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Tropical paleoclimate records provide important insights into the response of precipitation patterns and
the Hadley circulation to past climate changes. Paleo-records are commonly interpreted as indicating
north-south shifts of the Intertropical Convergence Zone (ITCZ), with the ITCZ's mean position moving
toward the warmer hemisphere in response to changes in cross-equatorial temperature gradients. Though
a number of records in tropical Central and South America, North Africa, Asia and the Indo-Australian
region are consistent with this interpretation, the magnitudes and regional variability of past ITCZ shifts
are poorly constrained. Combining estimates of past tropical sea surface temperature (SST) gradients with
the strong linear relationship observed between zonally averaged ITCZ position and tropical SST gradients
in the modern seasonal cycle and in models of past climates, we quantify past shifts in zonally averaged
ITCZ position. We find that mean ITCZ shifts are likely less than 1° latitude during the Last Glacial
Maximum (LGM), Heinrich Stadial 1 (HS1) and mid-Holocene (6 ka) climates, with the largest shift during
HS1. The ITCZ's position is closely tied to heat transport between the hemispheres by the atmosphere
and ocean; accordingly, these small mean ITCZ shifts are associated with relatively large (~0.1-0.4 PW)
changes in cross-equatorial atmospheric heat transport (AHTgq ). These AHTgq changes point to changes in
cross-equatorial ocean heat transport or net radiative fluxes of the opposite sign. During HS1, the increase
in northward AHTgq is large enough to compensate for a partial or total shutdown in northward heat
transport by the Atlantic Ocean’s meridional overturning circulation. The large AHTgq response for small
changes in mean ITCZ position places limits on the magnitude of past shifts in the globally averaged
ITCZ. Large (>5°) meridional displacements of the ITCZ inferred from regional compilations of proxy
records must be limited in their zonal extent, and ITCZ shifts at other longitudes must be near zero, for
the global mean shift to remain <1° as suggested by our results. Our examination of model results and
modern observations supports variable regional and seasonal changes in ITCZ precipitation. This work
thus highlights the importance of a dense network of tropical precipitation reconstructions to document
the regional and seasonal heterogeneity of ITCZ responses to past climate changes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

rising temperatures in the Southern Hemisphere (Bard et al., 2000;
Monnin et al., 2001; Shakun et al., 2012), sites in the northern

Proxy records of past precipitation changes in the tropics show
pronounced sensitivity to changes in cross-equatorial temperature
gradients, with precipitation decreasing in the tropics of the cooler
hemisphere (Fig. 1) (e.g., Clark et al., 2012; Escobar et al., 2012;
Partin et al., 2007; Peterson et al., 2000; Wang et al., 2004;
Weldeab et al., 2007). These records are commonly interpreted as
representing changes in the local summer position of the band of
heavy precipitation associated with the Intertropical Convergence
Zone (ITCZ). During Heinrich Stadial 1 (HS1; ~15-18 ka), a pe-
riod of cold North Atlantic sea surface temperatures (SSTs) and
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tropics show evidence for reduced precipitation, weakened sum-
mer monsoons and increased winter trade winds (Escobar et al.,
2012; Gibbons et al., 2014; McGee et al.,, 2013; Peterson et al.,
2000; Rashid et al, 2011; Wang et al., 2001; Weldeab et al,,
2007), and several sites in central South America and northern
Australia suggest increased precipitation (Ayliffe et al., 2013; Cruz
et al.,, 2005; Denniston et al., 2013; Kanner et al., 2012; Muller et
al.,, 2008; Placzek et al., 2006; Wang et al., 2004). Both of these
sets of observations are consistent with a southward displace-
ment of the ITCZ’s seasonal range in conjunction with a negative
(cooler North, warmer South) cross-equatorial temperature gradi-
ent.

An opposite pattern is observed during the mid-Holocene
(6-8 ka), a time when northern hemisphere (NH) summer oc-
curred near perihelion. Sites in the northern tropics record higher
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Fig. 1. Variations in inferred tropical precipitation and cross-equatorial temperature gradients over the last 25 ka. The records suggest antiphasing of tropical precipitation
intensity between the hemispheres during periods of strong temperature gradients, in particular Heinrich Stadial 1 (HS1), and the mid-Holocene (6 ka), consistent with
movements of the mean annual position of the ITCZ toward the warmer hemisphere. (Top) Three representative proxy records from the Northern Hemisphere tropics:
speleothem §'80 from Hulu and Dongge Caves, a measure of East Asian monsoon strength (Dykoski et al., 2005; Wang et al., 2001); titanium concentration in Cariaco
Basin sediments, reflecting river discharge from northern South America (Haug et al., 2001); Saharan dust deposition along the NW African margin (reversed axis), reflecting
summer precipitation and winter trade wind intensity (McGee et al., 2013). (Center) Reconstructions of whole-hemisphere surface temperature gradients expressed as the
area-weighted mean NH surface temperature minus SH surface temperature, each expressed relative to the mean gradient between 11 and 6.5 ka (black: Shakun et al., 2012;
grey: Marcott et al., 2013). (Bottom) Two records from the Southern Hemisphere tropics: §'80 records from multiple speleothems from Ball Gown Cave in northwestern
Australia (Denniston et al., 2013); and speleothem §'80 from Botuvera cave in SE Brazil, reflecting summer monsoon intensity in the southern tropics of South America

(Wang et al., 2007).

precipitation and reduced winter trade winds (Adkins et al.,
2006; Dykoski et al., 2005; Fleitmann et al., 2007; Gasse, 2000;
Haug et al, 2001; Weldeab et al., 2007), while South Amer-
ican sites south of the equator suggest reduced precipitation
and a weaker summer monsoon (Fig. 1) (Cruz et al., 2005;
Seltzer et al., 2000).

The spatial coherence of these changes seems to point to large-
scale changes in ITCZ position. Accordingly, tropical precipitation
paleo-records are commonly interpreted as reflecting meridional
“shifts” in the ITCZ. As the ITCZ's seasonal migration determines
the seasonality, intensity and spatial distribution of precipitation
throughout the tropics, there is widespread interest in understand-
ing the magnitude and character of these shifts and in determining
their sensitivity to external forcings. However, presently available
records are unable to constrain the magnitude of past changes in
the ITCZ’s seasonal range or annual-mean position. Taking HS1 as
an example, we have little indication of whether drying in north-
ern tropical sites at HS1 reflects a southward shift of the ITCZ's

boreal summer position by several degrees of latitude or only a
modest reduction in the amount of time spent by the ITCZ at
its boreal summer extreme. Further complicating interpretation of
paleo-records is the fact that changes in tropical precipitation pat-
terns are likely to be zonally heterogeneous. During HS1, proxy
data suggest something like a shift of the ITCZ at some longi-
tudes, while in other regions precipitation decreased both north
and south of the equator (Stager et al., 2011). Similarly, in recent
interannual variability, 1° shifts of the mean ITCZ are associated
with up to 5° shifts in some regions and little change in others
(Fig. 2). Constraints on the mean ITCZ position in past climates
would help us determine whether large regional ITCZ shifts re-
constructed from proxy records (e.g., Arbuszewski et al., 2013;
Sachs et al., 2009) represent global-scale changes or regional vari-
ability.

The position of the ITCZ is also closely tied to hemispheric en-
ergy budgets through its role in cross-equatorial atmospheric heat
transport (AHTgq). In the solsticial seasons, the Hadley circulation
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Fig. 2. Proxy data sites and regional precipitation responses associated with modern interannual variability in ITCZ position. Green contours show annually averaged precipi-
tation rates (contour interval 4 mm/day), and the black line shows the mean Pcgnr calculated at each degree of longitude. Red and blue lines show the response of the local
Pcent to a 1° northward or southward shift in zonally averaged Pcgnr, respectively. Colored shading shows the precipitation response associated with a 1° northward shift
in zonally averaged Pcgnr. Precipitation data are from the National Oceanographic and Atmospheric Administration’s Climate Prediction Center’s (NOAA CPC) merged analy-
sis (Xie and Arkin, 1996) and are taken from 1981 to 2010. Core sites used for SST reconstructions are shown in numbered circles; numbers correspond to site numbers in
Table 1. Sites for proxy precipitation reconstructions shown in Fig. 1 are indicated by squares with inscribed X. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Locations and SST proxy information for cores used for SST gradient reconstruction. Site numbers are used to show core locations in Fig. 2. References for the records are
given in Shakun et al. (2012).

Site Basin Core Region SST proxy Lat. Long.
(°N) (°E)

1 N Atlantic MDO02-2575 Gulf of Mexico Mg/Ca 29.0 —87.1
2 M35003-4 Western tropical N Atl. UK’'37 12.1 —61.3
3 PLO7-39PC Cariaco Basin, Venezuela Mg/Ca 10.7 —65.0
4 MDO03-2707 Gulf of Guinea Mg/Ca 2.5 9.4
5 GeoB 4905 Eastern equatorial Atl. Mg/Ca 2.5 9.4
6 S Atlantic GeoB 3910 Brazilian margin UK'37 —4.2 —36.3
7 GeoB 3129 Western trop. Atl. Mg/Ca —4.6 —36.6
8 GeoB 6518-1 Gulf of Guinea UK'37 —5.6 11.2
9 GeoB 1023-5 Southeast Atl. UK'37 -17.2 11.0
10 ODP 1084B Subtropical SE Atl. Mg/Ca —25.5 13.0
11 N Pacific 17940 South China Sea UK'37 20.1 117.4
12 MDO02-2529 Eastern equatorial Pac. UK'37 8.2 —84.1
13 MEO005A-43]C Eastern equatorial Pac. Mg/Ca 7.9 —83.6
14 MDO01-2390 South China Sea Mg/Ca 6.6 113.4
15 MD98-2181 West Pac. warm pool Mg/Ca 6.3 125.8
16 TR163-22 Eastern equatorial Pac. Mg/Ca 0.5 —-92.4
17 S Pacific V21-30 Eastern equatorial Pac. Mg/Ca -1.2 —89.7
18 V19-28 Eastern equatorial Pac. UK'37 —24 —84.7
19 MD9821-62 West Pac. warm pool Mg/Ca —4.7 117.9
20 MD98-2176 West Pac. warm pool Mg/Ca —5.0 133.4
21 MD98-2165 West Pac. warm pool Mg/Ca -9.7 118.4
22 MD98-2170 West Pac. warm pool Mg/Ca —10.6 125.4
23 MDO01-2378 Timor Sea, Indian Oc. Mg/Ca —13.1 121.8

transports ~2.5 PW of heat into the winter hemisphere, and the
magnitude of this seasonal AHTgq is linearly related to how far
the ITCZ - located near the boundary between the Hadley cells -
migrates into the summer hemisphere (Fig. 3A) (Donohoe et al.,
2013). The ITCZ's mean position north of the equator results in
an annual mean AHTgq from the northern to the southern hemi-
sphere of approximately 0.2 PW - a small residual of the annual
cycle (Trenberth and Caron, 2001).

The magnitude and direction of AHTgq are an integral part of
hemispheric energy budgets, as annual mean export of heat from
the NH atmosphere must be balanced by a hemispheric asym-
metry in atmospheric heating, either by way of energy fluxes
at the top of the atmosphere (TOA) (i.e., the balance of incom-
ing and outgoing radiation) or surface energy fluxes resulting
from ocean heat transport convergence. In the modern climate,
hemispheric albedos are nearly symmetric (Marshall et al., 2013;
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Fig. 3. Relationships between tropical SST gradients, ITCZ position and cross-equatorial AHT in the modern seasonal cycle and in models of altered climate states. (A) Rela-
tionship between ITCZ position (Pcent) and cross-equatorial AHT (AHTgq) in the modern seasonal cycle (crosses: monthly averages with 95% confidence intervals based on
interannual variability; dashed line: slope shows regression of monthly data, and endpoints show the amplitude of the annual harmonic; square: annual average). (B) Rela-
tionship between tropical cross-equatorial SST gradients (ASST) and ITCZ position in the modern seasonal cycle. (C) Relationship between Pcgny and cross-equatorial AHT in
models of altered climates. Crosses indicate results from individual models (2XCO;: doubled CO,, red; LGM: blue; 6 ka: green; hosing experiments performed on modern
and LGM background states: diamonds). Dashed line is the best linear fit to the model results, and the solid line shows the slope from the seasonal data in panel A. (D) Re-
lationship between tropical SST gradients and ITCZ position in models of altered climates, with model symbols and lines as in C. For a list of models included in panels C
and D, see Donohoe et al. (2013). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Voigt et al,, 2013) - meaning that absorbed solar radiation is ap-
proximately equal in both hemispheres - and the hemispheric
asymmetry in outgoing longwave radiation is small and favors a
relative cooling of the NH. These observations make clear that TOA
energy fluxes are not the source of the heat exported from the NH
atmosphere to the SH. Rather, the ITCZ’s position in the Northern
Hemisphere and the associated southward AHTgq is driven by the
cross-equatorial ocean heat transport (OHTgq), which has a magni-
tude of ~0.4 PW and is principally driven by the Atlantic Ocean’s
meridional overturning circulation (AMOC) (Frierson et al., 2013;
Marshall et al., 2013). Changes in ITCZ position, and thus in AHTgq,
may therefore provide insight into past changes in heat transport
by the AMOC; alternatively, they may reflect changes in the hemi-
spheric balance of TOA energy fluxes (e.g., asymmetries in hemi-
spheric albedo).

The relationship between ITCZ position and hemispheric en-
ergy budgets provides additional motivation for seeking quantita-
tive estimates of past ITCZ shifts. Returning to HS1 as an example,
a southward shift of the ITCZ during HS1 would increase AHT
into the NH, compensating for a reduction or shutdown of the
AMOC (Vellinga and Wu, 2008). Such compensation would pro-
vide an important conceptual basis for understanding atmospheric
responses to past changes in ocean circulation. However, we have
no estimates of whether the change in AHTgq during HS1 was of
sufficient magnitude to compensate for the suggested reduction in
northward OHTgq.

Here we present estimates of changes in the mean position of
the ITCZ and cross-equatorial AHT in past climates. In Section 2
we summarize recent work that demonstrates close relationships
between ITCZ position, AHTgq and tropical SST gradients in the
modern seasonal cycle and in models of altered climate states

(Donohoe et al., 2013), providing a means for using past SST gra-
dients to reconstruct changes in ITCZ position and AHTgq. In Sec-
tion 3 we apply these relationships to estimate globally averaged
ITCZ shifts and changes in AHTgq associated with the Last Glacial
Maximum (LGM; 19-23 ka), HS1, and mid-Holocene. We then ex-
plore implications of our results in Section 4, including discussion
of the magnitude of past AMOC changes suggested by our find-
ings and a consideration of the apparent mismatch between small
mean ITCZ shifts suggested by our results and large precipitation
changes indicated by paleo-records. Though the precision of our
results is limited by the small number of tropical SST reconstruc-
tions available for these time slices, they are sufficient to define
upper limits for past ITCZ shifts and changes in AHTgq, and they
lay the groundwork for linking paleo-SST records to tropical pre-
cipitation patterns and hemispheric energy budgets.

2. Relationships between ITCZ position, cross-equatorial heat
transport and tropical SST gradients

The ITCZ migrates north and south following the sun in the
annual seasonal cycle. This migration transports heat from the
warm hemisphere into the cold hemisphere via the Hadley circu-
lation, compensating (along with heat released from the ocean)
for the deficit of incoming solar radiation relative to outgoing
longwave radiation in the cold hemisphere. We approximate the
ITCZ's location with the tropical precipitation centroid (Pcgnr), de-
fined as the median latitude of zonally averaged precipitation be-
tween 20°N and 20°S (Donohoe et al., 2013; Frierson and Hwang,
2012). Using modern observational data, Donohoe et al. (2013)
have demonstrated that Pcgyr maintains a constant linear relation-
ship with AHTgq in the seasonal cycle (Fig. 3A). The slope of the
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Pcenr-AHTEq regression is —2.7 +0.6°/PW (95% confidence inter-
val), meaning that 1 PW of heat is transported northward across
the equator for each 2.7 degrees that Pcgpny moves south.

Pcent also has a linear relationship with the tropical cross-
equatorial SST gradient in the modern seasonal cycle, with a slope
of 3.3+0.6°/K (r? = 0.94; Fig. 3B) (Donohoe et al., 2013). Tropical
SST gradients are linearly related to AHTgq as well, with a slope
of —1.3(£0.4) K/PW (r2 = 0.93; not shown). Here the tropical SST
gradient is calculated as the average SST between 0 and 30°N mi-
nus the average SST between 30°S and 0. Note that in Donohoe
et al. (2013) tropical SST gradients were calculated for the band
20°S-20°N; we use an expanded latitudinal range in order to max-
imize the number of cores used for reconstructions of past SST
gradients.

Simulations of the preindustrial climate by the 25 coupled
atmosphere-ocean general circulation models included in the Cou-
pled Model Intercomparison Project phase 3 (CMIP3) (Meehl et
al., 2007) reproduce within uncertainty the amplitude of the sea-
sonal cycles in Pcent, AHTEq and tropical SST gradients as well as
the slopes of the modern seasonal Pcgnr—AHTrq-SST relationships
(Donohoe et al.,, 2013). The relationship of Pcgnr and tropical SST
gradients over the seasonal cycle in preindustrial runs in CMIP3
models averages 3.7 £+ 0.7°/K, in agreement with modern obser-
vations. This agreement suggests that the models’ representations
of the Hadley circulation and tropical precipitation and tempera-
ture patterns are robust with respect to these indices, at least in
climates similar to modern.

As a test of whether the relationships between Pcgnt, AHTEq
and SST gradients would remain constant in different climates,
Donohoe et al. (2013) examined the annual mean change in these
parameters in model simulations of other climate states. Annual
mean values for Pcgnr, AHTgq and tropical SST gradients were
calculated in simulations of the climate with atmospheric pCO,
set at 560 ppmv (2XCO2) by CMIP3 models (Meehl et al., 2007)
and simulations of the LGM and mid-Holocene (6 ka) climates in-
cluded in the Paleoclimate Model Intercomparison Project phase 2
(PMIP2) (Braconnot et al., 2007a). Here we add results from two
“hosing” experiments using the Community Climate System Model
version 3 (CCSM3) in which freshwater perturbations are intro-
duced to the high latitude North Atlantic ocean in modern and
LGM background climate states (Bitz et al., 2007). Results were
calculated by averaging the first twenty years following the fresh-
water pulse.

Though individual models produce quite different changes in
Pcenr for a given set of boundary conditions - indeed, there is dis-
agreement even as to the sign of the Pcgyr change in the LGM,
6 ka and 2XCO2 climate states — the relationships of Pcgyr with
AHTgq and SST gradients remain close to those observed in the
modern seasonal cycle. Grouping models by climate state, regres-
sion coefficients between Pcgnt and AHTgq for the annual mean
results are —4.2°/PW for the 2XCO2 simulations, —3.2°/PW for
the LGM and 6 ka runs, and —3.0°/PW for the hosing experiments
(Fig. 3C).

Taking all the models together, the mean slope is —3.2°/PW,
within uncertainty of the modern seasonal relationship (—2.7 +
0.6°/PW). This result suggests that the relationship between Pcny
and AHTgq observed in the modern seasonal cycle appears to
be maintained in the annual mean response in different climate
states. Changes in Pcgyy and tropical SST gradients also remain
linked across climates in the annual mean, though with a shal-
lower slope than in the modern seasonal cycle, ranging from
1.5°/K in the LGM to 2.5°/K in the 2XCO2 runs; the average for all
runs is 1.8 °/K (Fig. 3D). The fact that models of past climates ex-
hibit a lower sensitivity of ITCZ position to changes in tropical SST
gradients suggests that using the slope observed in the modern

seasonal cycle (3.3 +0.6°/K) is likely to provide an upper bound
for the magnitude of past ITCZ shifts.

The importance of these results lies in the fact that tropical
SST gradients for past climates can be reconstructed with greater
certainty than can ITCZ position or AHTgq. With estimates of past
tropical SST gradients, we can use the relationships above to esti-
mate past changes in ITCZ position, offering insight into the zonal-
mean sensitivity of tropical precipitation to climate forcings. The
same relationships also allow us to estimate changes in AHTgq that
point to changes in hemispheric energy budgets and OHTgq driven
by the AMOC (Marshall et al., 2013).

3. Estimates of ITCZ position and cross-equatorial heat transport
for past climates

3.1. Reconstruction of past tropical SST gradients

We used high resolution SST records compiled by Shakun et al.
(2012) to estimate tropical cross-equatorial SST gradients for the
LGM, HS1, and 6 ka climates. The dataset includes data from a total
of 23 sediment cores located between 30°N and 30°S in the Pa-
cific and Atlantic basins and the Indian Ocean portion of the West
Pacific Warm Pool (Table 1; Fig. 2). The western Indian Ocean/Ara-
bian Sea region is left out because of poor coverage south of the
equator. All SST estimates are based on Mg/Ca ratios in planktonic
foraminifera or alkenone paleothermometry. One tropical core in-
cluded in Shakun et al. (2012) is left out because it is located on
the equator. All gradients are normalized to the cross-equatorial
gradient observed between 0 and 2 ka in these cores; cores with-
out 0-2 ka data were not included. Time slices are defined as:
LGM, 19-23 ka; HS1, 15.5-17.5 ka; and 6 ka, 6-8 ka.

We use a jackknifing procedure to estimate uncertainties. We
first generated 1000 realizations of each core’s temperature in
each time interval by randomly sampling within the uncertainty
estimate of the mean temperature for the interval. Random un-
certainties in proxy data and proxy calibrations are assumed to
be contained within the scatter of data during each time inter-
val and to be represented by the standard error of the mean. For
each of these 1000 realizations, temperatures for the 6 ka, HS1
and LGM time slices were differenced from 0 to 2 ka tempera-
tures (AT). Within each realization, we then randomly selected all
cores but one in each hemisphere of the Pacific and Atlantic basin
in order to estimate the impact of the limited number of cores on
our temperature gradient estimates. Basin-average AT values for
the sampled cores were then differenced by hemisphere to obtain
1000 estimates of the Pacific and Atlantic cross-equatorial SST gra-
dients, and these values were multiplied by the relative width of
each basin and summed to generate a combined SST gradient. The
standard deviation of these 1000 realizations is used as an esti-
mate of the uncertainty of this procedure.

Past changes in global mean ITCZ position and AHTgq are calcu-
lated using the above estimates of past tropical SST gradients and
the SST-Pcent—AHTEq relationships observed in the modern sea-
sonal cycle. Stated uncertainties include uncertainties in past SST
gradients and in the seasonal SST-Pcgnr and SST-AHTgq relation-
ships. Uncertainties dominantly reflect the small number of cores.
While development of additional SST records will improve the pre-
cision of these estimates, our results are sufficient to place upper
bounds on past changes in ITCZ position and AHTgq.

3.2. ITCZ position and cross-equatorial AHT during LGM, HS1 and 6 ka
climates

We estimate that the LGM tropical cross-equatorial SST gradi-
ent relative to 0-2 ka was —0.14£0.18 K (68% confidence interval)
(Table 2). Negative values indicate colder temperatures in the NH
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Table 2

Estimates of changes in cross-equatorial tropical SST gradients, Pcgny and cross-
equatorial AHT at 6 ka, HS1 and the LGM. SST gradients are calculated from proxy
data, and Pceny and AHT changes are derived from seasonal slopes; see text for de-
tails. Multi-model mean values from the CMIP3 doubled-CO, runs are also shown
for comparison. 68% confidence intervals are given.

Time slice Change in Change in Change in
SST gradient Pcent cross-equatorial AHT
(°0) (°) (PW)
6 ka +0.12 (£0.18) +0.25 (+0.38) —0.09 (£0.14)
HS1 —0.29 (+0.22) —0.61 (+0.47) +0.22 (+0.18)
LGM —0.14 (+0.18) —0.29 (+0.38) +0.11 (£0.14)
2XC02 —0.07 (+0.18) —0.16 (+0.50) +0.02 (£+0.09)

tropics. This result is similar to that obtained from the gridded
LGM SST product from the MARGO project of —0.11 K (Waelbroeck
et al., 2009), suggesting that our use of high-accumulation rate
sites does not significantly bias our result. As not all MARGO cores
have 0-2 ka data, the LGM SST gradient for these data is expressed
as a deviation from the modern observed (World Ocean Atlas) SST
gradient, following MARGO conventions (Waelbroeck et al., 2009).

Using the relationships observed in the modern seasonal cycle,
this change in SST gradient corresponds to a —0.29 4 0.38° shift
in the ITCZ at the LGM and a 0.11 £ 0.14 PW increase in AHTgq
into the Northern Hemisphere relative to the last 2 ka.

During HS1, these cores suggest a change in tropical SST gra-
dients of —0.29 4+ 0.22 K relative to modern. This change implies
a mean ITCZ shift of —0.61 £ 0.47° and an increase in northward
AHTgq of 0.224+0.18 PW. At 6 ka, we estimate a change in tropical
SST gradients of +0.12 + 0.18 K, suggesting a northward move-
ment of the ITCZ's mean position of 0.25 + 0.38° and a change in
AHTgq of —0.09 & 0.14 PW.

4. Discussion
4.1. Evaluation of estimated SST gradient and ITCZ position changes

Tropical SST gradient changes during the LGM, HS1, and 6 ka
climates reconstructed using published data have large uncer-
tainties due to the small number of records available. However,
the sign and relative magnitudes of mean values for SST gradi-
ent changes compare well to more robust estimates of whole-
hemisphere temperature gradient changes (Fig. 4) (Shakun et al.,
2012; Marcott et al., 2013). Additionally, the LGM gradient is simi-
lar to that estimated from a larger number of cores in the MARGO
project (Waelbroeck et al., 2009). This agreement suggests that the
median values are of reasonable magnitude and the correct sign.

Despite their large uncertainties, these data are sufficient to
provide upper bounds on past shifts in the ITCZ's mean position.
The data suggest a small southward shift of Pcgny during the LGM,
with a median estimate of only ~35 km, and <5% probability that
the mean shift was greater than 1° south.

The data suggest a larger southward shift in mean ITCZ position
during HS1, with a median estimate of —0.6°, but there is still
only ~20% probability that the shift was greater than 1° south. The
direction of this shift is consistent with a wide range of paleo-data.
Sites in the northern tropics consistently record drier conditions
during HS1 (e.g., Escobar et al., 2012; Peterson et al., 2000; Rashid
et al.,, 2011; Wang et al., 2001), and several sites in the southern
tropics record wetter conditions at this time (Cruz et al., 2005;
Denniston et al., 2013; Kanner et al., 2012; Muller et al., 2008;
Placzek et al.,, 2006; Wang et al., 2004) (Fig. 1).

At 6 ka, the data suggest that a small northward shift in mean
ITCZ position is likely (40.3°), consistent with data suggesting
wetter conditions in the northern tropics (Adkins et al., 2006;
Dykoski et al., 2005; Fleitmann et al., 2007; Gasse, 2000; Haug et

al., 2001; Weldeab et al., 2007) and a weaker South American sum-
mer monsoon (Cruz et al., 2005; Seltzer et al., 2000) (Fig. 1).

4.2. Past changes in cross-equatorial heat transport

Though the changes in Pcgny in past climates appear to have
been small in the zonal mean, the implied AHTgq changes may
have been substantial with respect to the modern value of ap-
proximately —0.2 PW (negative values indicate heat transport to-
ward the south). Any change in AHTgq must be accompanied by
a change in the hemispheric asymmetry of atmospheric heating
either by way of (a) a change in heat fluxed from the ocean -
which over multi-decadal timescales should reflect a change in
cross-equatorial ocean heat transport, likely due to a change in
the AMOC - or (b) a change in net radiation at the top of the
atmosphere, for instance due to a change in that hemisphere’s sur-
face or cloud albedo. (We assume that changes in the hemispheric
asymmetry of energy storage in the atmosphere are negligible.) In
the discussion below we will consider the roles of each of these
processes in driving changes in AHTgq during the LGM, HS1 and
6 ka time slices.

Our estimates suggest that an increase in northward AHTgq
across the equator at the LGM is likely (0.11 & 0.14 PW). In mod-
els simulating LGM climate, this change is driven by the larger
increase in albedo in the NH relative to the SH at the LGM (for
a discussion of LGM energy balance, see Donohoe et al., 2013).
A slight decrease in OHTgq due to reduced volume transport by
the AMOC is also a possible contributor to the increase in north-
ward AHTgq. As modern OHTgq is ~0.4 PW, a ~25% decrease in
the AMOC could drive a 0.1 PW decrease in AHTgq. Pa/Th data
from the Bermuda Rise suggest a slight reduction in AMOC in-
tensity at the LGM relative to the Holocene (Fig. 4) (McManus et
al., 2004), and South Atlantic benthic 5§80 data are also consistent
with a reduction (Lynch-Stieglitz et al., 2006). However, recent in-
verse modeling studies using Pa/Th (Lippold et al., 2012) and SST
and air temperature data (Ritz et al., 2013) suggest no difference
in AMOC strength between the LGM and the Holocene.

A larger increase in northward AHTEq is likely during HS1; our
estimates indicate that this change (0.22 + 0.18 PW) may have
been a substantial fraction of modern cross-equatorial ocean heat
transport, which is primarily driven by the AMOC and is approx-
imately 0.4 PW (Ganachaud and Wunsch, 2000). Examination of
heat transports in the hosing experiments suggest nearly com-
plete compensation by AHTgq for changes in OHTgq; in both ex-
periments, northward OHTgq decreases substantially as the AMOC
weakens following the hosing, but northward AHTgq increases by
almost the same magnitude in association with the southward
shift of the mean ITCZ, resulting in only a small reduction in total
heat transport into the NH (Fig. 5, top).

This compensation suggests that our reconstructed AHTgq
changes may provide insight into the magnitude of changes in
OHTgq by the AMOC at HS1. Pa/Th data point to a substantial
reduction of AMOC strength during HS1 (McManus et al., 2004),
and §3C and Cd/Ca data suggest large changes in water mass
properties consistent with reduced production of northern-sourced
deep waters (Boyle and Keigwin, 1987). Supporting these infer-
ences, inverse modeling of SST and air temperature data with an
intermediate-complexity model indicates a 25-100% reduction in
AMOC at HS1 (Ritz et al., 2013). Uncertainty remains, however,
over the duration and magnitude of AMOC weakening; radiocarbon
data from benthic foraminifera, shells and deep-sea corals do not
suggest as long-lived a change in the AMOC (Robinson et al., 2005;
Keigwin and Boyle, 2008), and low &'3C values in North At-
lantic benthic foraminifera during HS1 may reflect waters derived
from North Atlantic brine rejection rather than southern sources
(Thornalley et al.,, 2010). As the AHTgq change we reconstruct at
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Fig. 4. Past changes in tropical SST gradients, ITCZ position and cross-equatorial heat transport. (Top) Estimates from this study for the mid-Holocene (6 ka) Heinrich Stadial
1 (HS1), and Last Glacial Maximum (LGM), shown plotted against axes showing changes cross-equatorial tropical SST gradients (ATropical SSTny-sy), mean ITCZ location
(AITCZ) and cross-equatorial AHT (AAHTgq) relative to present. Values near the top of the figure indicate warmer SSTs in the NH tropics, northward displacement of the
ITCZ, and southward AHT, respectively. Error bars express 68% confidence interval for SST gradients. (Middle) Reconstructions of whole-hemisphere surface temperature
gradients expressed as the area-weighted mean NH surface temperature minus SH surface temperature; values are relative to the 11-6.5 ka mean for each record (solid:
Shakun et al., 2012; dashed: Marcott et al., 2013). (Bottom) Unsupported 23! Pa/3Th data from Bermuda Rise site OCE326-GGC5, interpreted as primarily reflecting variations
in the volume transport by the AMOC (McManus et al., 2004), and used here as an indicator of changes in cross-equatorial ocean heat transport. Calculations of unsupported
fractions of Pa and Th are shown based on 238U (solid) and 232Th (dashed) concentrations.

HS1 is a large fraction of the magnitude of modern cross-equatorial
OHTgq, our results are consistent with a substantial reduction of
northward heat transport by the AMOC during HS1, which then
led to a compensating change in AHTgq through a southward mean
ITCZ shift.

At 6 ka, our estimates suggest that an increase in AHTgq into
the SH is likely (—0.09 4 0.14 PW). Braconnot et al. (2007b) re-
late the northward displacement of the mean ITCZ at 6 ka to (a)
warming of the tropical North Atlantic ocean and (b) reduced NH
albedo due to increased vegetation density in subtropical regions
and melting of NH sea ice and snow during boreal summer. Each
of these changes is a consequence of higher NH summer inso-
lation than at present. If a decrease in NH surface albedo was
not canceled by cloud albedo changes, AHTgq into the SH would
have increased in order to achieve a near-balance in outgoing
longwave radiation between the hemispheres. In addition, a small

mid-Holocene increase in OHTgq into the NH cannot be ruled out
as contributing to the increase in southward AHTgq; changes in
important components of North Atlantic Deep Water between the
mid-Holocene and modern are suggested by some (but not all)
proxy records (Kissel et al., 2013).

As AHTgq changes at the rate of ~1 PW for every 3 degrees
north-south shift in the ITCZ, Pcgnr shifts of more than a degree
of latitude require either large changes in hemispheric heat bud-
gets (e.g., very large changes in the AMOC or in the hemispheric
albedo asymmetry) or a fundamental change in the intensification
of the winter Hadley cell as the ITCZ moves away from the equa-
tor (which determines the Pcent—AHTeq relationship; Donohoe et
al., 2013). This proportionality places an important energetic con-
straint on past changes in mean ITCZ position. If AHTgq is pri-
marily responding to changes in OHTgq (Frierson et al, 2013;
Marshall et al., 2013), a southward shift of the mean ITCZ by
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Fig. 5. Changes in heat transport and tropical precipitation in two hosing experi-
ments. (Top) Changes in meridional heat transport in the first 20 years of hosing of
LGM and modern background climates using the CCSM3 model (Bitz et al., 2007).
Note the nearly complete compensation of atmospheric heat transport for changes
in ocean heat transport. Dashed lines: Hosing results for modern background cli-
mate; Solid lines: hosing results for LGM climate; Black: Total (ocean + atmosphere)
meridional heat transport; Red: Atmospheric heat transport; Blue: ocean heat trans-
port. (Bottom) Zonally averaged precipitation in control (solid) and hosing (dashed)
experiments based on modern (red) and LGM (blue) climate states using CCSM3.
Vertical lines show Pcgyr for each model run. Note the minimal differences in the
zonally averaged precipitation between control and hosing runs for each climate
state, suggesting that regional precipitation responses are much larger than the
zonal mean response. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

more than 1.5° would require a reversal of the ocean’s heat trans-
port. Reconstructions estimating large regional shifts — for exam-
ple, a 5° southward shift of the central Pacific ITCZ in Little Ice
Age (Sachs et al., 2009), a 7° southward shift of the Atlantic ITCZ
at the LGM and a 7° northward shift during the early Holocene
(Arbuszewski et al., 2013), and a >10° northward shift of the Pa-
cific ITCZ in the Miocene (Hyeong et al., 2005; Kim et al., 2006;
Lyle et al., 2002) - must therefore reflect changes occurring over
<15-20% of the globe, with minimal changes at all other longi-
tudes. As described in Section 4.3, these proxy records thus point
to important regional-scale precipitation changes, but extension of
these estimates beyond limited regions would lead to unrealistic
changes in hemispheric heat budgets.

4.3. Implications for past changes in tropical precipitation: regional and
seasonal differences in ITCZ responses

The tropical proxy records cited above and plotted in Fig. 1 in-
dicate large changes in local summer precipitation and precipitation—
evaporation (P-E) during past climates. Our work places a con-
straint on past ITCZ changes, as we find that changes in the ITCZ’s
annually and zonally averaged position during LGM, HS1 and 6 ka
climates were small - likely a degree of latitude or less.

This finding is not inconsistent with large changes in local pre-
cipitation inferred from proxy records; local responses much larger
than the globally averaged response are to be expected to a given

climate change. As an example, hosing experiments simulating
North Atlantic cooling forced by freshwater inputs - the hypoth-
esized trigger of the largest southward shifts in the ITCZ over the
late Pleistocene - generally show the largest tropical precipitation
responses in the Atlantic Ocean and eastern Pacific, with smaller
and less coherent changes in the western Pacific and Indian oceans
(Chiang and Friedman, 2012; Vellinga and Wood, 2002; Zhang
and Delworth, 2005). This zonal variability leads to quite muted
changes in the zonally averaged precipitation in model results: in
the CCSM3 hosing experiments examined in this study, no lati-
tude between 30°N and 30°S experiences more than a 10% change
in precipitation (Fig. 5, bottom). Zonal heterogeneity is also sug-
gested by proxy data: precipitation proxies suggest a relatively
simple dipole response during HS1 in Central and South Amer-
ica, with precipitation decreasing in Central America and north-
ern South America and increasing in South America south of the
equator (Fig. 1) (e.g., Escobar et al., 2012; Peterson et al., 2000;
Placzek et al.,, 2006; Wang et al., 2004), while tropical Africa ap-
pears to record drying both north and south of the equator (Stager
et al., 2011). Recent work has also pointed out the importance of
changes in zonal tropical circulation cells (e.g., the Walker circula-
tion; DiNezio et al., 2011).

Zonal heterogeneity is also evident in modern interannual vari-
ability of ITCZ position. Fig. 2 shows the local precipitation change
and Pcenr change associated with a 1° northward shift of Pcenr
in modern interannual variability. While ITCZ changes in past cli-
mates are likely to be different from modern interannual changes,
the plot makes clear that the scale of changes in local precip-
itation rates and Pcgyy for a given global Pcgnt change differs
quite markedly in different parts of the tropics. Interestingly, the
central Pacific stands out as a region of high precipitation and
Pcgnr variability in the modern climate, with Pcgyy in this re-
gion moving ~5° for a global 1° shift. This observation sug-
gests that large-scale changes in the position of the central Pa-
cific ITCZ - as reconstructed for the Little Ice Age (Sachs et al.,
2009) and for the Miocene (Hyeong et al., 2005; Kim et al., 2006;
Lyle et al., 2002) - may be plausible, but changes in the position
of the globally averaged ITCZ are likely to be much smaller.

Seasonality also plays a large role in determining local pre-
cipitation responses to mean ITCZ shifts. In the annual cycle, the
ITCZ spends most of its time near its summer positions in the
two hemispheres and relatively little time near its mean posi-
tion (Fig. 6, left-hand panels of B-D). It is thus important to ask
whether past mean ITCZ shifts were marked by changes in the
position of only one seasonal extreme, changes in the position of
both extremes, changes in the amount of time spent by the ITCZ
near each extreme, or changes in the intensity of precipitation at
one or both extremes; all of these changes would lead to a change
in zonal mean ITCZ position, but each would impact precipitation
at individual sites differently.

Model results provide one perspective on past changes in ITCZ
seasonality. Here we examine results from the Simulation of Tran-
sient Climate Evolution over the last 21,000 ka (TraCE-21 ka) ex-
periment using CCSM3 (He, 2011; Liu et al., 2009). The relation-
ships between Pcent, AHTgq and tropical SST gradients in this
simulation are consistent within uncertainty with those seen in the
model results in Fig. 3. In this experiment’s simulation of the last
21 ka, important differences emerge in the seasonal response of
the ITCZ to past climate changes (Fig. 6, left-hand panels of B-D).
At the LGM, the ITCZ’s zonal-mean SH summer position is shifted
~1° south relative to the modern climate in the model, while the
NH summer position experiences a much smaller southward shift.
A similar pattern is observed in the LGM simulation in the IPSL
model (Fig. 11 in Donohoe et al., 2013). During HS1, both seasonal
positions shift south by approximately 1-1.5° relative to the mod-
ern, consistent with the opposite precipitation responses recorded
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slices.

by tropical proxy data north and south of the equator in South
America and in Asia and Indo-Australia (Fig. 1) (Ayliffe et al., 2013;
Denniston et al., 2013; Peterson et al., 2000; Placzek et al., 2006;
Rashid et al., 2011; Wang et al., 2007). At 6 ka, the NH summer po-
sition shifts slightly north while no change is observed in the SH
summer position; this seasonal response is again similar to that
observed in the IPSL model (Donohoe et al., 2013).

The model also indicates changes in the amount of time that
the ITCZ spends in each hemisphere (Fig. 6, right-hand panels of
B-D). Relative to the last 2 ka of the model run, the ITCZ spends 2%
less time in the NH during the LGM time slice, 9% less time during
HS1, and very slightly (0.1%) more time during the mid-Holocene.

In HS1, the migration of the ITCZ into the SH occurs ~1 month
earlier in the fall than in the modern (0-2 ka) time slice. The rela-
tive intensity of precipitation near each seasonal extreme does not
change substantially (not shown). The latitudinal range of seasonal
ITCZ migration shows only modest changes in the TraCE-21 ka re-
sults, with a slight stretching of its range at the LGM and 6 ka
relative to the modern.

These seasonal differences in ITCZ response and the mis-
match between large local responses in proxy records and small
changes in the mean ITCZ only increase the importance of proxy
records in documenting responses to past climate changes. Be-
cause modern observations, proxy data from well-documented
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time slices in the past, and model output all indicate that changes
in tropical precipitation are characterized by regionally and sea-
sonally variable responses rather than zonally consistent, season-
ally symmetric shifts, a high density of records is required to
adequately determine the impact of various forcings on tropi-
cal precipitation patterns. A corollary of this observation is that
proxy records from a given region of the tropics primarily re-
flect local changes in precipitation patterns rather than global ITCZ
shifts.

5. Conclusions

Recent work demonstrates strong connections between tropi-
cal cross-equatorial SST gradients, zonal-mean ITCZ position and
cross-equatorial AHT in the modern seasonal cycle that appear to
remain stable in annual mean changes in simulations of altered cli-
mates (Donohoe et al,, 2013). Applying these relationships, we use
reconstructions of past tropical SST gradients to estimate changes
in mean ITCZ position and cross-equatorial AHT at the LGM, HS1
and 6 ka. There is substantial uncertainty in past tropical SST gra-
dients due to the small number of cores available, but the sign and
relative magnitude of the median reconstructed changes is consis-
tent with more robust reconstructions of whole-hemisphere cross-
equatorial temperature gradients for each time slice (Marcott et al.,
2013; Shakun et al., 2012). We find that past changes in annual-
and zonal-mean ITCZ position are likely to have been small, with
mean changes for each time slice a maximum of 0.6° different
from the modern position and small likelihood of changes greater
than 1° latitude.

Comparison of these small mean ITCZ changes with proxy evi-
dence for large-scale precipitation changes in certain areas of the
tropics during HS1 and 6 ka climates suggests that the ITCZ's
response to these past climates exhibited substantial zonal and
seasonal heterogeneity. This contrast reinforces the understanding
that tropical precipitation proxy records should be used to charac-
terize the regional and seasonal variability of tropical precipitation
responses to different climate forcings rather than simply inter-
preted as reflecting global ITCZ “shifts.” In addition, our findings
link regional ITCZ reconstructions to ITCZ shifts elsewhere in the
world, as large changes in ITCZ position inferred for specific re-
gions place limits on changes everywhere else. As an example, a 5°
meridional shift in the mean ITCZ can occur over a maximum of
70° of longitude (i.e. slightly larger than the equatorial Atlantic
basin, or half the width of the equatorial Pacific), and ITCZ shifts
at all other longitudes must be zero, for the global mean shift to
be <1° as suggested by our analysis.

Past SST gradients allow for substantial changes in cross-
equatorial AHT, with past changes potentially equaling or ex-
ceeding the estimated magnitude of modern annual-mean AHTgq
(~—0.2 PW). During HS1, we estimate that northward AHTgq
increased by 0.22 4+ 0.18 PW, consistent with atmospheric com-
pensation for a large reduction in northward ocean heat transport
due to a weakened AMOC. Our results also allow for a change to-
ward more northward AHTgq during the LGM and an increase in
southward AHTgq at 6 ka; these changes may relate to hemispheric
differences in net radiation (for instance, due to albedo changes),
or they may point to smaller changes in AMOC intensity.

The relationship between tropical SST gradients and AHTgq
used by this study suggests that robust reconstructions of tropical
SSTs offer a window into the energy budgets of past climates. In
addition, the high sensitivity of AHTgq to small changes in mean
ITCZ position (~1 PW/3° latitude) places a fundamental limit on
the magnitude of past mean ITCZ shifts. Though future work uti-
lizing models and theory will be needed to explore the stability of
modern seasonal relationships for annual mean responses in dif-
ferent climates, this study suggests that it is difficult to accomplish

multiple-degree shifts in mean ITCZ position without fundamental
changes in hemispheric energy budgets.
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