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ABSTRACT

The Mid-Holocene experiment is a well known paleoclimate simulation, typically represented
by greenhouse gases (GHG) and orbital forcings. In this study we examine how including other
Earth-system components in mid-Holocene simulations, such as the vegetated Green Sahara and
expansive African mega-lakes, modulate the South Atlantic’s dynamics. Addressing a gap in
understanding the relationship between terrestrial and oceanic systems, we investigate how
these additional features influence sea surface temperatures, salinity, circulation patterns and
atmospheric dynamics in the South Atlantic. Employing NASA GISS E21-G global climate model
experiments, the study compares these effects to a standard mid-Holocene scenario using only
GHG and orbital forcing. Key findings include a decrease in sea surface temperatures and salinity
due to increased freshwater input originating from enhanced precipitation and African mega-lakes.
This leads to a weakened South Atlantic Meridional Overturning Circulation. Winds are modified in
response to changes in Green Sahara vegetation and the addition of mega-lakes, which alter the
pressure distribution. These findings underscore the influential role of terrestrial changes on the
South Atlantic’s climate, contributing to our understanding of global climate impacts and the
potential implications of environmental changes on marine and atmospheric systems.

Keywords: African mega-lakes, climate change, Green Sahara, Mid-Holocene, ocean—atmosphere

interactions, paleoclimate, South Atlantic circulation.

1. Introduction

The Mid-Holocene (MH), a period marked by enhanced seasonality and CO, concentra-
tions near pre-industrial (PI) levels, provides a unique backdrop for understanding how
changes in Saharan vegetation influenced both regional and remote climates. This period,
known as the Green Sahara (GS), spans approximately from 11,000 to 5000 years before
present and was characterised by increased boreal summer insolation that intensified the
monsoon system over the Sahara region (Demenocal et al. 2000).

Owing to increased precipitation in Northern Africa during the GS, it is also known as the
African Humid Period (Claussen et al. 2017). As a consequence of a stronger West African
Monsoon System, there is evidence in paleorecords of vegetation expansion (Tierney et al.
2017) and increase in lake area and levels in Northern Africa (Contoux et al. 2013),
resulting in mega-lakes (Krinner et al. 2012; Quade et al. 2018; Specht et al. 2022).

Some climate impacts during the GS period were investigated by previous studies. In
Krinner et al. (2012), the effects of dynamic vegetation reinforced the precipitation
response in African climate to the prescribed lakes. However, in Specht et al. (2022)
vegetation was prescribed and thus changes in precipitation regime were attributed to
background and evaporation feedback. They concluded that the location of the prescribed
lakes may play a major role in the northward expansion of the African summer monsoon
during the GS. The presence of the lakes during the MH in Northern Africa may also have
resulted in increased moisture availability, with impacts on the length of the rainy season.
According to Specht et al. (2022), the length of the wet season almost doubles in maximum-
lake extent and wetland simulations, related to changes in atmospheric circulation.
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Skinner and Poulsen (2016) found that evaporation cooling
results in descending motion over the lakes and ascending
motion over the vicinities, showing that the latitudinal posi-
tion of the lakes is a major issue. Nevertheless, these studies
did not address impacts of the lakes on South American
climate, nor on the Atlantic Ocean.

Tiwari et al. (2023) examined how greening Saharan
vegetation during the MH influenced precipitation patterns
over Africa and South America using four fully coupled
general circulation models. Their results showed enhanced
precipitation over Northern Africa and greater drying over
South America in GS simulations. These findings strongly
suggest the GS’s capacity to affect remote hydroclimates.
However, their study did not explore oceanic impacts.

Given the strong ocean-atmosphere coupling in the South
Atlantic, it would be valuable to investigate if the GS could
have potentially influenced ocean circulation coupled to
surface variables in this sector. In particular, the south-
west Atlantic Ocean is characterised by complex circulation
patterns coupled to the atmosphere (Wainer and Venegas
2002; Combes and Matano 2014). The key oceanographic
features defining its boundaries include the Brazil Current, a
warm western boundary southward-flowing current and the
northward-flowing Malvinas Current, which meet at ~40°S
(Gordon 1989).

The fact that the GS affects precipitation patterns as far
away as South America highlights the interconnected nature
of our global climate system. Such findings suggest that
climatic alterations in one region, like the Sahara, can reach
across vast distances, influencing weather and climate in
seemingly unrelated areas (Tiwari et al. 2023; Gaetani et al.
2024). Given this context, the South Atlantic Ocean, which
can have a significant role in regulating climate and weather
patterns for both Africa and South America, emerges as a
region of interest.

The South Atlantic Ocean has a profound impact on the
climate and weather patterns of both South American and
African countries (Haile 2005; Rodrigues et al. 2020). This
oceanic region drives extreme weather events such as heat-
waves, droughts and floods that can lead to food and water
insecurity for millions of individuals across these continents.

One of the mechanisms through which the South Atlantic
influences climate is by modulating rainfall variability. There
are links between the South Atlantic Subtropical Dipole and
rainfall in north-east Brazil (Wainer et al. 2021), as well as
with Western (Nnamchi and Li 2011) and Central African
(Nana et al. 2023) rainfall variability. Moreover, research
has shown that the South Atlantic plays a crucial role in the
climate of adjacent continental areas, both through the deca-
dal variability of the sea surface temperature (SST) modes
(Gorenstein et al. 2023) and through its active contribution to
the Atlantic Meridional Overturning Circulation (AMOC)
(Marcello et al. 2018). The AMOC is a critical component in
modulating the world’s climate, and the interactions between
the Atlantic, Pacific and Indian Ocean Basins, mainly through

the tropics at seasonal to multidecadal scales, are vital for
improving our ability to predict the planet’s weather and
climate (Marcello et al. 2023).

Understanding the South Atlantic’s characteristics is
important because it can play a significant role in the estab-
lishment of oceanic teleconnections and influences the
AMOC water mass structure (Garzoli and Matano 2011).

This study aims to clarify the effect of prescribed vegeta-
tion in West Africa and prescribed African (mega) lakes during
the MH on the South Atlantic oceanic circulation. Through the
analysis of four separate simulations using the NASA-GISS-
E2.1-G model, we seek to discern the atmospheric and oceanic
responses to varying land surface conditions in Africa and
their influence on South Atlantic circulation.

2. Data and analysis

In order to investigate terrestrial effects on the South Atlantic
Circulation, we analyse the simulation results of the NASA
GISS-E2.1-G model (Kelley et al. 2020) experiments described
in Table 1.

The NASA GISS-E2.1-G model comprises an atmospheric
component, specifically the Goddard Institute for Space
Studies Model E2.1, and an oceanic component (GISS Ocean
Model v1). The atmospheric grid of the GISS-E2.1-G model is
structured at a resolution of 2 X 2.5° with 40 vertical levels,
whereas the oceanic grid is designed at a resolution of
1 X 1.25° with 40 vertical levels. For the MH simulations,
the model follows the simulation protocols set forth by the
Coupled Model Intercomparison Project Phase 6 (CMIP6) and
the Paleoclimate Modelling Intercomparison Project Phase 4
(PMIP4). The standard PMIP simulation uses greenhouse
gases (GHG) and orbital forcings only. These protocols ensure
the consistency and comparability of simulation results across
different models and studies. In the specific simulation con-
cerning the MH with prescribed GS conditions, additional
feedbacks have been incorporated to account for vegetation
changes.

The choice of the NASA GISS-E2.1-G model for this study
is based on two factors. Firstly, its performance in simulat-
ing MH hydroclimate and ocean-atmosphere interactions

Table 1. Model sensitivity experiments.

Experiments Abbreviation

PiControl Pl
Mid-Holocene PMIP4 protocols 6K
6K + Prescribed VEG GS

6K + GS + LAKES LAKES

From top to bottom: pre-industrial control simulation; mid-Holocene simula-
tion run with PMIP4 protocols. Mid-Holocene simulation with prescribed
vegetation over West Africa and a simulation with contribution from lakes
and wetlands (open-water surfaces).
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has already been validated and compared in earlier works
(Tiwari et al. 2023, 2024). This prior study utilised the same
GISS-E2.1-G model for MH and pre-PI control simulations,
which are used here as well. However, their study did not
include simulations with African mega-lakes, which is a key
focus of this work. Secondly, the model choice is motivated by
the well-documented transformation of the Sahara during the
MH. Increased rainfall during this period transformed the once
dry and arid region into a landscape with extensive wetlands,
rivers and lakes. This transition is further supported by the
presence of mega-lakes, as evidenced by paleo-lake sediment
studies (e.g. Krinner et al. 2012; Specht et al. 2022; Li et al.
2023). The GISS-E2.1-G model LAKES simulations explore
these changes, highlighting the significant impact of increased
precipitation on the landscape. The fractions of lakes used in
the simulations are shown in Supplementary Fig. S1. The lake
fraction maps shown were derived from the work of Chandan
and Peltier (2020). These were determined by focusing on the
large lakes in northern Africa, including extant lakes such as
Lake Chad that were significantly larger during the MH.

This approach utilised well-constrained reconstructions
of the locations and extents of these lakes, allowing the
authors to prescribe specific sources of moisture.

The initial analysis aimed to compare the annual mean
fields from various experiments to those from a PI control run,
using simple difference calculations. This included a side-by-
side comparison of three MH experiment setups: the standard
MH setup following the PMIP protocols (referred as 6K), one
with prescribed vegetation (referred to as GS), and a novel
MH setup that combined prescribed vegetation with expan-
sive African mega-lakes (named LAKES). The PI simulations
were initialised at year 2000 and run for 1000 years, with the
final 100 years used for analysis. The 6K simulations were run
for 1300 years. Subsequently, two additional 200-year exten-
sions were performed: first to incorporate vegetation effects,
and then to add lakes. For each extension, the final 100 years
were used for analysis. All climatological analyses were based
on the last 100 years of their respective simulation periods.

The significance of observed differences between the PI
and the 6K setups was determined by conducting a t-test at
each grid point to assess whether the mean of one time series
differed significantly from the other. Areas where differences
were not significant at the 95% confidence level are indi-
cated by stippling on the figures. For wind vector maps,
the analysis is further refined by plotting vectors only
where the difference was significant for at least one of the
two components. Tiwari et al. (2023) also analyse the differ-
ences between some MH scenarios, confirming that these
differences relative to PI are statistically significant.

3. Results

To better understand the changes in the South Atlantic
dynamics relative to MH climate, this study examines both

the mean state and the deviations relative to the PI control.
Additionally, it investigates the impacts of the different
PMIP4 MH runs, prescribed vegetation and the African
mega-lakes. For all figures the top-left panel depicts the PI
distribution as the baseline reference followed by the differ-
ences between PI and the MH scenarios (6K, GS and LAKES).
Lastly, differences between GS and LAKES relative to 6K and
each other are presented.

First, variations in SST within the simulation results are
examined. These changes are illustrated in Fig. 1, which
shows the SST and wind anomalies. Figure 2 further high-
lights the associated vertical structure of the temperature
anomalies. The PI temperature profile (Fig. 2a) reveals a
warm upper layer north of ~40°S, transitioning into cooler
temperatures with depth, indicating a well-defined thermo-
cline. In the three MH experiments (Fig. 1b-d), a general
cooling trend is observed, primarily attributed to lower GHG
levels compared to PI. However, an exception occurs near
30°S in the south-west Atlantic, where a warm water pool is
evident. The intensity and extent of this anomaly vary
between simulations. The 6K simulation (Fig. 1b) shows a
coastal warm anomaly with peak deviations of 0.1-0.15°C
that are not significant. In the GS simulation (Fig. 1c), the
warm region expands, with peak differences of 0.15-0.25°C
significant at 95%. The LAKES simulation (Fig. 1d) presents
the most extensive warm area, stretching to 10°W and reach-
ing temperature differences of up to 0.3°C also significant
at 95%.

Figure le and f compares changes between GS-6K and
LAKES-GS respectively. The prescribed vegetation in the GS
experiment increases SSTs north of ~35°S, particularly off the
African coast and in the Agulhas retroflection zone, with warm-
ing reaching 0.25°C. The LAKES experiment (Fig. 1f) shows
amplified warming, with anomalies reaching 0.35-0.4°C. In this
case, these effects are thought to occur through atmospheric
circulation (Li et al. 2023), which will be discussed when
examining surface pressure and wind changes.

Planktonic foraminiferal assemblages from marine sedi-
ments in the south-west Atlantic (Chapori et al. 2015) provide
a proxy-based historical account of SST variations during the
Holocene. In the Early Holocene, colder SSTs prevailed,
with anomalies reaching —5°C due to increased influence of
subpolar and polar waters. By the Mid-Late Holocene, SSTs
approached modern values, indicating a greater presence of
warm subtropical waters. Proxy records suggest average sum-
mer and winter SSTs of ~17 and ~12°C respectively. Consistent
with these reconstructions, the model simulates a boreal sum-
mer SST anomaly of ~—0.6°C in the proxy core region, closely
matching the proxy-based estimate of 0.5°C cooling during the
early to mid-Holocene (Chapori et al. 2015). Together, these
findings highlight the combined influence of subtropical and
subpolar water masses and underscore the agreement between
proxy evidence and model simulations.

The simulated zonally averaged vertical distribution of
the South Atlantic temperatures can be seen in Fig. 2, which

3
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Simulated climatological mean sea surface temperature (SST) response (°C) for the South Atlantic: (a) present day (PI)

and deviations from PI for (b) 6K (6K-Pl), (c) GS (GS-PI) and (d) LAKES (LAKES-PI). Differences between Mid-Holocene scenarios
are shown for (e) GS-6K and (f) LAKES-GS. Stippling indicates changes that are not significant at the 95% confidence level.

are somewhat consistent with the proxy data description,
and shows that most changes are indeed within the upper
subtropical warm waters. For the differences between MH
experiments with respect to PI (Fig. 2b—d) it is clear that the
temperatures were cooler in the upper layers of the tropical
South Atlantic. South of ~50°S for the differences of 6K
(Fig. 2b) and GS (Fig. 2c) with respect to PI, temperatures
are warmer throughout the water column, up to 1500-m
depth. However, for the difference between the LAKES and
PI simulations (Fig. 2d), the cooling is confined to the upper
200 m north of ~30°S and at the surface at ~45°S.

The South Atlantic Central Water (SACW) is defined by
high-salinity surface waters, primarily driven by evaporation
and wind-driven circulation, and is most pronounced at lower
latitudes (Fig. 3a). At ~600 m the Antarctic Intermediate Water
(AAIW) is identified by a salinity minimum, a characteristic

signature of its origin in the Southern Ocean and its subsequent
northward flow into the Atlantic.

The salinity differences between the MH scenarios (6K,
GS and LAKES) relative to PI (Fig. 3b—d) reveal notable
changes. The SACW in the tropical upper layer shows signif-
icant freshening, likely caused by reduced evaporation or
increased precipitation. Simultaneously, the AAIW’s salinity
minimum appears altered, suggesting modifications in its
formation or a shift in its extent. These changes imply that
the AAIW’s influence on the thermocline and its interaction
with the SACW were distinct during the MH, with potential
consequences for the transport of heat and salt in the ocean.
Enhanced freshwater influx and altered evaporation rates
likely drove these changes. The precipitation—evaporation
(P-E) distributions are shown in Supplementary Fig. S2. The
enhanced precipitation, relative to PI in low latitudes (north

4
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Fig. 2. Zonally averaged, simulated climatological mean vertical temperature profiles (°C) for the south Atlantic: (a) present day
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are shown for (e) GS-6K and (f) LAKES-GS. Stippling indicates changes that are not significant at the 95% confidence level.

of 20°S) can be seen, with maximum differences exceeding
~0.6-0.8 mm day . The greatest difference (~0.8 mm day™)
is for 6K relative to PI (Supplementary Fig. S2b).

Furthermore, variations in the depth and intensity of the
salinity minimum indicate shifts in water mass formation,
modification and advection. The differences in the GS and
LAKES scenarios (Fig. 3e, f) highlight the impact of increased
freshwater input, likely associated with paleo-lakes, explain-
ing the observed salinity changes in the profiles.

In the context of understanding MH ocean-atmosphere
dynamics, analysing sea level pressure (SLP) and accompa-
nying wind systems is essential as it provides insights into
atmospheric responses to variations in ocean temperatures.
This analysis helps the understanding of mechanisms driving
large-scale atmospheric circulation during this period.

Figures 4a and 5a illustrate the PI mean SLP and
surface wind patterns, highlighting higher pressures in the

subtropical South Atlantic Ocean within 20-40°S, indicative
of the South Atlantic High, and lower pressures near the
equator associated with the Intertropical Convergence Zone.
The zonal pressure gradient extends from South America to
Africa, with south-east trade winds dominating the tropical
South Atlantic and transitioning into westerlies at higher
latitudes, consistent with the subtropical high-pressure sys-
tem. Panels b—d in Fig. 4 and 5 show the sensitivity experi-
ment differences (6K, GS and LAKES scenarios) relative to PI.
Both the 6K-PI and GS-PI cases (Fig. 4b, c and 5b, c) reveal
a westward and southward shift of the subtropical high
north of 40°S and negative SLP anomalies southward across
the South Atlantic. These shifts coincide with a clockwise wind
anomaly in the south-west Atlantic and a weakened subtropical
high-pressure system. Intensified westerlies at ~15°W contrast
with their weakening eastward, while south-east trade winds
are diminished, potentially influencing marine climates and
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confidence level.

coastal upwelling near south-western Africa. In the LAKES-PI
scenario (Fig. 4d and 5d), the patterns are similar to those in
the 6K-PI and GS-PI cases, showing enhanced SLP differences
north of 40°S and weakened SLP southward, attributed to MH
orbital forcing.

In contrast to the 6K-PI and GS-PI scenarios, the LAKES-
PI difference (Fig. 4d and 5d) exhibits stronger positive SLP
values north of 40°S, suggesting that presence of African
mega-lakes could increase surface pressures compared to
the PI baseline. The wind response mirrors the other MH
scenarios, with increased westerlies up to~15°W and a
reduction further east. The weakening of the south-east
trade winds relative to PI is also similar.

Changes in the barotropic stream function (BSF) are
analysed to assess variations in ocean circulation strength and
structure. The zero-BSF contour, which marks the boundary

between positive (clockwise) and negative (counterclockwise)
circulation cells, serves as a key indicator of these dynamics.
The relative positions of the zero-BSF contour in the PI sce-
nario and various MH scenarios are compared. Figure 6a
illustrates the distribution of circulation patterns for PI, high-
lighting the subpolar and subtropical gyres. Figure 6b and c
reveals negative anomalies north of the PI zero-BSF contour,
approximately within 20-40°S, for the 6K and GS scenarios.
These anomalies indicate a strengthening or expansion of the
subtropical gyre relative to PL. Within 40-50°S, positive
differences suggest a weakening or contraction of the sub-
tropical gyre, whereas further south, the subpolar gyre shows
weakening through additional positive anomalies. In Fig. 6d,
the LAKES-PI differences indicate an enhancement of both the
subtropical and subpolar gyres west of 0°W. A comparison
between GS and 6K (Fig. 6¢) suggests a stronger subtropical

6
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Fig. 4. Simulated climatological mean SLP response (mb-1000) for the South Atlantic: (a) present day (Pl) and deviations
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for (e) GS-6K and (f) LAKES-GS. Stippling indicates changes that are not significant at the 95% confidence level.

and subpolar gyre under GS conditions. Finally, Fig. 6f shows
further intensification of these gyres in the LAKES scenario
compared to GS.

4. Summary and discussion

West African terrestrial vegetation and hydrology contributed
to warming the South Atlantic Ocean surface during the MH.
The SST variations in the MH simulations (Fig. 1) predomi-
nantly indicate a cooling trend relative to pre-industrial levels,
except in the south-west Atlantic near the Brazil-Malvinas
Confluence region, consistent with the findings of Zhang
et al. (2021). However, simulations incorporating prescribed
vegetation, both with and without expansive African mega-
lakes (GS and LAKES), reveal more pronounced warm regions

near the African coast and the Agulhas retroflection zone.
These localised warming patterns are attributed to modified
atmospheric processes driven by vegetation-enhanced hydrol-
ogy and the presence of mega-lakes. The zonally averaged
vertical temperature profiles provide additional understand-
ing into these changes. Generalised cooling is observed down
to 1400 m in the 6K and GS simulations, except south of
~50°S, where warming is detected. By contrast, the LAKES
simulation shows warming throughout the water column,
with cooling limited to the upper 400 m north of ~40°S.
When comparing GS to 6K and LAKES to GS, both GS and
LAKES scenarios contribute to regional warming, except
south of ~50°S in the GS case, highlighting the possible
impacts of terrestrial changes on vertical ocean temperature
distributions. These temperature changes are accompanied
by shifts in South Atlantic water masses, as evidenced by

7


https://www.publish.csiro.au/es

I. Wainer et al.

Journal of Southern Hemisphere Earth Systems Science 75 (2025) ES24031

Wind vectors (m s-1)

o (@) PiControl . 10ms
10°S
20°S
30°S
40°S
50°S [~

60°W 40°W 20°W 0° 20°E
. (c) GS-PI R

N * y
7Y
YN AR R R R T PN
f’é/ L L

\i
o R NNt i R R
40°8 SNl
eSS AN
M\Ni\\ N
50°8 e e NN M
—— Y
60°W 40°W 20°W 0° 20°E
(e) GS-6K

10°S

AAAAA S ]
IR T INN
IZZZET NN
222N

A A A
At ]

20°S

Attt
ettt el

30°S
40°S

50°S |

60°W 40°W 20°W 0° 20°E

(b) 6K-PI

1ms!

0° T T,
IRNRANAEH
N
SN T
PEINSBSEEN R R
20°S P R e S0
PSRN L
30°s G2
LR L i :322'5525\ .
40°S AT TN SO
‘\\\\\\\l‘\\\\\ NNSEE TN :\\ N }\\: N
—M\\\\\\\‘::N:::\‘\‘\‘ \ : ’v ; ;
50°8 [ T NN v
=" intad v ;;;/
60°W 40°W 20°W 0° 20°E
(d) LAKES-PI 1ms
0°
10°S
20°S
30°S
40°S

/
i

-~y

e
50°S e S S ST T S S e
s S S e

=SS 000NN

60°W 40°W 20°W 0° 20°E
1) LAKES-GS

S~

0°

10°S

20°S

30°S

40°S

50°S

60°W 40°W
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salinity data. The SACW exhibits freshening in the tropical
upper layer, likely driven by increased precipitation and run-
off resulting from vegetation-enhanced hydrology (Tiwari
et al. 2023) and mega-lakes (Li et al. 2023). Additionally,
changes in the spatial extent of the AAIW and SACW reflect
altered water mass formation and advection, underscoring
hydrological and oceanographic transformations during this
period. Atmospheric circulation patterns further support these
findings. A consistent reduction in SLP south of 30°S is
observed across all MH experiments, indicating a weakening
of the typical high-pressure system in the eastern South
Atlantic. The LAKES scenario, however, shows elevated sur-
face pressures compared to the PI baseline, suggesting that
mega-lakes may have strengthened or shifted the subtropical

high-pressure system. These SLP changes can be associated
with intensified westerlies west of 30°W and weakened south-
east trade winds along the African coastline. Figure 7 illus-
trates the latitude-specific changes in zonally averaged zonal
wind components. Across all MH scenarios, westerlies inten-
sify within 30-55°S (left panel), with the strongest westerlies
observed in the GS simulation. Differences between GS and
LAKES (pink curve, right panel) indicate that the LAKES
scenario contributes to the relative weakening of westerlies
north of 55°S. In essence, the circulation changes, freshening
of water masses and altered westerlies during the MH have
significant implications for regional and global climate sys-
tems. Strengthening and expansion of the subtropical gyre,
alongside the weakening of the subpolar gyre, probably
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redistributed energy and momentum in the South Atlantic,
influencing heat transport. Freshening of the SACW and
AAIW, driven by enhanced precipitation and runoff, act to
modify the density structure, reducing vertical mixing and
increasing stratification in the water column. These changes
could have weakened the AMOC, with potential implica-
tions for inter-hemispheric heat transport and global
climate stability. The intensification of westerlies within
30-55°S suggests shifts in precipitation patterns over adja-
cent landmasses, whereas weakened south-east trade winds
could alter coastal dynamics along the African coastline.
These findings are consistent with the complex interactions
between terrestrial, atmospheric and oceanic systems,
emphasising the sensitivity of the Earth system to environ-
mental shifts and the widespread impacts across intercon-
nected climate subsystems.

5. Conclusions

Within the confines of NASA-GISS-E2.1-G model experiments
for the MH period, the inclusion of a vegetated GS and African
mega-lakes appears to affect the dynamics of the South
Atlantic, deviating from PI conditions. The MH climate simu-
lations reveal a general cooling trend across the South Atlantic
but with warming north of ~30°S with intensified positive
differences at the African coast and Agulhas retroflection for
GS. The addition of the expansive lakes contributes to warmer
SSTs when compared to GS alone, particularly in a zonal band
at the southern edge of the subtropical gyre. This implies that
changes in land cover and hydrology, such as increased vege-
tation and surface water, modifies atmospheric processes
(Li et al. 2023) affecting the adjacent ocean. Furthermore, the
observed freshening of the SACW in these scenarios indicates

9


https://www.publish.csiro.au/es

I. Wainer et al.

Journal of Southern Hemisphere Earth Systems Science 75 (2025) ES24031

Zonal Avg u-wind and DIFFs

| | ] | | ] ] | ] | ] | |
15°G — — 15°S — | —
25°S — — 25°S — —
35°S — — 35°S — —
45°S — — 45°S — —
55°S — — 55°S — —
65°S — — 65°S — -
T —= I T T T T [ T T I T
—2.0 0.0 2.0 4.0 6.0 -0.80 -0.40 0.00 0.40 0.80
PI 6K-PI
GS GS-PI
6K LAKE-PI
LAKE GS-6K
LAKE-GS
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shifts in the hydrological cycle, likely driven by increased
freshwater input from enhanced precipitation due to the
vegetation changes and the presence of the mega-lakes.
The atmospheric response is evident in the reduction of
SLP south of 30°S, indicative of a weakened high-pressure
system. This is coupled with modifications in wind patterns,
specifically the strengthening of the westerlies and the weak-
ening of the south-east trades. Changes in BSF across the
scenarios show that subtropical and subpolar gyres are
affected. Overall, the study points out the role of terrestrial
factors, such as vegetation and lake presence, in modulating
the South Atlantic’s climate during the MH, emphasising the
complex interplay between terrestrial and oceanic systems.
The MH ocean-atmosphere circulation changes together
with freshening of water masses, can have significant implica-
tions for regional and global climate systems. Strengthening
and expansion of the subtropical gyre, along with weakening
of the subpolar gyre, probably redistributed energy and
momentum in the South Atlantic, influencing heat transport.

Freshening of the SACW and AAIW driven by increased pre-
cipitation can alter the density structure, reducing vertical
mixing and stratifying the water column. Furthermore, the
strengthening of westerlies within 30-55°S suggests shifts in
precipitation patterns over adjacent landmasses, whereas
weakened south-east trade winds affect coastal dynamics
along the African coastline. These findings highlight the con-
nected nature of terrestrial and oceanic systems, emphasising
the sensitivity of the Earth system to environmental shifts and
their cascading impacts across climate subsystems.

Supplementary material

Supplementary material is available online.
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