestrial records, it is difficult to map out the geographical
pattern of monsoon reduction across the interior of the sub-continent. Nevertheless, the evidence available
indicates that the most recent North Atlantic HEs were also associated with exceptional THEs across India
as a result of weaker monsoon rainfall, a picture that is also seen across parts of Southeast Asia, as discussed
in the next section.

7. The Signal of THEs in China, Southeast Asia and Northern Australia

The seasonal migration of the ITCZ is greatest over SE Asia and southern China, producing a strong sea-
sonal cycle of convective monsoon rainfall (Figure 5). Over southern China, air masses associated with the
Indian monsoon bring moisture from the south and southwest. Moist air from the Pacific also enters the
region from the east and southeast, later in the summer months (the East Asian monsoon) as the locus
of maximum rainfall shifts northward (H. Zhang et al., 2018; Zhao et al., 2010). However, by far the main
source of moisture for monsoon rainfall over most of southern and central China is the Indian monsoon
(Baker et al., 2015; Maher & Thompson, 2012; Yang et al., 2016). The penetration of monsoon rainfall in-
land is strongly linked to the position of the Westerly jet stream which is south of the Tibetan plateau in
winter months, but shifts northward in May-June, bringing the “Meiyu” rainfall to central China. Chiang
et al. (2015) argue that a cool Asian continent resulting from a reduction in the AMOC during HEs could
have restricted the jet from transitioning to north of the plateau, limiting rainfall across a wide area of
China.

Over the last decade, a plethora of well-dated stalagmites from caves in southern and central China) have
provided high-resolution 830 records (all between 24° and 32.5°N: Table 2) that span (at least) the last
70 ka, providing a broad view of changes in the summer monsoon (Table 2, Figure 19). In all cases, the
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Table 2
Chinese Cave Stalagmites That Record Major Tropical Hydroclimatic Events
Name Latitude (N) Main reference
Hulu 32.50 Y. Wang et al. (2001)
Sanbao 31.67 Zhao et al. (2010)
Yongxing 31.58 Chen et al. (2016)
Qingtian 31.20 W. Zhang et al. (2014)
Xinya 30.75 T. Li et al. (2007)
Haozhu 30.41 H. Zhang et al. (2018)
Yangzi 29.78 Wu et al. (2020)
Furong 29.13 T. Li et al. (2011)
Yangkou 29.03 T. Zhang et al. (2017)
Sanxing 27.37 Jiang et al. (2014)
Daishibao 26.08 Zhao et al. (2010)
Wulu 26.05 Duan et al. (2014), Liu et al. (2010), and Zhao et al. (2010)
Dongge 25.28 Yuan et al. (2004)
Xiaobailong 24.12 Cai et al. (2006, 2015)

long-term records (which track precessional forcing) are punctuated by abrupt episodes of isotopic en-
richment that define each of the Chinese THEs as times when the summer monsoon was weak. But the
term “weak monsoon” is rather imprecise; '30 of rainfall is mainly a function of the vapor lost through
condensation between the oceanic source and the location of rainfall (i.e., integrated moisture transport;
Cheng et al., 2012, 2019; Hu et al., 2019; Maher & Thompson, 2012). A “strong” monsoon implies strong
advection of moisture into the interior of China, presumably leading to high amounts of convective rainfall,
with depletion of heavy isotopes. A “weak” monsoon suggests less isotopic depletion due to a reduction in
upstream “rainout,” lower amounts of moisture advected, and lower rainfall amounts (Pausata et al., 2011).
But quantifying the relationship between isotopic enrichment and actual rainfall amount is not straightfor-
ward. Indeed, H. Zhang et al. (2018) used trace elements as an independent measure of rainfall amount and
found little change during the most isotopically enriched interval seen in %0 during THE1. Furthermore,
Clemens et al. (2018) found no clear signal of precession-related enhanced runoff in sediment cores from
off the mouth of the Yangtse River during times when isotopically depleted intervals are seen in stalagmites
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Figure 19. Composite 80 record from Sanbao cave, central China (from Cheng et al., 2016). Weak monsoon episodes
are indicated (THEs 1-7). Dashed blue lines indicate the timing of maximum IRD in the stacked record of 15 North
Atlantic cores (normalized values, from Lisiecki & Stern, 2016). Shaded brown intervals indicate times when IRD
exceeded median values for MIS2-4. Data source: https://www.nature.com/articles/nature18591#Secl5.
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Figure 20. Two stalagmite !0 records from caves in Gunung Mulu National Park, Northern Borneo, Malaysia (4.1°N,
114.83°E): Bukit Assam Cave stalagmite BA0O2 (red) and Secret Cave stalagmite SC02 (black). Weak monsoon episodes
(higher d*®0 values) are indicated (THESs 1-7). Dashed blue lines indicate the timing of maximum IRD in the stacked
record of 15 North Atlantic cores (normalized values, from Lisiecki & Stern, 2016). Shaded brown intervals indicate
times when IRD exceeded median values for MIS2-4. (data from Carolin et al., 2013). Data source: https://www.ncdc.
noaa.gov/paleo-search/study/14515.

from the Yangtse valley. However, in Huguang Maar, a lake in southeast China (~21°N), high levels of tita-
nium (from aeolian sediments) are inversely correlated with Hulu cave 830, suggesting that a southward
shift of the ITCZ led to both reduced summer rainfall and a strong winter monsoon with increased aeolian
influx (Yancheva et al., 2007). A similar conclusion was reached by Han et al. (2015), who found increased
aeolian sand activity around the time of HEs. Although the actual magnitude of rainfall reduction during
isotopically enriched (THE) intervals is unclear, there is no doubt that there were abrupt and significant
disruptions of monsoon airflow around the time of North Atlantic HEs across much of southern and central
China.

There are only a few sites within the tropics (sensu stricto) of Southeast Asia that span the time of North
Atlantic HEs (H. Zhang et al., 2019). Nevertheless, those records show significant THEs, resulting from
a reduction in monsoon airflow (either via India and the Bay of Bengal or from the western Pacific) and
associated rainfall. A stalagmite from Thuong Thien Cave near Hanoi in northern Vietnam shows that
rainfall was isotopically enriched during two intervals that partly overlap with HEs HE2 and HE3 (Dung
et al., 2020). This signal is similar to the record from caves in northern Borneo (~4°N) in which strong
isotopic enrichment occurred during HE1-HE6 with additional abrupt THESs at ~55 ka and 73.42 ka B.P.
(the latter possibly linked to the mega-eruption of Toba, dated at 73.88 ka B.P.; Carolin et al., 2013; Partin
et al., 2007; Figure 20). Evidence from sediment cores south of Sumatra (0.5°-3°N) also indicates higher sa-
linity levels (an indicator of reduced local rainfall and terrestrial runoff) during HEs HE1 to HE4 (Mohtadi
et al., 2014).

Another stalagmite from south of the Equator, from the island of Flores in Indonesia (8°S) provides a com-
plementary proxy of monsoon rainfall spanning HE1 (Ayliffe et al., 2013). In this record, isotopic deple-
tion records an increase in monsoon intensity (i.e., a higher percentage of annual rainfall from summer
convective rainfall) just as proxies from north of the Equator record anti-phased isotopic enrichment. This
indicates that there was a latitudinal shift in the ITCZ that moved the locus of maximum summer rainfall
to the south. High levels of 2*2Th, an indicator of terrestrial weathering and river erosion, deposited offshore
north of Flores at the time of HE1 (Muller et al., 2012) and in another core from south of Papua New Guinea
(for HE2 and HE4; Shiau et al., 2011) also indicate an increase in rainfall across the region. Further south
(~17°S) stalagmites from Ball Gown Cave in Western Australia and peat deposits in Lynch's Crater in north-
eastern Australia provide additional evidence for stronger Australasian monsoon rainfall during HE1 and
HE2 (Denniston et al., 2013; Muller et al., 2008).
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Figure 21. A summary figure showing the areas where increased rainfall was recorded during THEs (locations in yellow) and areas where rainfall was reduced
(locations in white; cf. Figure 2). The modern seasonal range of the ITCZ is shown by the dashed lines. Note that not all THEs are represented by proxies at
the locations shown, and individual THEs may have varied in amplitude and duration, as discussed in the text, and so this figure should be viewed with those

caveats in mind.

All of the evidence from Southeast Asia, together with the records from northern India and southern and
Central China, points to repeated reductions in monsoon strength across a vast region of south and South-
east Asia (and a strengthening of the monsoon regime further south) around the time of North Atlantic
HEs. The key feature of all these events is the abruptness of the onset and termination of each THE, and
their regional synchrony. Thanks to high-precision uranium-series dating, it is clear that in some cases the
switch from strong to weak monsoon (and back again) occurred over the course of just a few decades (e.g.,
W. Zhang et al., 2014). Given this widespread and more or less synchronous change that characterizes THEs
all across the vast region of monsoon Asia, the first order explanation points to a widespread weakening
and/or major geographical shift of the entire summer monsoon system that would otherwise deliver heavy
rainfall right across the region (north of the Equator). Furthermore, the rapidity with which isotopic chang-
es took place (at both the start and end of THEs)—in a matter of decades—suggests that the changes were a
direct atmospheric response to forcing, originating in the North Atlantic rather than from relatively slower
changes via the oceanic circulation.

8. Discussion

THES, characterized by extreme regional rainfall anomalies, were a recurrent feature of marine isotope
stages 2-4 and involved some of the most abrupt and dramatic changes in the late Quaternary climate
system. Some areas became exceptionally dry, while at the same time, other regions became unusually wet
(Figure 21). Such changes often occurred within a few decades and must have had significant consequences
for many ecosystems, forcing the migration of some species in order to stay within a suitable habitat, and
isolation or perhaps even the local extinction of others that were unable to adapt to the rapidity of the
changes (cf. Kaufman et al., 1997; Seehausen, 2002).

It has long been accepted that a large increase of freshwater in areas of the North Atlantic where con-
vective overturning occurs, would increase the stability of the water column and reduce the AMOC, an
idea first expounded by Broecker et al. (1985). Where the freshwater might have come from (and why) re-
mains uncertain, and we offer no commentary on that. But the connection between ice-rafted debris (HEs),
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freshwater forcing and AMOC stability is critically important for our discussion of changes in tropical cir-
culation, particularly the trajectory and ultimate distribution of freshwater in the North Atlantic (cf. Roche
et al., 2010). In this review, we have often associated THEs with HEs, but the challenges of precisely dating
marine sediments make it difficult to determine the exact sequence of events, which may have transpired
over a century or less. For example, Hodell et al. (2017) in a detailed study of HE1 in a sediment core from
the central North Atlantic found 2 distinct peaks in IRD (at Site U1308, 49.88°N; 24.23°W); the central [cal-
endar year] dates on these are 16.2 and 15.1 ka B.P. (with 2 sigma ranges of 15.5-17.1 and 14.3-15.9 ka B.P,,
respectively). However, more precise dating is constrained by issues of bioturbation (particularly at the end
of IRD events) and uncertain corrections for the oceanic radiocarbon reservoir (which may have changed
considerably during these IRD events). Inconsistent radiocarbon ages given by different species of forams
selected from the same core depth, and changing atmospheric radiocarbon concentrations over the time of
interest can also pose problems (Hodell et al., 2017). Furthermore, most records of IRD are expressed as %
IRD, which leaves the variations subject to changes in the content of other sediments (e.g., dissolution of
foraminifera). IRD fluxes (deposition rate per unit area per unit time) reconstructed from the 2°Th-normal-
ized burial flux of IRD provide an alternative record, but such estimates are rare (Zhou et al., 2021). Finally,
the timing and magnitude of IRD deposition in other locations might have been somewhat different than
that registered at the mid-Atlantic site examined in detail by Hodell et al. (2017). For example, Condron and
Hill (2021) showed that icebergs scoured sediments off the eastern coast of the U.S. as far south as southern
Florida during HE3, indicating that a coastal current of freshwater may have been particularly effective
at carrying icebergs away from the North Atlantic Ruddiman Belt at that time. This may explain why the
IRD stack (and 2*'Pa/?*°Th discussed below) show a smaller signal at the time of HE3 compared to other
events. If the movement of icebergs and associated freshwater was fundamentally different during HE3, it
may explain why many paleoclimatic records from across the tropics did not register a strong perturbation
at that time. Despite all of these issues, a “stacked” set of 15 IRD records from the North Atlantic shown in
Figure 1 nevertheless shows remarkable temporal synchrony with proxies of THESs (though see the caveats
in caption to Figure 1; Lisiecki & Stern, 2016). Within the uncertainties of dating, tropical rainfall anomalies
occurred very close in time (+10?-10° yr) to the deposition of North Atlantic IRD, a conclusion which con-
curs with that of Jullien et al. (2007) and Liang et al. (2020) and is analogous to the conclusions of Corrick
et al. (2020) who compared the timing of DO events in Greenland ice with independently dated tropical
stalagmite records.

To examine these connections further, Figure 22 compares the stacked IRD record of Lisiecki and
Stern (2016) with a proxy of AMOC strength, 2*'Pa/?*Th, in sediments from the western North Atlantic
(Bohm, 2014; Lippold et al., 2009; McManus et al., 2004). Again, within the limits of dating, IRD and AMOC
strength are closely linked, both in time and amplitude. This, in turn suggests that even though there may
have been considerable amounts of freshwater entering the North Atlantic—without any associated sedi-
ment—prior to the release of sediment-loaded icebergs from calving glaciers (cf. Bradley & England, 2008)
the IRD record is in fact a good proxy for the amount and distribution of the additional freshwater forcing
that was necessary to bring about a drastic reduction in AMOC strength during each HE; the freshwater
associated with IRD pushed the AMOC “over the edge.” As a consequence of a reduction or cessation of
the AMOC, cooling of the North Atlantic and adjacent continents took place, though model simulations
(and simple energy flux considerations) suggest that this alone was insufficient to account for the observed
temperature changes around the margins of the North Atlantic (Seager & Battisti, 2007). Several studies
argue that the magnitude of cooling must also have involved a sudden expansion of sea-ice, especially in
winter (Chiang & Bitz, 2005; C. Li et al., 2005). This then led to a rapid atmospheric response involving the
southward displacement of the ITCZ, and associated anomalous hydroclimatic events (both wet and dry)
throughout the tropics (THEs) and (as a result of the AMOC slowdown) the accumulation of heat in the
southern hemisphere oceans (Chiang & Friedman, 2012).

High resolution ice core records of CH, and CO, (and associated isotopic data) show abrupt increases in
these gases over the course of HE1, 4, and 5, which may have resulted from wetland expansion over land
areas in the southern hemisphere where rainfall greatly increased (Bauska et al., 2021; Rhodes et al., 2015).
These data provide important additional constraints on the timing and duration of THEs in the tropics. It is
also of interest that several paleoclimatic records show evidence of sub-stages within THEs (e.g., in THE1:
Bouimetarhan et al., 2012; Dupont et al., 2010; Hodell, Anselmetti, et al., 2008; Huang et al., 2019; Strikis
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Figure 22. %! Pa/?Th in several North Atlantic sediment cores; values of >0.093 (dashed black line) represent a
complete cessation of North Atlantic deepwater formation (note data are plotted inversely; from McManus et al., 2004,
in orange; Lippold et al., 2009, in purple; Bohm, 2014, in red; Henry et al., 2016, in green; Ng et al., 2018, in black,
9-point running mean). Lower blue line is the stacked record of IRD based on 15 North Atlantic cores (normalized
values, from Lisiecki & Stern, 2016). Shaded brown intervals indicate times when IRD exceeded median values for
MIS2-4. Data sources: https://www.ncdc.noaa.gov/paleo-search/study/6406; https://www.ncdc.noaa.gov/paleo-search/
study/20248.

et al., 2015 and in THE4 and 5: Kanner et al., 2012). These are reminiscent of Hodell et al.’s (2017) North
Atlantic sediment record, which also suggests that there were two pulses of sediment deposition, as noted
earlier, as well as ice core evidence for multiple stages within Heinrich stadial 4 (Guillevic et al., 2014). As
more high-resolution, well-dated terrestrial records become available, it may be possible to decipher in more
detail the precise sequence of changes that took place within the North Atlantic and across the tropics.

It is important to recognize that abrupt hydroclimatic changes in the tropics and sub-tropics (THEs) were
superimposed on low-frequency climate fluctuations resulting from precessional forcing, which strongly
modulates rainfall in those regions on timescales of 10*-10° yr. This may have led to a somewhat different
response to freshwater forcing over MIS2-4, depending on the phase of the precessional cycle at the time.
In addition, the growth of continental ice sheets affected the global atmospheric circulation, and in some
areas, particularly Southeast Asia, the extent of continental land area exposed due to sea-level changed
significantly, affecting both ocean circulation and regional atmospheric dynamics. The effect of freshwater
disruptions to the AMOC thus played out on a moving target, in both time and space. Although transient
model simulations that span multiple precessional cycles do not yet exist, simulations for selected time
intervals have been made and they provide insight into how the atmospheric circulation responded to these
different factors (e.g., Singarayer et al., 2017). Changes in precession lead to an overall latitudinal expansion
or contraction of the tropical rainfall belt (particularly over oceanic regions), whereas the presence of large
continental ice sheets, and freshwater forcing in the North Atlantic resulted in a southward shift in the axis
of tropical rainfall in both boreal summer and winter months (Singarayer et al., 2017).

Numerous Global Climate Model simulations have examined the tropical response to imposed freshwater
forcing in the North Atlantic, compared to either modern or LGM conditions (e.g., Atwood et al., 2020;
Cheng et al., 2007; Chiang et al., 2008; Kageyama et al., 2013; Seager & Battisti, 2007; Stouffer et al., 2006;
Vellinga & Wood, 2002; R. Zhang & Delworth, 2005). Although it has been pointed out that most of these
studies place freshwater in a location of the North Atlantic (50°-70°N) which was probably not affected
by drainage from the Laurentide Ice Sheet (Condron & Winsor, 2011, 2012) and also that they commonly
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Figure 23. (Above) Ensemble mean surface air temperature anomalies (°C) and (below) precipitation anomalies (mm
d=1) (both relative to the reference period mean) during years 81-100 after 1sv of freshwater was imposed on the North
Atlantic from 50° to 70°N (based on 9 AOGCMs) (Stouffer et al., 2006). © American Meteorological Society. Used with
permission.

impose volumes of freshwater that are unrealistic in magnitude (Bradley & England, 2008), they never-
theless provide some insight into the consequences and temporal evolution of a slowdown or complete
shutdown of the AMOC, regardless of the actual cause. Whether such changes were originally initiated
elsewhere (e.g., in the Tropical or North Pacific; Clement et al., 2001; Seager & Battisti, 2007; Walczak
et al., 2020) is an open question and one which we do not address here.

All simulations involving freshwater forcing produce cooling across the northern hemisphere (decreasing
away from the North Atlantic), a southward shift in the ITCZ and associated rainfall, and a slight increase
in mean air temperature over the southern hemisphere (Figure 23), but the regional details vary depending
on the model used and the magnitude of the imposed forcing. Lower temperatures lead to high-pressure
anomalies over continental areas, which reduce monsoon airflow from the tropical oceans (Dong & Sut-
ton, 2002). In addition, there is less convective activity over the cooler northern continental tropics and
so rainfall amounts are correspondingly reduced (Singarayer et al., 2017). Several authors have noted that
ocean heat transport into the North Atlantic (~0.4 PW today) is far less than that transported by the atmos-
phere (Seager et al., 2002; Trenberth & Caron, 2001), and any reduction in that flux would be compensated
for by an increase in the cross-equatorial atmospheric heat flux. However, the cooling recorded by mid-lat-
itude paleoclimate proxies on land is far greater than would be expected from a reduction in AMOC alone
(Cheng et al., 2007; Seager & Battisti, 2007). This suggests that an additional factor, a massive expansion of
winter sea-ice cover in the North Atlantic due to a reduction in the ocean heat flux, must have been associ-
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ated with a slowdown in AMOC (and in fact probably contributed to a further reduction in AMOC due to
feedback effects; W. Cheng et al., 2007; Chiang & Bitz, 2005; C. Li et al., 2005). An expansion of sea ice extent
would have increased the surface albedo and drastically reduced net radiation across the North Atlantic,
leading to much lower temperatures (advected southward by the sub-tropical ocean gyre circulation) and
further increasing the interhemispheric temperature gradient (Cheng et al., 2007). This would then have led
to a rapid atmospheric response—within less than a decade from the onset of freshwater forcing—in which
the ITCZ and Hadley circulation shifted southward (cf. Figure 3), increasing atmospheric heat transport
into the northern hemisphere in order to balance the hemispheric asymmetry in temperature (Broccoli
et al., 2006; Donohoe et al., 2013; McGee et al., 2014). In effect, the atmospheric response acted as a “bridge”
that quickly transferred the oceanic changes within the Atlantic Basin to other areas of the globe (Dong &
Sutton, 2002).

A robust conclusion of model simulations is the strong relationship between changes in atmospheric heat
transport and the mean latitude of maximum precipitation in the equatorial zone: a ~0.3 PW increase in
northward atmospheric heat flux corresponds to a 1° southward shift in the mean location of the ITCZ, a
quantity that is similar on both seasonal and longer timescales (Donohoe et al., 2013; McGee et al., 2014).
As the convergence zone shifted southward, a wind-evaporation-SST feedback in the Atlantic also likely
developed as stronger Trade winds increased evaporation over the ocean, lowering SSTs and extending the
anomalous cooling further south, further increasing the SST gradient in the sub-tropical Atlantic (Chiang
et al., 2008; Chiang & Friedman, 2012). Whether the amount of convective rainfall was reduced within
convective plumes as a result of cooler SSTs, due to a reduction in convective available potential energy
is an open question (Evans & Webster, 2014; Folkins & Braun, 2003; Graham & Barnett, 1987). However,
model simulations by Singarayer et al. (2017) indicate that local thermodynamic effects strongly influenced
rainfall amounts over continental regions, due to cooler conditions and lower humidity levels. With a re-
duction or shutdown of the AMOC, heat would have accumulated at depth in the North Atlantic due to the
suppression of ocean convection, allowing the AMOC to become re-established fairly quickly later on, when
convective overturning eventually resumed (Knutti et al., 2004). Based on TRACEZ21 transient model simu-
lations, McGee et al. (2014) point out that one additional consequence of these changes was a reduction in
the amount of time that the ITCZ would have been positioned in the northern hemisphere (by ~ 1 month
per year during HE1) with the seasonal migration into the southern hemisphere occurring ~1 month earlier
in the (boreal) Fall. Thus, the rainy season was prolonged in those areas of the southern hemisphere toward
which the convective rain belt was displaced.

An interesting result of the transient climate evolution of the last 21,000 yr (TRACE21) model simulation of
HE]1 is that the overall shift in ITCZ position was quite small, <1° of latitude. McGee et al. (2014) estimated
that the inter-hemispheric temperature gradient increased by 0.29 = 0.22 K compared to today, which led to
a southward shift in the ITCZ (defined by the centroid of near-equatorial precipitation) of 0.61° + 0.47°, and
an increase in atmospheric heat transport of 0.22 + 0.18 PW (all values are for the global mean response). A
similar result was found by Roberts et al. (2017). This reflects the fact that over the oceans, there was little
change in the location of the convergence zone. However, while such studies provide insight into the overall
energetics of the tropical climate system and how it might be expected to respond to a sudden cooling of
the North Atlantic Basin, hydroclimatic changes on the tropical continents reflect regional dynamics that
are superimposed on these large-scale circulation changes. In the Americas, cooler sub-tropical SSTs and a
southward shift in the ITCZ led to a dramatic reduction in rainfall over Central America, as even seasonal
changes in the Hadley circulation did not result in significant convective activity across the region (cf. Fig-
ures 5 and 23). Further south, over northern South America, a longer rainy season, and enhanced moisture
flux into the continental interior increased total rainfall amounts and extended the austral summer rains as
far as 27°S. Isotopic records found in speleothems throughout the region record the increase in convective
rainfall, and distinctive geochemical signatures in offshore sediments indicate enhanced runoff from the
Amazon Basin (Figures 9-12). The hydroclimatic consequences of all these changes are well-documented
in a diverse set of paleoclimate records extending from Bolivia and southern Brazil to Guatemala and the
northern Caribbean.

In West Africa, the main locus of tropical rain shifted into the southern hemisphere, and higher pressure (in-
creased subsidence) and stronger northeasterly winds suppressed rainfall further north. As a result, aridity
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was enhanced across the southern Sahara, the Sahel-Saharan ecotone shifted southward by ~4° (~450 km),
and active dunefields developed as far as 14°N in Senegal. Unlike South America, rainfall in the equatorial
zone did not increase; there is strong evidence that the entire Congo Basin was drier, at least during North
Atlantic HE1, and similar conditions prevailed across the continent to the east, with a drastic reduction in
Nile River outflow. Relatively dry conditions may also have extended as far as 12°S, into Angola and to the
east as far south as Lake Malawi (10°S). However, further south and east, hydroclimatic conditions were
much wetter, with higher rainfall amounts over the Zambezi drainage and extensive lakes developing at
21°S in the modern day Kalahari Desert. Weaker southeast Trade winds, a more limited seasonal migration
of the tropical rainfall belt and significantly less moisture advected into East Africa from the Indian Ocean
all contributed to the remarkable hydroclimatic changes observed across the entire region (Figures 13-16).

Across monsoon Asia—from the Arabian Peninsula to China—abrupt THEs are recorded in a large number
of paleoclimate archives. Throughout the region, relatively dry conditions prevailed during HEs as the flux
of moisture from the oceans to the continents was reduced, rainfall was more isotopically enriched, and in
some areas, the atmospheric dust load increased (Figures 17-20). These changes were primarily the result
of a southward shift in the seasonal migration of ITCZ over the Indian Ocean and adjacent areas of South-
east Asia, perhaps exacerbated by cooler SSTs across the region. To the north, cooler conditions over the
Eurasian continent resulted in higher pressure over the land area, which reduced monsoon airflow (from
both the Indian and the East Asian monsoon systems). The usual seasonal migration of the westerly jet
(from south of the Tibetan Plateau to the north) may also have been suppressed, resulting in limited pen-
etration of moisture-bearing winds from the Bay of Bengal into southern China. Similarly, dry THEs were
also recorded across Southeast Asia north of the Equator, from Sumatra to Vietnam, while wetter conditions
prevailed south of the Equator, where isotopically light rainfall is recorded in speleothems from the island
of Flores, and in northern Australia.

In summary, a wide range of continental paleoclimate records from the inter-tropical zone provide a vivid
picture of extraordinary hydroclimatic changes that occurred abruptly as the major areas of convection and
subsidence across the region shifted in response to a disruption in the AMOC. The atmospheric response
was swift and global in scale, resulting in significant hydroclimatic consequences across half of the earth's
surface. Given their rapidity, these changes may have been far more consequential for the flora and fauna of
the affected regions than the long-term changes resulting from the growth and decay of ice sheets.

9. Recommendations for Further Research

Although there is an impressive set of terrestrial proxies that provide evidence for major hydroclimatic
changes across the tropics and sub-tropics (Figure 2), the network is sparse for events in MIS 3 and 4. This
is an interesting period that contrasts with events in MIS2 in that boundary conditions were significantly
different—most notably smaller continental ice sheets and higher sea-level in the earlier periods, which can
affect the response of the atmospheric circulation to freshwater forcing (Kageyama et al., 2013). A better un-
derstanding of the source and distribution of freshwater is also needed, so that model simulations can move
away from the ubiquitous hosing experiments in which freshwater is uniformly imposed (unrealistically)
across the North Atlantic from 50°N to 70°N (cf. Roche et al., 2010). Modeling may help in understanding
the movement of freshwater and associated IRD (e.g., Condron & Hill, 2021) and the magnitude and dura-
tion of AMOC disruption associated with different geographical patterns of freshwater forcing and model
simulations that examine such differences are needed. There is a large spread in model AMOC response to
freshwater forcing which means that relying on the results of a single model may not be the best strategy
(Stouffer et al., 2006). Models are also commonly compared to pre-industrial conditions, rather than to
conditions around the time of HEs, which means that they may not capture the additional effects of orbital
and greenhouse gas forcing and ice sheet distribution. As much of the proxy evidence relating to THEs (and
HEs) are isotopic records from stalagmites, the more widespread use of isotope-enabled models for paleo-
climate simulations (for example, as carried out by Hu et al., 2019) would be a major step forward in more
directly linking models and data.

Dating is an on-going issue for many proxy records, especially those from marine sediments. Indeed, as Ta-
ble 1 illustrates, there is still considerable disagreement about the exact timing and duration of HEs in the
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Figure 24. Location of IRD records used to produce a “stacked” composite time series (based on data provided in Lisiecki and Stern, 2016).

North Atlantic, especially in MIS3 and 4. Although we have used a stacked record of IRD throughout this
article as a reference for freshwater forcing, the data therein is somewhat limited (Figure 24). It would be
extremely useful to have a more comprehensive set of IRD records compiled using the best available dating
control in order to better understand the timing and distribution of IRD, and whether there were phases of
deposition within each HE event that were geographically widespread, as documented for a single site by
Hodell et al. (2017). The best-dated terrestrial proxy records are from speleothems, and these currently pro-
vide a temporal framework for hydroclimatic events across South America and Asia, but there are, as yet, no
comparable records from the African continent. There is also an on-going debate about the interpretation
of 8180 in speleothems simply in terms of rainfall amount (Hu et al., 2019; Lachniet, 2020). Ice core records
of CH, provide extremely important evidence of wetland expansion (even though they do not indicate the
geographical areas of such changes; Rhodes et al., 2015). Nevertheless, the additional chronological con-
straints on THEs that ice cores can provide is extremely important, especially for earlier THEs where dating
is relatively poor.

Finally, the rapidity with which extreme hydroclimatic conditions began (and ended) in different geo-
graphical regions needs to be better resolved in time and space, by more widespread paleoclimatic records
and many improved chronologies. The best-dated records (high-resolution speleothems) indicate that the
changes in some locations were very abrupt (occurring in less than a few decades) and so it seems probable
that the events we have described would have had profound consequences for the flora and fauna of the
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