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Abstract

The South Atlantic subtropical dipole (SASD) has an impact on South American rainfall particular during its negative phase
when continental precipitation in the northern part of the continent is enhanced. Relying on a series of single forcing transient
simulations since the last deglaciation, we differentiate the relative role of meltwater, orbital, ice-sheets and greenhouse
gases on the variability of rainfall in South America and links to the SASD. Results indicate that the meltwater forcing is the
predominant driver of SASD variability. Wavelet analysis shows that most of the energy for the SASD at lower frequencies
(~5 kyr) comes from the meltwater discharge at cold events such as the Heinrich-1 cooling ~ 17 ka and the Younger-Dryas
~12.9 ka. Large rainfall changes in Northeastern Brazil can be attributed to changes in the South Atlantic sea surface tem-
perature latitudinal gradient and South Atlantic Northward heat transport driven by the meltwater discharge.

Keywords South Atlantic subtropical mode - Last deglaciation - South America

1 Introduction

Significant changes in ice sheets and greenhouse gases con-
centration associated with changes in insolation occurred
from the Last Glacial Maximum (~ 22 ka) into Pre-industrial
times (~ 1850 Common Era (C.E.)). The warming intro-
duced by the orbital forcing starting at LGM drove the decay
of ice-sheets and ice-shelves and the influx of meltwater into
the ocean. This process greatly impacted the global distri-
bution of water and heat fluxes which was responsible for
changes in the oceans and atmosphere. Of particular inter-
est is that this period was marked by extraordinary changes
in the North Atlantic where a series of abrupt cooling and
warming events took place (e.g. Heinrich-1 (H1) cooling
at ~ 17 ka; Bglling—Allergd (BA) warming at ~ 14.5 ka,
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warming and the cooling of the Younger—Dryas (YD) at ~
12.9 ka).

The cooling events were associated with large input of
meltwater from the retreating North Atlantic ice-sheets (He
et al. 2013) while the BA warming is sometimes related to
a meltwater pulse originating from Antarctica (MWP-1A,
Weaver et al. (2003); Marson et al. (2014)). Many of these
abrupt changes, revealed in the global and regional patterns
of climate evolution, were described by Clark et al. (2012)
using a compilation of surface temperature and precipita-
tion proxy-records. Furthermore, modeling studies of the
transient climate since the Last Glacial Maximum (Liu et al.
2009; He et al. 2013; Wen et al. 2016) were able to simu-
late the several major features of the cooling (and warming
events) of the deglacial climate evolution, suggesting a good
agreement between the model and observations. This is also
seen in Wainer et al. (2014); Marson et al. (2016); Tierney
(2017).

Finally, the Holocene, sometimes considered a climatic
period with no significant changes, has been shown to have
very interesting variability. It is considered to have started
right after the YD event ~ 11.7 ka (Walker et al. 2019).
Because of Northern Hemisphere ice-sheet melt, Ruddiman
et al. (2016) discuss that global climate was driven into a
warm, somewhat stable, state during the Holocene. O’brien
S, Mayewski PA, Meeker LD, Meese DA, Twickler MS,
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Whitlow S, (1995) discuss millennial-scale climatic shifts in
the Greenland Ice Sheet Project v2 ice core record (GISP2).
Mayewski et al. (2004) show, using globally distributed
records, that there is strong climate variability in the Holo-
cene that is characterized by polar cooling, drying at low
latitudes and major atmospheric circulation changes.

1.1 The South Atlantic subtropical dipole mode

The South Atlantic subtropical dipole mode (SASD) is an
important mode of low-frequency variability in the South
Atlantic and has only recently been subject of investigation.
One of the first studies to identify the existence of a persis-
tent sea surface temperature (SST) anomaly dipole struc-
ture in the South Atlantic associated to sea level pressure
changes was Wainer and Venegas (2002). They used Empiri-
cal Orthogonal Function (EOF) and singular value decompo-
sition in their analysis. Other studies such as Morioka et al.
(2011); Nnamchi et al. (2011); Wainer et al. (2014) discuss
the SASD, where it is presented as the dominant mode of
climate variability in the South Atlantic (representing about
24% of the explained variance) and a good indicator for
rainfall variability in South America. Morioka et al. (2011,
2012) established the SASD as a dipole-like SST pattern
with a northeast-southwest orientation where the positive
(negative) phase has negative (positive) anomalies in the
northern (southern) portion of the dipole.

From a paleoclimate perspective, Wainer et al. (2014)
reconstructed the SASD index for the Holocene using SST
proxy-data obtained from two marine sediment cores in
each-side of the Tropical-South Atlantic Basin representing
the two poles of the SASD. The index was then validated
using the simulation results from the (full-forcing) NCAR-
TraCE21 transient paleoclimate simulation (Liu et al. 2009)
and linked to the proxy-reconstructed SASD-index to evalu-
ate its impact on South American rainfall. The simulation
results revealed that for the Holocene the SASD composite
difference between positive and negative phases of the index
yields a precipitation (PPT) dipole over South America.
They show an increase of PPT in the northern part of South
America (north of about 15° S, with maximum values in
the northeast region of Brazil) and decrease south of that
associated with the negative phase of the SASD-mode of
variability (when the NE pole is positive and the SW pole
is negative).

The relationship between Tropical-South Atlantic SST
variability and rainfall over African and South American
rainfall is not new. For example, the studies of (Moura
and Shukla 1981; Servain 1991; Wainer and Soares 1997;
Hastenrath 2012) among others, all related changes in
Tropical SST with the migration of the Intertropical Con-
vergence Zone (ITCZ) and rainfall in Brazil, particularly
in its Northeast region (NEB). These changes in rainfall
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were also associated with the interhemispheric SST-gradi-
ent that connects both sides of the equator in the tropical
Atlantic Ocean. The ITCZ is the furthest south in MAM
when Northeast Brazil (NEB) experiences its rainy season.
MAM is the season when the SASD is negative, so the
Northeast (NE) pole of the SASD overlaps with the Tropi-
cal South Atlantic pole of the interhemispheric SST mode
(also referred to as the Atlantic Meridional Mode, AMM).
This mode has a north-south dipole-like asymmetric pat-
tern with positive/negative SST anomalies on either side of
the Equator. The warmer (cooler) pole is associated with
weakened (stronger) winds (Deser et al. 2010).

Haug et al. (2001) discuss Holocene drier conditions
in the equatorial region of South America. Wetter condi-
tions observed in central-eastern and southeastern Bra-
zil are mentioned in Cheng et al. (2009); Strikis et al.
(2015). Furthermore, Baker and Fritz (2015) results are
consistent with this idea of the influence of the SASD on
South American PPT. They discuss that Tropical-South
Atlantic SST and air-sea interactions can have an impact
on the climate related rainfall changes in South America
from seasonal to millennial and multi-millennial (orbital)
time-scales.

The SASD and the AMM climate modes explain many
of the links between the tropical Atlantic observed variabil-
ity and the subtropics. However, the time-scales of these
Tropical and Subtropical interactions and their influence on
continental rainfall variability is still the subject of scien-
tific debate. In order to improve our understanding of the
relationship between changes across different climates of
Atlantic SST with PPT in South America, and their relation-
ship with the cold events of the Northern Hemisphere, we
examine the full forcing and single forcing results from the
NCAR-TraCE21k transient simulation starting at the Last
Glacial Maximum (LGM, ~ 22 ka) to pre-industrial times
(Liu et al. 2009; He et al. 2013; Buizert et al. 2018). This
becomes relevant because the NCAR-TraCE21k simulation
incorporates meltwater flux from the retreat of the ice sheets
since the LGM into the Holocene.

The present-day spatial pattern of the SASD was estab-
lished approximately at Mid-to-Late Holocene (~5.5 ka)
when there was no more meltwater flux from the high lati-
tudes. The single forcing transient simulations allow us to
follow the evolution of the SASD since the last deglacia-
tion and its impact on Northeast Brazil (NEB) rainfall as a
response to the individual (natural) forcings. Consequently,
we investigate the impacts of the deglacial freshwater dis-
charge assuming contributions from both hemispheres,
on the distribution of SST, PPT and heat transport for the
Tropical-South Atlantic Ocean. In other words, this paper
addresses how the SASD and its influence on NEB rainfall
has changed since the LGM as a response to the prescribed
MWEF.
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2 Data and methods

In this study we use the simulation results of the Transient
Climate Evolution over the last 21,000 years(TraCE-21k)
(Liu et al. 2009; He et al. 2013). The full forcing simu-
lation includes transient greenhouse gases concentration,
orbital changes, prescribed meltwater flux changes, ice
sheets extent and topography, and changing paleogeog-
raphy as sea level changes from LGM to modern levels.
The TraCE-21k model simulations were performed
with the coupled ocean-atmosphere-sea ice-land surface
climate model from the National Center for Atmospheric
Research, the Community Climate System Model version
3 (NCAR-CCSM3, Collins et al. (2006) starting at the Last
Glacial Maximum (LGM, 21 ka) into pre-industrial times
(PI, 0 ka). The horizontal resolution is approximately
3.75° (T31, Yeager et al. (2006)). Initial conditions were
LGM reconstructions Otto-Bliesner et al. (2006). The
varying concentrations of greenhouse gases (CO,, CH,
and N,O) were adopted from Joos and Spahni (2008).
The coastlines and ice sheets volume variability followed
ICE-5G database Peltier (2004). The orbital parameters at
21 ka (Berger 1978) are used to determine the total solar
flux. The simulation includes meltwater fluxes He (2011)
from Southern and Northern Hemisphere sources that were
added to the ocean model surface freshwater flux. Location
and intensity of the meltwater were chosen as a function
of known proxy records values (He 2011). Full details of

the boundary and initial conditions can be found on the
TraCE-21k homepage: www.cgd.ucar.edu/ccr/TraCE. It is
important to note that TraCE-21k simulation results have
already been shown to be consistent with many proxy-
records and climate dynamics associated with deglacial
climate change (e.g. Liu et al. 2009, 2012; Marson et al.
2014; Wainer et al. 2014; Wen et al. 2016).

We analyzed five simulations within the TraCE-21k
framework. The first includes all the forcings (hereafter
referred to as FULL). The other four are single forcing sen-
sitivity simulations where greenhouse gases (GHG), NH
meltwater flux (MWF), continental ice sheets (ICE) and
orbital forcing (ORB) are individually allowed to vary in
transient simulation while the other forcings are maintained
fixed at their 19 ka values. These simulation results are read-
ily obtained from the Earth System Grid (www.earthsyste
mgrid.org).

The SASD-index can be obtained either using EOF anal-
ysis, where the SASD represents the 1st EOF of the SST
anomalies in the South Atlantic, or by calculating directly
the difference between SST anomalies averaged in its South-
western pole (SW: 10° W-30° W; 30° S—40° S) minus those
averaged for the Northeastern pole (NE: 0° E-20° W;15°
S-25° S) (Morioka et al. 2011). Here we adopt the latter.
The spatial structure of the SASD mode is obtained by the
correlation between the calculated SASD-index (differences
between SW and NE poles, where the averaging areas are the
rectangles in Fig. 1) onto the background SST field where
the global mean was subtracted.

Fig. 1 Spatial structure of the
SASD mode (top), obtained
with reconstructed SST
anomalies, based on observa-
tions, from NOAA-ERSSTv5
and the SASD-index time series
(bottom) which is the difference
between the SST anomalies
averaged for the SW pole and
the NE pole. The boxes indicate
the areas of NE and SW SASD
poles
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The positive (negative) phase of the SASD has negative
(positive) anomalies in the NE pole and positive (negative)
anomalies in the SW pole and vice-versa for the negative
phase. It was shown to be linked to changes in South Ameri-
can precipitation (PPT) (Taschetto and Wainer 2008; Wainer
and Venegas 2002; Wainer et al. 2014). For reference, the
observed spatial structure of the SASD mode, obtained from
the monthly Extended Reconstructed SST data-set, NOAA-
ERSSTv5 (Huang et al., 2017) from 1850-2010 is shown in
Fig. 1 (top) and the SASD-index (i.e. SW-NE) time series
is shown in Fig. 1 (bottom). It should be noted that the pat-
tern correlation between the SASD spatial distribution for
the NOAA-ERSSTVS5 data set, obtained with both methods
(EOF-based and Index-based, shown in Figure S1 in the
supplementary material) was calculated in order to better
quantify the degree of resemblance. Results indicate that
both patterns have an association of 0.799 at 99% confidence
level.

3 Results and discussion

Our starting point is the relationship between the SASD and
PPT over South America (c.f. Wainer et al. 2014) since the
last deglaciation. Changes in rainfall for the Holocene were
related to the phase of the SASD-mode showing that the
increase/decrease of rainfall was associated with the nega-
tive/positive SASD phase. The next step is to look at the evo-
lution of the SASD taking into account the relative impor-
tance of each of the forcings (i.e. MWF, ORB, GHG and
ICE) and the associated impacts on South American rainfall.

We chose to analyze the SASD spatial pattern by first
obtaining the SASD-index as defined by Morioka et al.
(2011, (2012) and then regressing the South Atlantic SST
onto this index. Using the same set of TraCE-21k full forc-
ing simulations, Wainer et al. (2014) compare for the Holo-
cene different definitions of the SASD index. They consider
the SASD index obtained as in Morioka et al. (2011), the
SASD index from EOF and the SASD index reconstructed
from proxy data. Their results show that the correlation (95%
confidence level) between SASD-rec (from proxy) and simu-
lated SASD-avg (index based) is 0.79 while that between
SASD index from EOF and SASD-avg is 0.7.

Changes of the SASD spatial structure (and relationship
to NEB rainfall) are investigated for five climatic periods as
defined in Marson et al. (2014), according to the timing and
duration of the prescribed meltwater fluxes. These are Hein-
rich event 1 (H1, 19 ka—14.67 ka), Abrupt Bglling—Allergd
warming and Meltwater Pulse 1-A (BA/MWP-1A, 14.67
ka—13.85 ka); Younger Dryas (YD, 12.9 ka—11.3 ka), Early-
Holocene (EHOL, 11.3 ka—6 ka) and Late-Holocene (LHOL,
6 ka—0 ka). The SASD spatial pattern displayed in Fig. 2 for
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the FULL simulation results were obtained by regressing the
South Atlantic SST onto this index.

The SASD-index time series for all the single forcing
experiments are presented in Fig. 3. These help to under-
stand what is driving the SASD variability since the last
deglaciation. It can be seen that for the results for the FULL
simulation, the South Atlantic (SA) does not display the
characteristic dipole pattern of the SASD (cf. Fig. 1) for H1
(Fig. 2a). In fact, it shows that the whole South Atlantic is
negative, which combined with the negative SASD-index for
the period (black curve in Fig. 3) suggests that the SA basin
was warmer. This is consistent with the bipolar sea-saw con-
cept in which the cooling events of the North Atlantic, asso-
ciated with meltwater events, impact the overturning circula-
tion which in turn lead to the warming of the South Atlantic
thus enhancing rainfall in NEB (Mulitza et al. 2017).

For the BA/MWP1-A (during about ~ 800 years, Fig. 2b)
a very weak dipole is beginning to be configured, most likely
associated with the abrupt Northern Hemisphere warming
of BA and the impact of MWP1-A, both which contribute to
the spreading of North Atlantic Deep Water (NADW) into
the South Atlantic, as discussed in Marson et al. (2014). At
YD (Fig. 2c) there is a similar dipole structure that inten-
sifies with a negative area embedded within the SW pole
(west of 30° W between 40° S and 30° S). This negative
anomaly is located well within the Brazil-Malvinas Con-
fluence Region, probably related to excursions of the warm
western-boundary Brazil current.

The dipole structure seen in Fig. 2b—d does not have the
characteristic SW-NE tilt of the observations, but this starts
developing as the meltwater discharge weakens. By the Late
Holocene, no meltwater discharge occurred (Fig. 2e) and the
spatial structure of the SASD is very similar to the observed
in Fig. 1. The SASD being negative means that the SW pole
is cooler while the NE pole (closer to the equator) is warmer.
Therefore, when there are active meltwater pulses, the South
Atlantic is mostly warm (negative SASD).

Observation of the evolution of the standardized SASD-
index in Fig. 3 where each individual forcing experiment is
considered, reveals that the meltwater forcing (MWF-red
curve in Fig. 3) has the largest impact with respect to the
variability of the full-forcing SASD-index (FULL -black
curve, Fig. 3) particularly for H1 and YD where the SASD-
index is below —1.5 standard deviations. MWF is still impor-
tant at 8.5 ka however, GHG (blue curve in Fig. 3) and ORB
(green curve in Fig. 3) also seem to contribute for the nega-
tive peak in the FULL SASD-index variability.

Wavelet analysis Wavelet analysis is a powerful complemen-
tary tool to examine the SASD signal characteristics and
patterns over the past deglaciation and the relative influence
of each of the natural forcings. With this analysis we can
obtain insights into the interplay of the lower and higher
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60°W 30°W 0°

Fig.2 SASD spatial structure for the TraCE-21k full forcing simula-
tion results considering five different climatic periods defined by the
prescribed meltwater fluxes as in He (2011) and Marson et al. (2014):
a H1 (19 ka—14.67 ka); b BA/MWPI1-A (14.67 ka-13.85 ka); ¢ YD

time-scales of variability in the time-varying spectral con-
tent of the SASD-index and see how it relates to source
mechanisms. Here we use a Morlet wave function for our
continuous wavelet transform. The specific approach follows
that outlined in Torrence and Compo (1998).

Figure 4 shows the wavelet power levels for the SASD-
index (c.f. Fig. 3) as a function of period for the integration
time for all simulations. A clear separation in frequency

60°W

o

30°W 0°

12.9 ka—11.3 ka); d Early Holocene (11.3 ka—6 ka); e Late Holocene
(6 ka—0), where recovered spatial pattern is very similar to that of the
spatial structure of the SASD-mode in the ERSST observations (c.f.
Fig. 1)

and power is observed between the wavelet spectrum for
the FULL and MWEF relative to the others. For FULL and
MWEF (Fig. 4a, b) the highest power is confined to the lower
periods (centered around ~ 5 kyrs) from the LGM-HI1 to
about 6 K when the meltwater discharge comes to a halt.
We see a spreading of the energy from lower into higher
periods around 14 kyr, particularly for the MWF wavelet
spectrum. This is most likely an effect of the BA/MWP1-A
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Fig.3 Time series of the stand- 3.0 : '
ardized SASD-index for each

of the TraCE-21k transient runs N

considered: Full forcing (FULL- 2.0 -

black ); Meltwater flux only
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Fig.4 Wavelet power levels for the SASD-index (c.f. Fig. 3) as a function of period for the integration time considering the simulation results of

a FULL; b MWF, ¢ ORB, d GHG and e ICE

events. It should be noted that the power leakage from higher
to lower periods in FULL and MWP wavelet spectra reveals
the abrupt aspect of meltwater pulses.

The peaks with maximum power in the FULL and MWF
simulations correspond to the meltwater pulses related to
Heinrich 1, Younger Dryas, and 8.2 ka events. In these
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events, power spreads from higher to lower frequencies,
and presents a “funnel shape”. A “funnel shape” in the
wavelet spectrum is a large amplitude artifact that occurs
when there is a sharp discontinuity in the signal, revealing
a sudden, marked change in the time series (e.g. Addison
(2018)). Thus, both FULL and MWF spectra do not reveal
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a specific periodicity at 5000 years, but an artifact related
to the sharp discontinuities in the signal correspondent to
the meltwater pulses.

Examination of the SASD-index wavelet spectrum for
the ORB and GHG simulation results (Fig. 4c, d ) reveal
that there is no energy at periods lower than ~ 600 kyrs.
The wavelet spectrum for ORB has the highest energy cen-
tered at about ~ 400 yrs, between 10 ka and 6 ka while
the wavelet spectrum for the SASD-index for the GHG
simulation results has power throughout the simulation at
most periods higher than ~ 400 years , with a brief period
with no signal at ~ 2 kyrs after which, the signal recovers.
The power in the wavelet spectrum for the ICE simulation
results is about 50%—60% less than the other experiments
and most of it is seen after ~ 7kyrs into PI where there
is energy in the periods higher than ~ 700 years with the
highest value at 4 ka.

The next question is if the extreme changes in SASD-
index impact on the NEB rainfall for each of the periods
considered, and why. First, we regress the South Atlantic
SST field onto the NEB precipitation index (PPT averaged
for Northeastern Brazil) which is shown in Fig. 5. The
resulting spatial patterns for each period are very similar
to the ones in Fig. 2 which means that the spatial structure
of the SASD are recovered, but with opposite signs, which
indicates the strong relationship between this mode of var-
iability and continental precipitation in Northeast Brazil as
already shown by Wainer et al. (2014) for the Holocene.
The difference in sign of the spatial pattern occurs because
an increase in rainfall is associated with warmer NE pole
temperatures which are connected to the negative phase
of the SASD-index. The warmer South Atlantic brings
the ITCZ further South which is responsible for enhanced
NEB rainfall, consistent with McGee et al. (2014).

Previous studies using PPT proxy records from spe-
leothems (Strikis et al. 2015, 2018) and marine sediment
records (Mulitza et al. 2017) show that there is a substan-
tial strengthening of the continental rainfall during H1.
Mulitza et al. (2017) also discuss the increase in rainfall
for YD. Both studies discuss the importance of the rela-
tionship between AMOC strength and SST difference
associated with changes in heat transport as impacting the
rainfall in South America.

In order to inspect the relationship between SASD,
NEB, SST-gradient and heat transport, we plot the stand-
ardized time-series for the NEB-index (defined here as the
averaged precipitation between 45° W-35° W, Eq-10° S)
together with the SASD-index, South Atlantic SST gradi-
ent (SATL-SSTgrad, which is equivalent to the SASD and
included here to reinforce its relationship to the other
parameters. It is defined as % between 35° S - EQ) and the

South Atlantic Northward Heat transport ( SATL-NHEAT,

between 35°S-EQ) in Fig. 6. It is seen that an increase in
NEB rainfall is strongly linked to a negative SASD. In fact,
correlation of the NEB index with the SASD-index is
—0.88 (significant to 95%). This relationship in turn can be
explained by the increase in the southward SST gradient
and northward heat transport.

The anti-phase relationship between NEB rainfall and the
SASD (c.f. Fig. 6) is robust in all single forcing runs, but
changes considerably in magnitude. When only the melt-
water flux is allowed to vary (MWF runs) the correlation
between NEB and SASD increases to —0.92 at 95% sig-
nificance, confirming the key role that meltwater discharge
represents. The correlation between NEB and the SASD
decreases considerably for GHG (—0.3 at 95% significance)
and ORB (—0.4 at 95% significance). For ICE, the largest
changes in variability are from 19 ka to about 11 ka (cor-
relation of —0.9) after which the variability for NEB and
SASD is very near 0.

Further investigation of Fig. 6 shows that NEB-ppt
starts to decrease in the Holocene and after the 8.2 k event
becomes more negative while the SASD index, becomes
more stable (i.e. does not exhibit any specific trend.) The
SST-gradient increases from early-to-late Holocene indicat-
ing a warming towards the North Atlantic consistent with the
reduction in continental NEB rainfall.

The evolution of the zonally averaged Atlantic northward
heat transport anomaly, in response to the prescribed melt-
water flux for the full forcing simulation (FULL), can be
understood by examining the latitude vs. time diagram pre-
sented in Fig. 7a. The Equator is marked with a solid line.
Dashed boxes highlight the occurrence of meltwater inflow.
The negative (blue) values of the heat transport means that
the South Atlantic is receiving more heat. This is noted in the
latitude vs. time distribution of the zonally averaged Atlantic
SST-gradient (Fig. 7b). When there is inflow of meltwater
associated with the NH cooling events, the SST-gradient
is southward (negative) which means that temperatures are
increasing southward. Note that for the BA warming, and
from the mid-Holocene to PI the northward heat transport
anomaly is positive (indicating cooling of the South and
warming of the North Atlantic) while the SST-gradient
becomes positive meaning it is increasing northward (c.f.
Fig. 7). Therefore, looking back at Fig. 6 it becomes clear
that the meltwater discharge warms the South Atlantic by
weakening the heat transport which shifts the ITCZ south
and brings more continental rainfall for NEB.

Changes in the AMOC could contribute to anomalous
heating of one hemisphere over the other, thus shifting the
strength and spatial distribution of the mode. This is to say,
with meltwater events there is a decrease in the AMOC,
decrease in the northward heat transport which would impact
on the SST anomalies with differential warming between the
Northeastern and Southwestern Atlantic affecting the SASD.
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Fig.5 South Atlantic SST regressed onto NEB precipitation index
(PPT averaged for Northeastern Brazil) considering five different
climatic periods defined by the prescribed meltwater fluxes as in
He (2011) and Marson et al. (2014): a H1 (19 ka-14.67 ka); b BA/

Green et al. (2017) and more recently Moreno-Chamarro
et al. (2020) find that the ocean (i.e. AMOC) play a signifi-
cant role in modulating the ITCZ position, where it is biased
north for a warmer North Atlantic. The authors discuss the
relationship between meridional SST gradients and the
ITCZ position across a large range of timescales. They also
point out, consistent with this study that paleoclimate proxy
records suggest strong NH cooling is linked to a southward
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MWPI1-A (14.67 ka—13.85 ka); ¢ YD 12.9 ka—11.3 ka); d Early Holo-
cene (11.3 ka—6 ka); e Late Holocene (6 ka—0). The recovered spatial
pattern is very similar to that of the spatial structure of the SASD-
mode

shift of ITCZ during Heinrich and Dansgaard—Oeschger
events. In fact, the planktonic foraminifera assemblages
analysis of Portilho-Ramos et al. (2017) support the idea of
ITCZ shifts to the south for reduced AMOC and accompa-
nying weakened cross-equatorial oceanic meridional heat
transport

Lastly, to show the impact of the SASD climate mode
of variability impact on the PPT field, we show the
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Fig.6 Standardized time-series . .

of SASD-index (red), NEB-
index (black), South Atlantic
SST gradient (SATL-SSTgrad,
blue) and South Atlantic North-
ward heat transport (SATL-
NHEAT, green).

STDDEV

Fig.7 Time-Latitude diagram
of the a zonally averaged Atlan-
tic northward heat transport
(PW) and b zonally averaged
SST-gradient (°C/Lat)*1e-8.
Black boxes marks the Northern
Hemisphere cold events associ-
ated with the prescribed melt-
water. Negative values indicate
weakening of the northward
heat transport a contributing for
the warming of the South Atlan-
tic (b, SST gradient increasing

Latitude

-12 -8 -4 0
TIME (ka bp)

. 0.06

southward) except for the BA
warming period (~ 14ka) and

from the mid-Holocene into
Pre-Industrial times (~ 6ka—0) .

Latitude

20S

— 140

o
T

T T

llu.t-

regressions of the PPT for each of the climatic period
since the last deglaciation onto SASD-index, in Fig. 8. It
is clear that there is an increase in PPT associated with
the regions with warmer temperatures, with the spatial
structure varying accordingly to the intensity of the SASD
mode (c.f. Fig. 2) that changes mostly because of the pre-
scribed meltwater discharge. The pattern that emerges is

-9 -6. -3 0
Time (kyr)

of enhanced rainfall in the Northern portion of the South
Atlantic domain with intensified continental rainfall north
of 20 S and decreased rainfall to the south which is inten-
sified for H1 and YD (Fig. 8a, c). By the late Holocene
(Fig. 8e), the pattern is less intense with enhanced rainfall
mostly over the ocean north of 10 S west of OW and north
of 20 S east of that.
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Fig.8 Regression of the PPT field onto the SASD-index onto consid-
ering each of the five different climatic periods defined by the pre-
scribed meltwater fluxes as in He (2011) and Marson et al. (2014):

4 Summary and conclusions

We followed-up on Wainer et al. (2014) that reconstructed
from marine sediment data the SASD-index for the Holo-
cene and related this index to changes in continental South
American Precipitation. We use single forcing transient runs
that considers individually varying forcings (e.g., meltwater,
orbital, ice-sheets and greenhouse gases) to investigate the
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changes of the SASD mode and its relationship to continen-
tal Northeast Brazil rainfall.

By evaluating the variability of rainfall connected to the
SASD in the different climatic periods, here defined by the
prescribed meltwater pulses, it was possible to differenti-
ate what are the relative role of each individual forcing. In
this way we could verify not only that the meltwater forc-
ing is the predominant driver of SASD variability but also
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the the assumption that rainfall changes are in fact related
to changes in the South Atlantic SST-gradient and South
Atlantic Northward heat transport.

We found that associated with a marked variability in the
SASD-index induced by meltwater fluxes, the correspond-
ing spatial patterns revealed that the SASD only acquires
its observed configuration when all meltwater influx stops
(Fig. 2). The role of meltwater becomes even more clearer
when looking at the SASD-index wavelet spectrum obtained
for the FULL forcing simulation results (Fig. 4a). The high-
est energy is at the lowest periods, coinciding with the tim-
ing of the cold events which is very similar to the wavelet
spectrum pattern for the MWF results (Fig. 4b). There is
very little energy in the higher periods, which would be the
contribution of the other forcings (ORB, GHG and ICE)
leaving no doubt with respect to the predominant role of
meltwater in modulating the SASD.

A spatial distribution very similar to that seen for the
evolution of the regression pattern of the SASD (Fig. 2) is
recovered when the South Atlantic SST is regressed onto
NEB-index (Fig. 5). This points to the connection between
warming of the South Atlantic associated with the H1, YD
and 8.2k prescribed large meltwater events . This is consist-
ent with the results of McManus et al. (2004), that based
on proxy records from marine sediments, show that during
these cooling events the AMOC was weakened.

The evolution of the SASD spatial pattern, starting from
the Northern Hemisphere cold events (H1 and YD), is
related to the warming of the South Atlantic in response to
the meltwater discharge. This is associated with the weak-
ening of the Northward Heat transport and SST-gradient
(Fig. 7). All these factors contribute to shifting the ITCZ
south (Fig. 9).

The latitudinal position of the ITCZ in the Atlantic is
obtained by locating when the meridional component of the
wind-stress is zero (7,=0) at 30° W and its shift is obtained
by subtracting the mean. This is in agreement with Wanner
et al. (2011), who discuss how the changes in energy dis-
tribution between Northern and Southern Hemisphere (due
to changes in insolation) could lead to a southern shift of
the ITCZ. It becomes clear that the southward shift of the
ITCZ during the meltwater events since the last deglacia-
tion is consistent with the variability of continental rain-
fall in northeast Brazil. The NEB-index shows increase in
PPT with the warming of the South Atlantic driven by the
weakened northward heat transport and South Atlantic SST-
gradient that was shown in Fig. 6.

Wanner et al. (2011) discuss changes in interhemispheric
energy distribution due to changes in insolation during the
Holocene, and relate them with the Southern shift of the
ITCZ. Here, we relate meltwater events with a reorgani-
zation of the AMOC and the transport of energy from the
Southern to the Northern Hemisphere via ocean circula-
tion. In other words, the interest is on how abrupt events can
impact in the redistribution of energy through the AMOC
response. Therefore, depending on the time scale of the phe-
nomenon, one factor (e.g insolation) will prevail on the other
(e.g northward heat transport and AMOC changes).

To further explore the relationship between the SASD
and its impact on the ITCZ-related rainfall, wavelet spectral
analysis was performed on the ITCZ latitudinal shift time-
series (Fig. 9), for each of the runs. Figure 10 shows the
wavelet power levels as a function of period and integration
time where the same characteristics observed for the wavelet
spectrum of the SASD-index is seen. The high energy at low
frequencies (long periods, above ~ 3000 years) in the MWF

Fig.9 Time series of the Lati- L

tudinal Shift of the ITCZ that is
obtained when the meridional 1.0
wind-stress is zero at 30° W. \
Southward shifts during the 7]
Northern Hemisphere cold 0.0 —r
events (H1, YD and the 8.2 k)
are associated with an increase = -
in NEB rainfall E
: -1.0 H
3
—-2.0 1
-3.0 1
T T
—-16
———— ITCZ-FULL
———— ITCZ-ORB
ITCZ-C02
e ITCZ—-MWF
ITCZ-ICE

T T T T T T
-12 -8 -4 0
Time (ka bp)
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Fig. 10 Wavelet power levels for the ITCZ latitudinal shift time series (shown in Fig. 9) as a function of period for the integration time consider-

ing the simulation results of a FULL; b MWF, ¢ ORB, d GHG and e ICE

forcing (Fig. 10b) is the predominant feature from 19 ka to
about 11 ka in the FULL wavelet spectrum (Fig. 10a). This
further confirms that meltwater discharges associated with
the Northern Hemisphere cold events impact the latitudinal
shift of the ITCZs, pushing it towards the NE pole of the
SASD bringing more rain to NEB (c.c. Fig. 6). Energy in
the wavelet spectrum of the ORB, GHG and ICE results
(Fig. 10c—e, respectively) have little if any contribution for
the spectrum in FULL (c.f. Fig. 10a), but its interesting to
note that the maximum power, for ORB, GHG and ICE are
all around ~ 350—400 years, near the YD.

The investigation of the role of freshwater forcing on the
overturning circulation in previous studies have shown that
the increased freshwater in the North Atlantic is related to
the reduced strength of the AMOC (e.g. Liu et al. 2015)
and consequent warming of the Southern Hemisphere (e.g.
Haskins et al. 2019; Brady and Otto-Bliesner 2011) and a
southward shift of the ITCZ (Stouffer et al. 2006; Seo et al.
2014; McGee et al. 2014). Therefore, this work becomes
particularly relevant because it associates the role of fresh-
water forcing affecting the strength of the Atlantic Meridi-
onal Overturning Circulation with changes in ocean heat
transport and its relation to the dominant mode of climate
variability in the South Atlantic having a direct impact on
rainfall distribution. Nonetheless, changes in AMOC (or
insolation) does not necessarily lead to development of
the SASD, because the positive and negative SST anomaly
poles require convergence and divergence of meridional heat
transport, respectively.
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