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Abstract: Climate responses to volcanic eruptions include changes in the distribution of temperature
and precipitation such as those associated with El Niño Southern Oscillation (ENSO). Recent studies
suggest an ENSO-positive phase after a volcanic eruption. In the Atlantic Basin, a similar mode of
variability is referred as the Atlantic Niño, which is related to precipitation variability in West Africa
and South America. Both ENSO and Atlantic Niño are characterized in the tropics by conjoined
fluctuations in sea surface temperature (SST), zonal winds, and thermocline depth. Here, we examine
possible responses of the Tropical Atlantic to last millennium volcanic forcing via SST, zonal winds,
and thermocline changes. We used simulation results from the National Center for Atmospheric
Research Community Earth System Model Last Millennium Ensemble single-forcing experiment
ranging from 850 to 1850 C.E. Our results show an SST cooling in the Tropical Atlantic during the
post-eruption year accompanied by differences in the Atlantic Niño associated feedback. However,
we found no significant deviations in zonal winds and thermocline depth related to the volcanic
forcing in the first 10 years after the eruption. Changes in South America and Africa monsoon
precipitation regimes related to the volcanic forcing were detected, as well as in the Intertropical
Convergence Zone position and associated precipitation. These precipitation responses derive
primarily from Southern and Tropical volcanic eruptions and occur predominantly during the austral
summer and autumn of the post-eruption year.

Keywords: sea surface temperature; precipitation; South America; Africa; Atlantic Niño;
paleoclimate modeling

1. Introduction

Sea surface temperature (SST) is an important indicator of climate variability. Its response to
external forcings will depend on the intensity, duration, and spatial distribution of the perturbation.
In the equatorial Atlantic Ocean, noticeable anomalies in SST are observed on interannual time scales.
These anomalies reveal the Atlantic Niño mode [1,2], a tongue-shaped SST pattern related to
equatorial zonal wind anomalies and thermocline depth changes via air–sea interaction processes.
Positive feedback (Figure 1) may occur when the SST and thermocline depth changes in the eastern
Atlantic are related to zonal wind anomalies in the western part of the basin [3–5]. The Atlantic
Niño is known for influencing precipitation in West Africa and South America [6–8]. Positive SST
anomalies in the eastern equatorial Atlantic increase the precipitation over Northeastern Brazil and
western equatorial Amazon, whereas negative SST anomalies in the eastern equatorial Atlantic
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decrease the precipitation over the West African monsoon region. These patterns correspond to
the Atlantic Niño phases and are associated with changes in strength and meridional displacement of
the Intertropical Convergence Zone (ITCZ), in intensity of tropical convection, and in magnitude of
the westerlies [7,9–12].
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Figure 1. Schematic air–sea interaction in a positive Bjerknes feedback scenario, where the blue
horizontal rectangle represents the Tropical Atlantic Basin, and the black vertical rectangle represents a
thermocline depth-profile. Positive sea surface temperature anomalies (SSTA, red ellipse) induce zonal
wind stress anomalies (τA, violet arrow), and result in thermocline depth anomalies (green line).

Over the past millennium (850 to 1850 C.E.), strong volcanic eruptions occurred and disturbed
the climatic system. Volcanic eruptions may lead to radiative cooling of the surface and troposphere,
and to the warming of the stratosphere, by the scattering of visible solar radiation, absorption,
and near-infrared, and the absorption and emission of longwave radiation, e.g., reference [2]. This effect
is produced by sulfate aerosols resulting from the conversion of sulfur particles emitted by volcanic
eruptions that are injected into the stratosphere [12,13]. During the second half of the thirteenth century,
many volcanic eruptions promoted a strong cooling of the Earth with long-lasting impacts on the
climate [14,15]. The Samalas volcano eruption in 1257 C.E. was the largest one in the last 7000 years
and was associated with floods and famine episodes [16]. Ashes and glass from the Samalas eruption
were found in both hemispheres as recorded by Greenland and Antarctica ice cores—a typical feature
of a volcanic eruption near the equator [13]. Besides 1257 C.E. Samalas event, other great volcanic
eruptions occurred during the last millennium such as Kuwae (1452 C.E.), Huaynaputina (1600 C.E.),
Laki (1783 C.E.), and Tambora (1815 C.E.) (see [17–19] for reconstruction of volcanic eruption events
over the past 2500 years). The cooling in 1816 C.E. associated with the Tambora eruption is known for
promoting the “year without a summer” in Europe [20]. This extreme climatic condition resulted in
the crisis of 1817, with impacts on public health, economy, crop production and starvation Evidence of
cooling events as a response to explosive volcanic eruptions was found in tree-ring datasets [21].

Results from numerical model experiments have already shown the impact of volcanic eruptions
on the climate system. Some of them include a decrease in temperature and salinity in the Atlantic
Ocean [22], changes in the Atlantic Meridional overturning circulation [22,23], a decrease in ocean heat
content and sea level [24], a decrease in tropical precipitation [25,26], and changes related to climatic
modes of variability such as the El Niño Southern Oscillation (ENSO) [27–32]. The large-scale response
to volcanic forcing may vary depending on the location of the volcano [31,33] and on the season of the
volcanic eruption occurrence [34,35].

An increase in ENSO-positive phase occurrence after the volcanic eruption was identified
by some studies [36–38], but this response varies among different numerical models [32,35,39–41].
The ENSO response to volcanic eruptions is suggested to be a combination of (i) the ocean dynamical
thermostat mechanism, in which surface changes are driven by deeper upwelled waters [29] and (ii)
air–sea interaction through changes in land–ocean temperature gradient in the Western Pacific [42].
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In the Atlantic Niño region, Haywood et al. [43] link 20th century episodes of Sahelian drought to
perturbations in the SST influenced by Northern Hemisphere volcanic eruptions. However, they did
not investigate possible perturbations of the air–sea interaction processes related to this SST change.
Indeed, variations in the equatorial Atlantic upwelling are driven by changes in the thermocline depth
and wind-driven equatorial wave effects [44], and perturbation in subsurface temperature [45], but the
effects of volcanic eruptions on Tropical Atlantic variability are still poorly understood.

To improve the ability of numerical models to estimate the impacts of external forcings on the
climate system, the National Center for Atmospheric Research (NCAR) developed the Community
Earth System Model Last Millennium Ensemble (CESM-LME) experiment [46]. The CESM-LME
consists of individually natural forced ensembles and full forcing ensembles ranging from the last
millennium up to the present (850–2005 C.E.). One of the objectives of CESM-LME is to determine the
variability associated with individual natural forcings versus purely internal variability [46]. The Last
Millennium (850–1850 C.E.) is the ideal period for the assessment of the relative roles of natural
variability and anthropogenic influence, because it corresponds to the most recent time interval with a
minor anthropogenic contribution to climate changes. CESM-LME includes a “volcanic-only” ensemble
simulation (VOLC) in which volcanism is the only varying natural forcing. Thus, the CESM-LME
VOLC is a convenient tool to investigate possible changes in the climate system caused by the
volcanic forcing.

Here, we investigate the response of the Tropical Atlantic Ocean to the last millennium volcanic
forcing (from 850 to 1850 C.E.) and impacts on South American and West African precipitation using
outputs from the CESM-LME experiment. We analyze responses of air–sea interaction variables
(SST, zonal winds, and thermocline depth) and the Bjerknes feedback in the Tropical Atlantic under
Northern, Southern, and Tropical volcanic eruptions. As previous studies showed that volcanic
eruptions disturb SST in Tropical Atlantic, our hypothesis is that volcanic eruptions affect the
Bjerknes feedback. Our study is structured as follows: data and methods are described in Section 2,
including model details and volcanic forcing. In Section 3, we present results for the volcanism effects
of volcanism on the Tropical Atlantic, on Bjerknes feedback indicators, and on African and South
American precipitation. In Section 4, we discuss our results and its limitations. Finally, our conclusions
are summarized in Section 5.

2. Experiments

2.1. Data and Methods

We used monthly outputs from the CESM-LME [46] (see Section 2.2 for details) of SST,
precipitation, wind stress, and temperature fields for the past millennium (850 to 1850 C.E.).
Our analysis encompassed outputs in the timespan within 850 to 1850 C.E. (pre-industrial climate) of
the VOLC ensemble (five members), and in the “850-control” (CTRL) simulations. We compare the
single-forcing ensemble mean simulation (VOLC) with the CTRL scenario. Since we want to investigate
only the response to volcanism without other forcings’ influence, as in Zuo et al [47], we opted to use
the single-forcing VOLC ensemble members.

To evaluate the Tropical Atlantic variability, we averaged key variables over the eastern Atlantic,
ATL3 (20◦ W–0◦; 3◦ S–3◦ N) area, as defined by [1], and over the western Atlantic, WATL (40◦ W–20◦ W;
3◦ S–3◦ N) area, as in [48]. The thermocline depth index (Z20) was considered as the depth of the 20 ◦C
isotherm [49].

A Superposed Epoch Analysis (SEA) was used to isolate the climatic response for the
volcanic eruptions, following other studies of volcanism impacts on climate [15,28,36]. For the SEA,
we calculated seasonal anomalies with uncertainties represented by twice the standard deviation.
We also compared the anomalies with the CTRL standard deviation that corresponds to the natural
variability of the climate system. We classified volcanic eruptions according to their location as
described in [31] (Table 1). The aerosol mass mixing ratio during the eruption year and two subsequent
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years were integrated over the Northern and Southern Hemispheres. The resulting ratios between the
two were used to classify the eruption: Northern eruption for mixing ratio higher than 1.3, Southern
eruption for mixing ratio lower than 0.7, and Tropical eruption for mixing ratio between 0.7 and 1.3 [31].
Only eruptions with a peak mass aerosol mixing ratio greater than 10−8 were used to minimize biases
in magnitude of the eruption (more details can be found in [31]).

Table 1. List of volcanic eruptions selected for this study.

Class Year of Eruption

Northern (NH) 1176, 1213, 1600, 1641, 1762 (Laki 1), 1835
Southern (SH) 1275, 1341, 1452 (Kuwae)
Tropical (TR) 1258 (Samalas), 1284, 1809, 1815 (Tambora)

1 The CESM-LME used data from version 1 of [17], where the data of Laki eruption is 1762; however, the true Laki
eruption year is 1783 [31].

The Bjerknes feedback was estimated via the relationship between SST, zonal wind stress, and
thermocline depth obtained through least squares regressions. We considered regression slopes at
95% confidence levels. Precipitation composites were calculated by averaging precipitation anomalies
fields for selected years and using a 95% significance t-test.

2.2. Model Details and Volcanic Forcing

The CESM-LME [46] uses the CESM version 1.1 [50]. Model resolution is ~2◦ in the atmosphere
and the land components, and ~1◦ in the ocean and sea ice components.

The CESM-LME simulations (more details in [46]) range from 850 to 2005 and consist of
different ensembles forced either exclusively with orbital, solar activity, volcanic eruptions, land use,
and land change, and greenhouse gases concentrations, or with all forcings concurrently (full-forcing).
It follows the Palaeoclimate Modeling Intercomparison Project phase 3 [51] protocols [52,53].
The modulation of insolation by orbital parameters was obtained after Berger [54], and changes
in total solar irradiance follow Vieira et al. [55], including the 11-year solar cycle. Greenhouse gases
(CO2, CH4, and N2O) concentrations were based on high resolution Antarctica ice cores [52]. Land use
and land cover changes derive from a combination of Pongratz et al. [56] and Hurtt et al. [57] datasets.
The CTRL experiment ranges from 850 to 2005 and was started from an 1850 control simulation
650-years long [46]. The CTRL is a CESM-LME no-forcing run and therefore employs the same model
configurations of the forced runs. However, the CTRL run has preindustrial conditions, with the
incoming solar radiation at the top of the atmosphere fixed at 1360.9 W m−2 and CO2 level fixed at
284.7 ppm [58,59].

The volcanic forcing in CESM-LME corresponds to the 54 ice core records compiled by
Gao et al. [17]. This dataset contains estimates of stratospheric sulfate aerosol loadings from volcanic
eruptions from both the Arctic and Antarctica, modeled as a function of latitude, altitude, and month
(volcanic eruptions with unknown seasonality are considered to begin in April). Composite clear-sky
albedo for all CESM-LME eruptions are shown in Figure 1 of Stevenson et al. [31].

3. Results

Here, we present results for the Tropical Atlantic response to the last millennium volcanic forcing,
via air–sea interaction processes involving changes in SST, zonal wind stress, and thermocline depth,
and effects on South America and Africa precipitation.

3.1. Tropical Atlantic During the Last Millennium

The SEA method is applied to seasonal (i) SST variability of the ATL3 index [1], (ii) zonal winds
variability in the WATL [3], and (iii) Z20 in the eastern part of the basin [49]. Seasonal analysis
corresponds to four periods: December to February (DJF, austral summer), March to May
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(MAM, austral autumn), June to August (JJA, austral winter), and September to November (SON,
austral spring).

The ATL3 SST response to volcanic forcing was different depending on the hemisphere of the
volcanic eruption (VOLC, Figure 2) and was detected mainly for the first year after the volcanic eruption
(year +1). For NH eruptions, only MAM (Figure 2B) presented a significant cooling (−0.40 ± 0.13 ◦C)
within two standard deviations. A decrease in DJF (0 to +1) SST occurs when considering only one
standard deviation. SH volcanic eruptions produced a cooling in DJF (Figure 2E), JJA (Figure 2G),
and SON SST (Figure 2H), with the most outstanding cooling during austral spring (−1.20 ± 0.23 ◦C).
TR volcanic eruptions generated cooling during the whole year, with the most prominent SST cooling
in SON (Figure 2L) of −1.10 ± 0.45 ◦C. In all cases, the post-eruption cooling was followed by an
increase of the mean SST value in the second or third year after the volcanic eruption. All cases
we considered significant were beyond the internal variability, represented by the CTRL standard
deviation (0.39 ◦C, magenta solid line in Figure 2). No significant variability was identified for the
CTRL simulation shown in Figure 3.
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Figure 2. VOLC SEA for ATL3 SST seasonal anomalies (◦C), calculated considering the volcanic
eruptions listed in Table 1, for five years before the eruption, and ten years after the eruption. Horizontal:
class of the eruptions (NH—(A–D); SH—(E–H); and TR—(I–L)); Vertical: seasonal SEA seasonal
SEA (December to February—DJF; March to May—MAM; June to August—JJA; and September to
November—SON). Lines in colors correspond to the individual ensemble members, and black thick
line refers to the ensemble mean. Light shaded gray corresponds to one standard deviation, and dark
shaded gray corresponds to two standard deviations. Magenta solid line corresponds to one standard
deviation of the CTRL run.
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Figure 3. CTRL SEA for ATL3 SST seasonal anomalies (◦C), calculated after list of volcanic eruptions
in Table 1, for five years before the eruption and ten years after the eruption. Horizontal: class
of the eruptions (NH—(A–D); SH—(E–H); and TR—(I–L)); Vertical: seasonal SEA (December to
February—DJF; March to May—MAM; June to August—JJA; and September to November—SON).
Dark red line corresponds to the CTRL run, and light shaded red corresponds to one standard deviation
of the CTRL run.

Examination of both western equatorial Atlantic zonal winds (WATL, VOLC Figure 4, and CTRL
Figure 5) and eastern Atlantic thermocline depths (Z20, VOLC Figure 6, and CTRL Figure 7) show
no significant response considering two standard deviations of the ensemble mean despite the
post-eruption SST cooling identified by the ATL3 SST SEA (Figure 2). Weakening of VOLC zonal wind
stress occurs for one standard deviation during MAM, JJA, and SON (Figure 4F,G,H) for SH eruptions,
and DJF and MAM (Figure 4I,J) for TR eruptions. A negative deviation of VOLC Z20 occurs for one
standard deviation during MAM, JJA, and SON (Figure 6F,G,H) for SH eruptions, and DJF and MAM
(Figure 6I,J) for TR eruptions. None of the anomalies rise above the natural variability threshold (CTRL
standard deviation; 0.6 10−2 Nm−2 for WATL; 4.3 m for Z20) but the VOLC MAM Z20 (Figure 6J).
These results motivated us to examine the air–sea interaction processes related to the Atlantic Niño
mode in the VOLC and CTRL experiments (Section 3.2).
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Figure 4. VOLC SEA for WATL wind stress seasonal anomalies (10−2 Nm−2), calculated considering
the volcanic eruptions listed in Table 1, for five years before the eruption and ten years after the eruption.
Horizontal: class of the eruptions (NH—(A–D); SH—(E–H); and TR—(I–L)); Vertical: seasonal
SEA (December to February—DJF; March to May—MAM; June to August—JJA; and September to
November—SON). Lines in colors correspond to the individual ensemble members, and black thick
line refers to the ensemble mean. Light shaded gray corresponds to one standard deviation, and dark
shaded gray corresponds to two standard deviations. Magenta solid line corresponds to one standard
deviation of the CTRL run.Atmosphere 2018, 9, x FOR PEER REVIEW  8 of 18 
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Figure 5. CTRL SEA for WATL wind stress seasonal anomalies (10−2 Nm−2), calculated after list of
volcanic eruptions in Table 1, for five years before the eruption and ten years after the eruption.
Horizontal: class of the eruptions (NH—(A–D); SH—(E–H); and TR—(I–L)); Vertical: seasonal
SEA (December to February—DJF; March to May—MAM; June to August—JJA; and September to
November—SON). Dark red line corresponds to the CTRL run, and light shaded red corresponds to
one standard deviation of the CTRL run.
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Figure 6. VOLC SEA for thermocline depth seasonal anomalies (m), calculated considering the volcanic
eruptions listed in Table 1, for five years before the eruption and ten years after the eruption. Horizontal:
class of the eruptions (NH—(A–D); SH—(E–H); and TR—(I–L)); Vertical: seasonal SEA (December to
February—DJF; March to May—MAM; June to August—JJA; and September to November—SON).
Lines in colors correspond to the individual ensemble members, and black thick line refers to the
ensemble mean. Light shaded gray corresponds to one standard deviation, and dark shaded gray
corresponds to two standard deviations. Magenta solid line corresponds to one standard deviation of
the CTRL run.
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Figure 7. CTRL SEA for Z20 anomalies m), calculated after list of volcanic eruptions in Table 1,
for five years before the eruption and ten years after the eruption. Horizontal: class of the eruptions
(NH—(A–D); SH—(E–H); and TR—(I–L)); Vertical: seasonal SEA (December to February—DJF;
March to May—MAM; June to August—JJA; and September to November—SON). Dark red line
corresponds to the CTRL run, and light shaded red corresponds to one standard deviation of the
CTRL run.
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3.2. Air–sea Interaction in the Tropical Atlantic

In the Tropical Ocean, three air–sea interaction processes are related to the equatorial modes of
variability: (i) eastern SST anomalies forcing western equatorial wind stress anomalies, (ii) western
zonal wind stress anomalies forcing thermocline depth anomalies that propagate eastward, and (iii)
eastern equatorial SST anomalies induced by local thermocline depths [3–5,45,48]. The Bjerknes
feedback [60] is characterized when these three elements act simultaneously. In the Tropical Pacific,
the Bjerknes feedback drives the ENSO, while in the Tropical Atlantic it is active during the cold
tongue season related to the Atlantic Niño [61]. One way to assess the link between SST, zonal winds,
and thermocline depth in the Tropical Atlantic is to examine the correlation between them in the air–sea
interaction processes cited above [48,62]. The result of the analysis is shown in Figure 8, for both VOLC
and CTRL experiments. The calculated regression slopes are displayed in Table 2.Atmosphere 2018, 9, x FOR PEER REVIEW  10 of 18 
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Figure 8. Tropical Atlantic air–sea interaction indicators for (A–C) VOLC and (D–F) CTRL simulations,
represented by linear regressions of monthly values. First column refers to ATL3 SST and WATL zonal
wind stress anomalies, second column refers to equatorial thermocline slope and WATL wind stress
anomalies, and third column refers to ATL3 SST and ATL3 thermocline depth anomalies. Thermocline
depth is defined as the 20 ◦C-isotherm depth. Slopes and correlation were both calculated with 95%
significance. The calculated regression slopes are also displayed in Table 2.

Table 2. Air–sea interaction processes slopes in the Tropical Atlantic, calculated as in references [4,48].

Process VOLC 1 CTRL 1

Zonal advection feedback (0.41 ± 0.01) × 10−2 N m−2 K−1 (0.46 ± 0.01) × 10−2 N m−2 K−1

Thermocline feedback (4.28 ± 0.05) m/10−2 N m−2 (4.02 ± 0.06) m/10−2 N m−2

Amplification of ATL3 SST (2.00 ± 0.05) K m−1 (2.15 ± 0.06) K m−1

1 VOLC refers to slopes calculates to the VOLC simulation, and CTRL refers to slopes calculated to the
CTRL simulation.

The regression between the ATL3 SST anomalies and the WATL wind stress anomalies
(Figure 8A,D) shows a positive relationship (95%-significance) between the variables in both VOLC
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(0.41 ± 0.01 N m−2 K−1) and CTRL (0.46 ± 0.01 N m−2 K−1) simulations. This relationship was
referred to as zonal advection feedback by [4,48], and it is 0.05 ± 0.01 N m−2 K−1 smaller in the VOLC
simulation when compared to the CTRL simulation.

The regression between the thermocline slope anomalies, and the WATL wind stress anomalies
(Figure 8B,E), represent the thermocline feedback. The thermocline slope anomalies were
calculated as the difference between 20◦C-isotherm depths anomalies averaged over the ATL3
and WATL regions. The 20◦C-isotherm is an indicator of the thermocline depth [49]. A positive
regression (95%-significance) was obtained for the thermocline feedback with slope values of
4.28 ± 0.05 m/10−2 N m−2 (VOLC) and 4.02 ± 0.06 m/10−2 N m−2 (CTRL). This air–sea interaction
process is 0.26 ± 0.06 m/10-2 N m−2 larger in VOLC when compared to CTRL.

The amplification of the ATL3 SST anomalies by changes in thermocline depths (Figure 8C,F)
displayed positive regression (95%-significance) between the referred variables and presented slopes
of 2.00 ± 0.05 K m−1 and 2.15 ± 0.06 K m−1 for VOLC and CTRL simulations, respectively. This BF
indicator is 0.15 ± 0.06 K m−1 smaller in VOLC when compared to CTRL. The differences detected in
the feedback components between VOLC and CTRL are attributed only to the volcanic forcing.

3.3. Effects on Tropical Atlantic

3.3.1. Precipitation

SST changes may directly impact evaporation and precipitation. In the Tropical Atlantic,
SST anomalies are related to precipitation changes in both Northeastern Brazil [7,63] and West
Africa [6,7]. Thus, we calculated the correlation (95%-significance) between seasonal precipitation and
ATL3 SST index for VOLC and CTRL simulations (Figure 9) to access this relationship in the VOLC and
CTRL simulations. Results show positive correlation (correlation coefficient R > 0.5) between ATL3
SST and precipitation for VOLC simulation results during austral spring (SON, Figure 9D) in northern
South America, eastern equatorial Africa, and over the Tropical Atlantic, and negative correlation
(R < −0.5) during austral autumn (MAM, Figure 9B) in northern South America. The difference
between VOLC and CTRL simulations (Figure 9I–L) is positive in western Amazon for all seasons,
in the Amazon Basin during MAM (Figure 9J), and in equatorial western Africa during JJA (Figure 9K).

Composites of precipitation for volcanic eruptions selected as described in Table 1 were calculated
for the first post-eruption year (+1) (Figure 10 for VOLC and Figure 11 for CTRL—only 95% significance
t-tested values are shown). Year (+1) is shown solely because we wanted to examine impact of ATL3
SST changes due to volcanic eruptions in precipitation (occurred just in year (+1), as in Figure 2).
Results exhibit no statistical significance for NH eruptions in JJA (+1) (Figure 10C) or TR eruptions
in SON (+1) (Figure 10L). Dipole-shaped perturbations in precipitation are more prominent over
the ocean and in north/northeastern Brazil for NH volcanic eruptions, mainly during MAM (+1)
(Figure 10B) and DJF (0 to +1) (Figure 10A). For SH volcanic eruptions, the post-eruption year response
is a drier South America and central southern Africa, primarily in DJF (0 to +1) (Figure 10E) and MAM
(+1) (Figure 10F). In both JJA (+1) (Figure 10G) and SON (+1) (Figure 10H), the major response is
over the Tropical Atlantic. TR volcanic eruptions have had an impact on DJF (0 to +1) (Figure 10I)
and MAM (+1) (Figure 6J) precipitation, with drier Amazon region and central southern Africa and
wetter eastern Brazil. VOLC simulation (Figure 10) displays a strong response for volcanic eruptions
compared to CTRL simulation results (Figure 11).

Impacts of volcanic eruptions on precipitation have been examined by recent studies and may
indeed vary depending on the latitudinal location of the volcano. Changes in tropical precipitation were
detected in the first post-eruption year during the last millennium [25], whereas the ITCZ shifts away
from the hemisphere of the eruption for present climate in Coupled Model Intercomparison Project
Phase 5 model outputs [64]. NH eruptions present greater capability of enhancing monsoon-related
precipitation in the SH, and so do the SH eruptions in enhancing the monsoon-related precipitation in
the NH, mainly via atmospheric circulation changes [26]. Our results suggest that the main impacts of
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volcanism on precipitation for the South Atlantic area occur for SH eruption and TR volcanoes, with a
decrease in precipitation primarily during post-eruption austral summer (DJF 0 to +1) and autumn
(MAM +1).
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Figure 9. Seasonal correlation between precipitation and ATL3 SST index (at 95% significance level).
Vertical: seasonal correlation (December to February—DJF; March to May—MAM; June to August—JJA;
and September to November—SON). Horizontal: VOLC ensemble mean (A–D), CTRL simulation
(E–H), and difference between VOLC and CTRL (I–L). Only statistically significant values are shown.
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and columns refer to the seasonal SEA (DJF, MAM, JJA, and SON).
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Figure 11. CTRL precipitation composites for one year after volcanic eruption years as listed in Table 1.
Lines correspond to the class of the eruptions NH—(A–D); SH—(E–H); and TR—(I–L), and columns
refer to the seasonal SEA (DJF, MAM, JJA, and SON).

3.3.2. ITCZ shifts

During the first year after NH eruptions (Figure 10A–D), the tropospheric cooling related to the
aerosol injection in the stratosphere cools the NH. The SH becomes relatively warmer, leading to
enhanced monsoon precipitation in South America during DJF (0 +1) (Figure 10A) and to a southward
displacement of the ITCZ during DJF (0 +1), MAM (+1), and SON (+1) (Figure 10A,B,D), which impacts
South America during the whole year (+1) but Africa only during SON (+1) (Figure 10D).

For SH eruptions, we observe the opposite scenario (Figure 10E–H). The SH becomes cooler than
the NH due to the volcanic aerosols injected into the stratosphere, decreasing the precipitation related
to the South American monsoon and to African austral summer in DJF (0 +1) (Figure 10E). However,
the ITCZ shifts towards the NH are less evident during MAM (+1) (Figure 10F) in comparison to
NH eruptions (Figure 10B), besides a general decrease in precipitation on South America and Africa.
The northward displacement of the ITCZ is also observed during JJA (+1) (Figure 10G), but mainly
during SON (+1) (Figure 10H).

The TR eruptions effects on precipitation present a less clear spatial pattern (Figure 10I–L).
The induced cooling in the tropical region results in less precipitation, mainly during austral summer
and autumn. DJF (0 +1) precipitation response to TR eruption (Figure 10I) resembles the pattern
observed during the same period but for SH eruptions (Figure 10E) and represents a decrease in South
American monsoon precipitation and in austral summer African precipitation. During MAM (+1),
there is a decrease in tropical precipitation after TR eruptions (Figure 10J), but the ITCZ shift is not as
clear as it was for NH and SH eruptions.

4. Discussion

Model errors and biases are continuously addressed in climate studies as numerical models evolve
in temporal and spatial resolution. In the tropical region, representing air–sea interaction processes
that involve precipitation, SST, and winds is a difficult task, mainly because of inaccurate, large-scale
atmospheric pressure fields; clouds parameterization; and dynamics affecting seasonal SST [65].
Despite the continuous effort to improve models, biases are still present. In the Tropical Atlantic,
biases in SST due to unrealistic easterlies intensity have direct impact on thermocline depth and the
Bjerknes feedback [45,62,66]. Biases in the precipitation field (e.g., displacement of maxima) may imply
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a misplacement of the ITCZ and change in ocean conditions [67]. Other biases are related to Tropical
Atlantic mean state and variability [68], cloud cover [69], and heat content [45].

Being aware of the climatic processes that are not well represented in models is critical for assessing
their ability to describe reality and for evaluating paleoclimate simulations. Investigating past climates
is useful to examine the climate system response to different forcings. Nonetheless, the sensitivity
of the model to external forcing can result in overestimation or underestimation of its impact. Thus,
despite previous studies suggesting an increase in ENSO-positive phase occurrence after a volcanic
eruption [28,29,36], an erroneous El Niño-like pattern could be obtained if the model overestimates
the strength of the eruptions [31]. Another factor that could lead to misinterpretation of the climate
system response to external forcings is the forcing itself, since it is derived from proxy reconstructions.

Besides model errors, climate dynamics are constantly under investigation. In the Tropical Atlantic,
Deppenmeier et al. [45] estimated the Bjerknes feedback components for CMIP5 models and obtained
deviations in ATL3 SST amplification when compared to reanalysis results. They attribute these
disparities to a weaker influence of heat content anomalies on eastern Atlantic SSTs and to a slow
adjustment of the subsurface ocean to SST anomalies in the Atlantic Niño area. More recently,
Wang et al. [44] used the Zebiak-Cane model to show that the annual upwelling in the equatorial
Atlantic is driven by two different mechanisms: the western component is dictated by Ekman pumping,
whereas the eastern component is forced by changes in thermocline depth and wind-driven equatorial
wave effects, pointing to the complexity of Tropical Atlantic variability.

Using the CESM-LME single-forcing VOLC ensemble, we found that only SST responded to
last millennium volcanic forcing in the Tropical Atlantic, while zonal winds and thermocline depth
presented no significant response. A cooling of the Tropical Atlantic occurred in the post-eruption year,
consistent with previous studies [13,24,70,71]. The volcanic forcing provokes a cooling of the surface
that decreases global precipitation, mainly in tropical regions [25,26]. Previous studies have shown
different responses of the precipitation field to the volcanic forcing depending on both the location of
the volcano [31,34] and the season of the year the eruption occurred [35]. Our results show that tropical
eruptions decrease tropical precipitation in the Atlantic sector. Higher latitude eruptions displace the
ITCZ towards the warmer hemisphere, i.e., to the hemisphere opposite to the eruption. In the South
Atlantic region, this implies an enhanced South American Monsoon one year after NH eruptions and a
weakened South American Monsoon one year after SH eruptions. In Africa, however, the response
is more evident when the South Atlantic is cooler one year after SH and TR eruptions leading to a
decrease in precipitation.

5. Conclusions

In this study, we have investigated the response of the Tropical Atlantic to the last millennium
volcanic forcing using tropical air–sea interaction variables derived from the single-forcing outputs of
the CESM-LME. Our results show that the tropical SST cooling obtained one year after the eruptions
did not impact the zonal wind stress or the thermocline depth, suggesting that volcanic eruptions
cause radiative cooling in the Tropical Atlantic with no significant effect on air–sea interaction.
Nonetheless, differences in the Bjerknes feedback indicators and changes in South American and
African precipitation were obtained. The response depends on the location of the volcano, where the
ITCZ moves towards the opposite hemisphere of the eruption, leading to a decrease in precipitation in
the hemisphere where the eruption occurred. These effects occurred mainly during the austral summer
and autumn of the post-eruption year, and represent changes in the South American Monsoon System
precipitation regime.
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