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poorly understood due to the short observatlonal record Usmg multl model 5|mulat|ons of the past
millennium, we show that January volcanic eruptions induce a tropical out-of-phase lagged response,
with long-lasting El Nifio-lik@ pféllaw@d by austral
summer Nifia-like cooling in the Atlantic. These responses are triggered independently, driven by
persistent equatorial atmospheric wave activity resulting from the lnterplay between relative coolmg
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underscore the role of volcanic forcing in modulating @ IEREEEREEE
modifying the associated precipitation patterns, and contributing to a more comprehensive view of

tropical interbasin ocean-atmosphere interactions.

Past sea surface temperature (SST) and hydroclimate fluctuations during the Last Millennium (LM, 850-1850
C.E.) present a wide range and amplitude, as revealed by proxy records!?, many aspects of which remain poorly
understood®. Climate model simulations suggest that large volcanic eruptions explain a significant portion
of low-frequency natural climate variability during the Common Era**. Explosive volcanic eruptions inject
aerosols into the stratosphere, which reduce incoming solar radiation and cool the surface for a couple of years’™.
However, their interference with internal variability processes is less clear'®. Both models and proxy records
suggest an increased probability of a Pacific El Nifio-like response within one to two years after eruptions!!~3.
Although evidence of an El Nifio-like response from SST reconstructions remains debated!*1%, sea level pressure
(SLP) anomalies reconstruction indicate a weakening of the Walker Circulation, also consistent with an El Nifio
response'®. While much work has been devoted to improving our understanding of the volcanic forcing impacts
on El Nifio-Southern Oscillation (ENSO), the effects on the tropical Atlantic, including its potential interactions
with other ocean basins, have not been established.

In particular, the Atlantic Nifo, an equatorial zonal mode similar to the Pacific El Nifo, explains a large
part (~30%) of the natural variability in the tropical Atlantic and arises primarily as a result of the Bjerknes
feedback!’-!°. This mechanism involves strong interactions between atmospheric and oceanic processes,
driving changes in the equatorial Atlantic SST?*-2? (Fig. S1). This complex SST-atmosphere coupling impacts
the monsoon systems of the surrounding continents, influencing precipitation patterns®>~2” and the meridional
displacement of the Intertropical Convergence Zone (ITCZ)*-%. In recent decades, the Atlantic Nifio variance
has decreased significantly due to a weakening of the Bjerknes feedback?-!, a trend that is projected to continue
under greenhouse warming scenarios®>**. The Atlantic Nifio is also influenced by internal atmospheric processes
linked to SST variability in other oceans®*3¢.

The two-way interactions between the tropical Atlantic and ENSO have been extensively studied, yet their
mechanisms and strength remain subject to debate due to observational uncertainties and persistent limitations
in climate models?»*¥-%0_ While Atlantic Nifio can modulate ENSO development by altering the Walker
Circulation and triggering thermocline adjustments in the equatorial Pacific?*3%442 its contributions are
complex and state-dependent>. Its influence is modulated by factors such as the mean SST background state*!~*3

and the ITCZ position?®, multidecadal variability processes®, in addition to Atlantic and ENSO diversity**->!-2,
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Conversely, ENSO also impacts equatorial Atlantic variability. Multi-year Pacific La Nifia events can trigger
warming over the eastern equatorial Atlantic by extending the Pacific Walker Circulation into the basin®.
Regardless of event duration, the seasonal phase-locking is essential for ENSO to induce opposite-signed events
in the equatorial Atlantic*®. However, this teleconnection is also highly state-dependent, strengthening under
cold Pacific mean states with strong easterlies®. The interaction is further shaped by asymmetries between
ENSO phases, with La Nina events enhancing equatorial Atlantic warming through intensified wind-SST
coupling, while El Nifio exerts a weaker suppressive effect>!. Additional discrepancies arise from ENSO diversity,
as central-Pacific and eastern-Pacific events have different influences on the Atlantic>>®. Together, these factors
help explain the observed interannual inconsistency in Pacific-Atlantic teleconnections. Despite these findings,
limited observational records constrain our understanding of Atlantic Nifo-ENSO interactions, particularly
under natural forcings such as volcanic eruptions.

The uncertainty surrounding monsoon responses to volcanic eruptions underscores the complexities of
the coupled land-ocean-atmosphere system. These intertwined processes further complicate the identification
of internally and externally generated components!”¢%2, Despite the known importance of the tropical
Atlantic in modulating precipitation over South American and African monsoons?>3%6364, limited knowledge
exists about its response to volcanic forcing, its interaction with other basins, and its contributions to tropical
hydroclimate variability. Moreover, the limited observational period restricts our ability to fully characterize the
natural variability spectra of the tropical Atlantic and possible future changes in its nature and frequency.

The LM is a valuable period for analyzing tropical Atlantic variability under natural forcing conditions,
particularly due to the higher frequency and intensity of volcanic eruptions compared to the twentieth century®®
(Fig. 1a). Simulations from the Paleoclimate Modeling Intercomparison Project phase 4 (PMIP4/past1000)°*57
show that Atlantic Nifio consistently exhibits cooling following major eruptions, with sustained cooling evident
after the thirteenth-century eruption cluster (as shown by the ATL3 index in Fig. 1b, see Methods section).
These responses are reflected in significant power at multidecadal to centennial scales during the LM (Figs.
lc,d and S2), in contrast to the predominantly interannual-to-decadal variability observed in unforced pre-
industrial control (piCtrl) simulations (Figs. 1le,f and S3). Isolating the intrinsic dynamics of the Atlantic Nifio
using relative SST anomalies (rSST), corresponding to the SST pattern changes relative to the mean tropical
(20°N-20°) SST anomalies!!, suppresses volcanically induced radiative cooling, highlighting the dynamical
component of Atlantic Nifio response to volcanic forcing (3.5 to 4 years'”). The LM residual Atlantic Nifio
exhibits potentially meaningful differences in integrated power spectra compared to piCtrl simulations (Fig. S4).

The distinct frequency content of the LM suggests that volcanic forcing may act as a pacemaker for Atlantic
Niio variability, potentially modulating its intrinsic dynamics, although Atlantic Nifio could also be modulated
by the El Nifio-like response in the Pacific through interbasin teleconnections. Here, we investigate this by
analyzing tropical Atlantic variability during the LM relying on PMIP4/past1000 multi-model ensemble (MME).
Through composites of strong tropical volcanic eruptions, we aim to uncover the mechanisms by which natural
external forcing influence Atlantic Nifio dynamics, ENSO interactions, and broader tropical climate variability.
We explore volcanic eruption impacts on tropical surface heat budgets, atmospheric equatorial dynamics, and
tropical oceans at the surface and subsurface.

57-60

Results and discussion
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To unfold the dynamical mechanisms of tropical Atlantic variability following large tropical eruptions during
the LM, we rely on rSST and superposed epoch analysis (SEA)%®¢, an approach widely used for evaluating the
climate impacts of volcanic events'>!*16. Our selection of eruptions is based on specific criteria concerning
seasonality, ENSO preconditioning, and eruption location!®. The composite includes only tropical eruptions,
capturing radiative cooling that is mostly symmetric across the equator. Given the significant seasonal interplay
in the Pacific-Atlantic atmospheric connection®*”?, we include only eruptions initiating during austral summer
(December-January-February, DJF) and with radiative forcing peaking in austral winter (June-July-August,
JJA, Fig. S5a,b). The double-peaked Samalas eruption (1257 A.D.) is excluded from the analysis to prevent
contamination of the initial climate response by the secondary peak, facilitating comparison across events. The
final selection includes 24 tropical eruptions (Fig. 1a).

We observe an out-of-phase response between the tropical Atlantic and Pacific following the eruption,
with contrasting rSST anomalies in each basin (Fig. 2). Volcanic aerosols cause a significant decrease in net
surface shortwave radiation across the tropics®’!, along with a cold anomaly in the eastern equatorial Atlantic,
which spreads zonally and peaks in January of the year after the eruption (Yr+1), resembling an Atlantic Nina-
like pattern (Fig. 2a,b). This cooling signal decreases but persists through the end of Yr+1 with consistent
strengthening of the easterly equatorial winds (Fig. 2c). At the same time, a warming spreads from west to east
in the equatorial Pacific, like an EI Niflo pattern, and peaks between July of the eruption year (Yr0) and January
of the second year (Yr+2). This pattern shows two peaks of warming, the first one during YrO preceding the
cooling in the Atlantic and the second during Yr+1 after the Atlantic maximum cooling. The Pacific warming
is consistent with a weakening of the easterly zonal winds (Fig. 2d,e). This agrees with previous results that
show an increased probability of an El Nifio-like response following eruptions!!"'*72 and the wind weakening
characteristic of a less intense Walker Circulation'®.

From January to March of the eruption year, initial cooling is observed in the eastern Pacific (Fig. 2d). This
contributes to negative wind anomalies in the eastern Pacific that could be a driver for the recharge oscillator
mechanism”?, which favors heat accumulation in the western Pacific and its later displaced eastward, supporting
the development of the El Nino-like anomaly from July Yr0. In the Atlantic, an initial cold anomaly develops
during the usual Atlantic Nifio season (JJA)?*>7* but remains confined to the eastern region. This confinement is
likely linked to a zonal gradient in equatorial winds during this season, which reduces the westward extension
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Fig. 1. IPSL-CM6A-LR Atlantic Nifo index and frequency content. (a) Aerosol optical depth (AOD) time
series for the past millennium (850-1850 C.E.). (b) 10-year running average ATL3 index computed with full
SST anomalies. Thin blue lines represent the 7 PMIP4/past1000 MME members for the LM, the thick blue line
is the IPSL-CM6A-LR-r1. The gray thick line is the MME average for the LM. Grey thin lines represent the 4
piCtrl simulations, the thick black line is the IPSL-CM6A-LR. The green dashed vertical lines are the selected
eruptions from (a). Monthly ATL3 index wavelet power spectrum with black contours at 0.5, 1, 2, 4°C? for
the IPSL-CM6A-LR-r1 (c) over the Last Millennium and (e) the unforced piCtrl simulation. (d) and (f) are the
respective integrated power spectra with 95% confidence interval (dashed line) for the LM and piCtrl.

of the cooling. The wind gradient is associated with easterly wind anomalies appearing first from February to
March of the eruption year along the equatorial Atlantic, followed soon after by westerly wind anomalies over
the western Atlantic (Fig. 2¢). Such equatorial wind anomalies are probably driven by the land-sea thermal
contrast associated with the initial cooling of Africa from January to February of Yr0, further strengthened
during the austral winter by the cooling of tropical South America (Fig. 4a).

During the second and third years following the eruption (Yr+2, Yr+3), the out-of-phase rSST signals persist,
with the Pacific showing a negative anomaly while the Atlantic shows a positive rSST anomaly (Fig. 2b,d). In the
Atlantic, the warming is more central and appears in austral winter (JJA), one season before the cooling in the
preceding years. This warming suggests an Atlantic Nifio-like structure peaking during its typical season®2 The
La Nina-like pattern in the second year after the eruption over the central Pacific has also been observed after the
initial El Nifio response following Pinatubo-like eruptions in CMIP6 models®*72, though the Atlantic response
has not been described. A recharge mechanism, frequently referenced for ENSO”*7°, may be at play in both
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Fig. 2. Atlantic and Pacific response to Last Millennium January tropical eruptions. (a) Tropical full sky
shortwave (SW) radiative flux. Longitude-time section for the latitudinal average between 5°N-5°S for the
Atlantic (b) rSST, and (c) zonal wind stress. Same in (e) and (d) for the Pacific Ocean. Jan Yr0 represents the
beginning of the eruption year. Stippling highlights times and locations where at least 60% (66/109) of the
events display anomalies of the same sign. Gray contours correspond to the 95% significance level of anomalies
according to a two-tailed Student’s t-test.

oceans in the second year following the eruption. For instance, following the Atlantic Nifa-like cooling signal,
the reversed wind stress anomaly in Yr+2 (Fig. 2c) contributes to the recharging of equatorial heat content,
transitioning the cooling pattern into a warming signal. The reversal of wind stress in Yr+2 could also reflect
an atmospheric bridge response to warm equatorial Atlantic rSST anomalies during JJA, associated with an
enhanced Walker Circulation that promotes subsidence and surface wind divergence over the central Pacific,
thereby contributing to the onset of La Nifia*!-7°.

These findings suggest an out-of-phase response between the tropical Atlantic and Pacific basins following
tropical eruptions. Existing studies highlight a complex and debated lead-lag relationship between ENSO and
the Atlantic Nifio under present-day climate conditions, which depends on factors such as the background mean
state?>445053 pattern diversity***°, atmospheric modulation*”*°, and seasonal phase-locking®. While this typical
connection has been explored, the influence of volcanic forcing on the ENSO-Atlantic Nifio interaction remains
unclear, particularly whether tropical eruptions amplify, dampen, or alter this connection. Does volcanic forcing
establish new pathways of Pacific-Atlantic interaction? To address this, we next investigate the correlation of
ENSO-ATL3 indices and its potential modulation by January tropical eruptions.

ENSO and ATL3 relationship

Building on the out-of-phase Atlantic-Pacific responses observed in the PMIP4/past1000 MME following
January tropical eruptions, we examine the relationship between the NINO3.4 and ATL3 indices under unforced
conditions (hereafter referred to as typical conditions) and volcanic-forced conditions (i.e., LM post-eruption).
Typical conditions are defined using the unforced piCtrl composite of internally driven ENSO events (Fig.
3b), which serves as a baseline to compare with the LM post-eruption response (Fig. 3c). Our results reveal a
consistent out-of-phase correlation between these indices, with significant (at 95% confidence level) negative
correlation coefficients of r=—0.72 under typical conditions and r=-0.80 following volcanic forcing (Fig. 3a).
This indicates that El Nifo events (positive NINO3.4 index) are associated with Atlantic Nifa conditions
(negative ATL3 index).
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Fig. 3. ATL3 and NINO3.4 cross-correlations and superposed epoch composites. (a) Cross-correlation
between NINO3.4 and ATL3 indices for typical conditions (light blue) and post-eruption (dark blue), the
dashed lines correspond to the largest correlation coefficient for each case. Positive lag values, the NINO3.4
leads; and yellow shading represents the 95% confidence interval. Superposed epoch composites for ATL3 and
NINO3.4 indices for (b) typical condition (piCtrl, 35 events) and (c) post-eruption (LM, 109 events). Dots
indicate when most of the events display anomalies of the same sign, at least 68% (24/35) for (b) and 60%
(66/109) for (c). The color shading indicates the events spreading, based on a 95% confidence interval from a
two-tailed Student’s t-test. The indices are computed using rSST anomalies.

To isolate the role of volcanic forcing in establishing the opposite-phase relationship between the Atlantic
and Pacific, we focus on events that collectively yield a neutral ENSO precondition in the MME average (Fig.
S5). This approach minimizes background ENSO variability, ensuring clearer correlations by selecting events
that, while not individually neutral, result in average-neutral ENSO conditions across the ensemble for both LM
(e=109) and piCtrl events (e=35). For instance, during years when DJF Pacific El Nifio events are preceded by JJA
Atlantic Nifla, a negative correlation emerges, with the Atlantic initially playing a leading role. However, in most
cases, Pacific El Nino events have already begun developing in the preceding JJA, ultimately placing the Pacific
in a dominant role over the Atlantic*®. Under typical conditions, Pacific El Nifio events peak during DJF and
decrease quickly, with an 85% probability of reaching a neutral-transitional state by March-April-May (MAM)
of the following year (Figs. 3b and S7). In addition, there is about 83% probability of a negative rSST anomaly in
the following year (Yr+2).

Simultaneously, the Atlantic shows a negative ATL3 index, consistent with an Atlantic Nifa (Figs. 3b and S7).
While the ATL3 signal is weaker than that of NINO3.4, it aligns for most MME events (dots in Fig. 3b), showing
a 62% probability of occurrence during the first JJA, increasing to ~77% during September-October-November
(SON). The ATL3 index typically peaks in austral winter (JJA)*%; however, our results show a negative signal
that extends from June to the end of the year. This discrepancy may arise from inter-model diversity, which can
present offsets in the ATL3 annual cycle or shifted peaks of variability, a common bias in CMIP6 models*””.
These biases influence the representation of the timing and magnitude of ATL3 variability across models, which
is important when interpreting forced responses. Nevertheless, the persistence of a cold anomaly across most
models, from May to the following March and peaking during SON, indicates that the MME average captures a
coherent signal of equatorial Atlantic cooling (Fig. S6).

This negative correlation between the Pacific and Atlantic under typical conditions has previously been
documented?*>*578_ However, the lag between the two basins is highly dependent on background conditions
and season locking of variability in each basin®. Our findings indicate that even though the Atlantic Nifia
peak is less pronounced than the Pacific El Nino, the negative 1-month lagged cross-correlation suggests that
the Atlantic precedes the Pacific event (light blue line in Fig. 3a). However, this may be misleading, as under
typical conditions the Atlantic wind anomaly develops only after the onset of the Pacific El Nifo event (Fig.
S6). El Nifio-related wind anomalies typically emerge early in the year®®, with our results showing a significant
central Pacific anomaly by March, while the Atlantic easterly wind anomaly is not triggered until June (Fig. S6).
This atmospheric window from March to June facilitates strong atmosphere-ocean coupling between the two
basins®*7°. Conditions such as a shallower equatorial eastern Atlantic thermocline”® and a near-equator position
of the ITCZ3 allow for the positive Bjerknes feedback from the Pacific to create an atmospheric bridge into the
Atlantic. Additionally, the Atlantic wind anomaly initiates in the western region, suggesting an atmospheric
bridge from the Pacific to the Atlantic via the Pacific-South America wave train?®,

This interconnected dynamic takes on added complexity under volcanic forcing. The post-eruption rSST
signals in the Pacific and Atlantic differ from typical conditions, particularly regarding ENSO persistence and
timing of events. In the Pacific, there is a 92% probability of a positive NINO3.4 anomaly occurring within the
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first two years following the January tropical eruption (Figs. 3b and S7). Additionally, 73% of events initiate
within the eruption year, with most beginning in the first semester. Thus, Pacific El Nifio events usually peak in
August of Yr0 and persist for approximately 1.5 years (Fig. 3b). Notably, 68% of post-eruption El Nifio events
last longer than 18 months, compared to 55% under typical conditions, while 35% persist beyond 24 months, in
contrast to only 2% under typical conditions (Fig. S7).

The El Nifo-like warming pattern observed in PMIP4/past1000 model experiments after tropical eruptions
aligns with previous findings from model experiments and proxy reconstructions'!~1>7>8!, However, accounting
for seasonality is essential when analyzing volcanic responses!®2. In this study, we focus on January tropical
eruptions, with the radiative peak occurring during JJA as the NINO3.4 anomaly develops and reaches its peak
in August with a long-lasting duration. In contrast, for June tropical eruptions, where radiative forcing peaks in
DJF, the El Nifio peaks during early austral summer (SON-DJF) of the following year!""3.

Similarly to typical conditions, the post-eruption Atlantic shows a negative ATL3 response; distinctively,
however, the peak tends to occur during the first DJF following the eruption, with a ~73% probability. Importantly,
the ATL3 relative cold anomaly lags by 3 months the initial peak of the Pacific El Nifio in August (dark blue
line in Fig. 3a). While previous studies have noted an Atlantic Nifia-like response after June eruptions!'!''3, the
lagged relationship with Pacific El Niflo and the triggering mechanisms have not been extensively discussed.
Our findings suggest that the Atlantic Nia following the eruption only develops after the onset of a long-lasting
Pacific El Nifio-like warming. However, the Pacific El Nifio initiates later in the year (JJA), missing the typical
MAM seasonal window for a Pacific-Atlantic connection via an atmospheric bridge*®.

This raises the possibility that the DJF Atlantic Nifia response to eruptions is driven by mechanisms other
than the Pacific atmospheric bridge seen under typical conditions. Additional evidence from the Pinatubo
ensemble experiment (29 members), which uses the IPSL-CM5B-LR model to simulate a June eruption under
near-neutral ENSO preconditioning'!, supports this interpretation. An Atlantic Nifia-like response emerges in
DJF of the eruption year, even when the Pacific El Nifio peak is delayed until JJA-SON of the following year (Fig.
S$8). Then, what drives the Atlantic Nifia after eruptions? Could it be linked to the Pacific El Nifio onset, or does
volcanic forcing itself act as a pacemaker for tropical Atlantic variability by changing its intrinsic dynamics?

Seasonal tropical dynamics and interbasin interactions after January volcanic eruptions

To explore the mechanisms driving the response of the tropical Atlantic to January volcanic eruptions and its
potential links to the Pacific dynamics, we now investigate the seasonal evolution of key climate components.
This analysis focuses on the Walker Circulation, atmospheric equatorial dynamics, SLP and low-level (850 hPa)
horizontal winds, land-sea temperature contrast, ocean surface and subsurface temperatures (Fig. 4), as well as
associated precipitation anomalies (Fig. 5).

Eruption season (DJF Yr0) Africa is the first region to present significant cooling, with rSST anomalies at
the 95% confidence level (Fig. S9). During this season, radiative cooling begins to penetrate below the surface in
the Atlantic and Indian Oceans, whereas the Pacific Ocean behaves differently, showing no significant cooling.
This interbasin configuration, combined with the land-sea temperature contrast, triggers an SLP anomaly
characterized by a negative signal over the Pacific.

First post-eruption season (MAM Yr0): As radiative cooling intensifies during MAM, two distinct
mechanisms emerge (Fig. 4a). First, an interbasin SLP dipole develops, driven by the relatively warmer Pacific
and cooler regions over Africa, India, and the Indian Ocean. This configuration triggers a Gill-type response®?,
characterized by eastward-propagating Kelvin waves (westerly wind anomaly) and westward-propagating
Rossby waves (easterly wind anomaly). Previous studies using sensitivity experiments with CMIP5 models have
identified this Gill response as a key driver of wind anomalies following June tropical eruptions!"!*81. Our
analysis suggests that a similar mechanism might occur after January eruptions in the LM PMIP4/past1000
simulations. The relatively warmer western Pacific, combined with the westward wind anomaly from Kelvin
waves, initiates the development of the Pacific El Nifio-like pattern post-eruption.

This atmospheric wave activity is linked to reduced deep convection over the central Pacific, Africa, and
Indonesia (Fig. 4a), leading to drier conditions in South America, equatorial Africa, and Indonesia during this
season (Fig. 5b). Intensified drying in the Northern Hemisphere monsoon regions, such as Africa and India, has
been documented from May to October following historical eruptions in the CMIP6 ensemble®. Similarly, large-
ensemble climate sensitivity experiments show significant precipitation reductions across south and southeast
Asia, associated with an El Nifio-like response, Northern Hemisphere land cooling, and Indian Ocean cooling®*.

Under typical conditions, MAM is a key season for the Pacific-Atlantic Nifios connection via an atmospheric
bridge®. However, after January eruptions, this bridge from the Pacific to the Atlantic does not form because the
Pacific El Nifio is not yet significant. Instead, this window of strong atmospheric-ocean coupling, supported by a
zonally aligned ITCZ over the equatorial oceans®*** (Fig. 5¢), facilitates the Gill mechanism and the development
of equatorial waves triggered by the initial cooling over Africa.

The second mechanism emerging during MAM involves an amplified zonal rSST gradient associated with
eastward wind anomalies in the eastern Pacific and Atlantic boundaries (Figs. 4a and 2b,d). This gradient is
short-lived and results from zonally asymmetric climatological low-level cloud feedbacks that translate uniform
radiative forcing into uneven SST patterns’”. In the Pacific, weak cooling in the eastern basin helps to maintain
the rSST gradient, as seen following June eruptions like Pinatubo!!. This pattern likely arises from the shallower
mixed layer in the eastern compared to the central Pacific®®. Additionally, the absence of a deeper-layer cooling
signal suggests no development of a La Nifa-like event (Fig. 4a). At higher latitudes, relative warming poleward
of 15° is likely related to the continued confinement of the aerosol cloud within the equatorial region during this
season!!. The rSST anomalies in the equatorial Pacific drive wind anomalies that counteract Gill-induced winds,
reflecting the complex interactions between SST and atmospheric dynamics during this season. In contrast,
in the Atlantic, the zonal rSST gradient reinforces eastward wind anomalies generated by equatorial waves.
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Fig. 4. Post-eruption seasonal evolution for tropical sections. (a) MAM Yr0. (b) JJA Yr0. (c) SON Yr0. (d) DJF
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vectors of the wind velocity anomalies. The vertical velocity is magnified by a factor of 100 to make its scale
comparable to that of zonal wind. Shading represents the value of the pressure vertical velocity. [II] SLP

in shading and arrows represent the low-level (850 hPa) horizontal wind anomalies. [III] Surface relative
temperature, rTS over land and rSST over the oceans. [IV] Potential temperature anomaly 5°N-5°S cross-
section average, magenta contours show the climatological 20°C isotherm (thermocline depth). For all panels,
anomalies are only shown where at least 60% (66/109) of the events agree on sign. Gray contours correspond to

the 95% significance level of the anomaly according to a two-tailed Student’s t-test.

Volcanic radiative cooling in the eastern Atlantic penetrates deeper layers, particularly due to the shallower
mixed layer in this portion of the basin (Fig. 4a).

Meanwhile, the Indian Ocean shows a faster and more integrated response to radiative cooling. Unlike the
Pacific and Atlantic, where rSST changes might be more dynamically controlled, the Indian Ocean quickly
integrates radiative cooling within the water column. This faster adjustment has been observed in volcanic
forcing experiments, particularly in scenarios where aerosol forcing is concentrated over oceanic regions®.
These contrasting responses across basins highlight the distinct roles of radiative cooling, rSST gradients, and
atmospheric equatorial dynamics in shaping the tropical climate during this season.

Peak volcanic forcing and initial ENSO season (JJA Yr0): As radiative forcing peaks during JJA, we observe
maximum cooling across all continents, particularly over Africa. This coincides with the seasonal ITCZ migration
associated with the West African monsoon season (Figs. 4b and 5c¢). The intense cooling over Africa, along with
associated drying, aligns with previous studies showing significant Sahel drying during the monsoon season
(JJA) in the first two years after eruptions®®%6. This drying is attributed to the pronounced land-sea thermal
contrast over West Africa and the Pacific El Nifo teleconnection, which induces widespread subsidence over
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Fig. 5. Post-eruption seasonal evolution for tropical precipitation. From (a) to (e) DJF Yr0 to DJF Yr+1.
Anomalies are only shown where at least 60% (66/109) of the events present the same sign. Stippling highlights
locations where anomalies are significant at the 95% level according to a two-tailed Student’s t-test. Magenta
contours show the precipitation climatology in intervals of 3 mm day—1.

the tropical Atlantic-Indian regions, a pattern also observed in our results (Fig. 4b). During the West African
monsoon season, the enhanced cooling over Africa strengthens the positive SLP anomaly, driving low-level
wind anomalies. Consequently, subsidence shifts from India to Africa, contributing to drier conditions®® and
sustaining the Gill mechanism.

In the Pacific, the relative warming initially observed in the western basin extends to the central Pacific,
within the NINO3.4 region, triggering a significant positive NINO3.4 anomaly (Fig. 3b). This warming is further
intensified by the surface outcropping of a warm subsurface anomaly (Fig. 4b). The combination of subsidence
over Africa, an eastward shift of the downward wind anomaly from the central Pacific to the Americas, and an
anomalous upward wind montion in the central Pacific aligns with the Walker Circulation weakening typical of
El Nifio conditions!®%7.

In the Atlantic, equatorial easterly winds gradually intensify, while volcanic-induced radiative cooling
penetrates into the subsurface. This leads to the buildup of a cold anomaly above the equatorial thermocline (Fig.
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4b). Therefore, the coupled atmospheric and oceanic responses established during JJA set the stage for further
developments during the next transitional season.

Transitional season (SON Yr0): In the subsequent seasons, the interplay between the relative cooling
over Africa, India, and the Indian Ocean continues to drive, individually or together, the SLP anomaly and,
consequently, the equatorial wind anomalies. This is evident during SON (Fig. 4c), where a positive SLP anomaly
persists over the colder regions, contrasting with the negative anomaly over the warmer Pacific, characteristic of
an El Nino-like pattern.

Additionally, the Bjerknes positive feedback likely reinforces the initial rSST and wind anomalies in the
Pacific!?!. Warming in the central and eastern Pacific further reduces the rSST gradient across the equatorial
Pacific, weakening the trade winds. This weakening, in turn, reduces upwelling in the eastern Pacific, allowing
warm surface waters to expand eastward and amplify the initial rSST anomaly. The weakened Walker Circulation,
characterized by subsidence over Africa and the Indian Ocean and rising air over the central Pacific, sustains
these conditions by reinforcing the eastward shift of convection. This leads to widespread drying across the
equatorial region, except for the central Pacific, where increased precipitation reflects a typical El Nifio response
(Fig. 5d).

In the Atlantic, the relative cold anomaly in the eastern equatorial region spreads westward, following
the enhanced easterly winds established in JJA (Fig. 4b,c). Within the upper 100 m, this radiative cooling is
further advected westward by intensified zonal currents (Fig. 6a), associated with the westward-propagating
climatological branches of the South Equatorial Current®. These processes contribute to the maturation of the
Atlantic Nina-like pattern in the following season (Fig. 6b). Meanwhile, substantial cooling begins to develop in
the subsurface of the western Indo-Pacific Ocean, indicating a gradual transition from an El Nifio state toward
a La Nifia pattern.

Atlantic Nina peak season (DJF Yr+1): The Atlantic Nifa reaches its peak during DJF, marked by the
widespread cold anomalies across the equatorial Atlantic, with the strongest cooling concentrated in the ATL3
region (Figs. 4d, 3¢, 6b). This culmination results from the subsurface recirculation of the radiative cooling
anomaly within the thermocline, driven by stronger eastward currents below 100 m (Fig. 6a), associated with the
climatological eastward-flowing Equatorial Undercurrent®®*°. This aligns with previous findings that stronger
Equatorial Undercurrent transport contributes to the development of negative SST anomalies in the eastern
Atlantic, acting as an important positive feedback mechanism that reinforces the initial cold anomalies®>!.

The combined effects of upwelling of cold water from below the thermocline and the zonal subsurface
recirculation of volcanically induced cooling contribute to the persistence of the cold anomaly. Strengthened
easterly winds further enhance upwelling, reinforcing the volcanic-triggered Atlantic Nifa-like pattern. This
sustained cooling significantly influences regional climate by altering atmospheric dynamics.

One major impact of the Atlantic Nifa is its modulation of the ITCZ and precipitation over the surrounding
continents. Although the ITCZ typically shifts southward during DJE, Figure 5 shows a pronounced dry anomaly
south of Africa and over Northeast Brazil. This anomaly may be linked to a northward ITCZ shift induced by
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Fig. 6. Post-eruption Atlantic zonal currents, ATL3 and NINO3.4 indices. (a) Superposed epoch composites
of seasonal zonal ocean currents averaged over the equatorial central Atlantic (5°N-5°S, 30°W-10°W) at two
depth layers: 0-100 m (orange) and 100-200 m (purple). And (b) for NINO3.4 and ATL3 indices (LM, 109
events). Shading represents the 95% confidence interval based on a two-tailed Student’s t-test, and dots indicate
seasons where at least 60% of events (66/109) exhibit anomalies of the same sign. The indices are computed
using rSST anomalies.
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Fig. 7. Triggering mechanism after January tropical eruption. From January to May (a) rTS anomaly averaged
over equatorial Africa (0°-25°N, 10°W-40°E) and India (10°N-30°N, 70°E-100°E). (b) rSST anomaly
averaged for the western equatorial Pacific (5°N-5°S, 150°W-160°E) and central Indian (5°N-5°S, 50°
E-90°E) basins. From Africa to western Pacific, the longitude-time section for the latitudinal average between
10°N-10°S for (c) SLP anomaly and (d) zonal wind velocity at 850 hPa, gray arrows show direction for the
entire field, and black arrows where at least 60% of the events anomalies agree in sign. (e) Surface zonal wind
stress anomaly for western equatorial Pacific (5°N-5°S, 140°E-170°E), eastern equatorial Atlantic (3°N-3°
S, 10°W-0°), and western equatorial Atlantic (3°N-3°S, 45°W-25°W). For all panels, stippling and dots
highlight times and locations where at least 60% (66/109) of the events display anomalies of the same sign and
are significant at the 95% level according to a two-tailed Student’s t-test.

the Atlantic Nifia%8, disrupting typical seasonal rainfall patterns in these regions. These changes underscore the
role of Atlantic Nina development in shaping equatorial atmospheric circulation during the post-eruption years.

Toward the end of the eruption year, a warm anomaly emerges in the tropical North Atlantic (Fig. 4d),
potentially driven by ENSO teleconnections through multiple mechanisms. The Pacific El Nifio enhances
moist convection over the northern tropical Atlantic, increasing SST?2. Additionally, increased precipitation
in the western and central equatorial Pacific (Fig. 5e) activates the Pacific-North American pattern, weakening
northeasterly winds over the northern tropical Atlantic®® and contributing to positive SST anomalies. Further
warming arises from heating over the Amazon, which influences the Atlantic Hadley Cell**, weakening the
northeasterly trade winds. A negative SLP anomaly further weakens these trades, amplifying warming through
the Wind-Evaporation-SST feedback®.

In addition to the Atlantic Nifa effects, a drier South American monsoon season (DJF) is observed (Fig.
5e), associated with decreased monsoon winds over South America (Fig. 4d), likely driven by tropical North
Atlantic warming in response to ENSO teleconnections®2. This aligns with previous findings showing that global
monsoon regions tend to dry after eruptions, particularly during DJF in the Southern Hemisphere*®. The ongoing
El Nifio intensifies this drying®, while the weakened monsoon feeds back into the El Nifio pattern by relaxing
Pacific trade winds. This feedback mechanism may contribute to the prolongation of the El Nifio event!®.

The seasonal evolution of tropical dynamics following volcanic eruptions reveals a complex interplay of
atmospheric circulation shifts, subsurface radiative cooling, and ocean-atmosphere interactions. The peak
Pacific El Nifo-like and lagged Atlantic Nifa-like conditions are key drivers of tropical variability, significantly
modifying the climate through changes in the wind and precipitation patterns. These processes highlight the
distinct roles of individual basins and their interconnected responses in shaping the broader tropical climate
during the post-eruption year.

While the impacts of these interactions are evident, understanding the underlying initial mechanisms that
initially trigger these patterns is important. In the next section, we explore the specific atmospheric and oceanic
processes initiated by January eruptions, focusing on the dynamics of the first months following the eruption.

Post-eruption triggering mechanisms

By examining the monthly evolution of key tropical climate processes, we identify the atmospheric and oceanic
dynamics triggered by January tropical eruptions (Fig. 7), which ultimately lead to the development of an El
Nifo-like event in the Pacific and a lagged Nifa-like pattern in the tropical Atlantic. The eruption response starts
with a Gill-type mechanism in March. Due to their lower heat capacity, continents cool faster than the oceans’,
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with continental Africa showing the earliest signs of significant cooling in January (blue dots in Fig. 7a). At the
same time, slight relative warming is observed over the western Pacific (Fig. 7b).

The cooling over Africa is not symmetrical, with equatorial regions cooling less than the off-equatorial areas
due to the ITCZ position during March (Fig. S10a,b). Near the equator, collocated with the ITCZ position,
a positive relative net surface heat flux (Fig. S11a), associated with reduced evaporation and decreased latent
heat loss, moderates shortwave cooling. This effect is most pronounced over equatorial Africa, enhancing the
temperature contrast with the off-equatorial regions. This enhanced contrast contributes to reduced equatorial
Africa rainfall beginning in March and extending into the JJA monsoon season (Figs. 5a and S10b).

Although Africa is the first landmass to cool significantly after the eruption, in alignment with previous
studies!!13, the first low-level zonal wind anomalies occur in March, when the interbasin SLP dipole forms. This
SLP dipole is triggered by peak cooling over Africa (Fig. 7a), alongside cooling over India and the Indian Ocean
(Fig. 7a,b), in contrast to the relative warming over the western Pacific (Fig. 7b). These temperature gradients
result in a positive SLP anomaly over the cooler regions and a negative SLP anomaly over the warmer Pacific (Fig.
7¢,d). The source of atmospheric equatorial waves following tropical eruptions is still under debate!?, with some
studies attributing it to equatorial Africa!! and others to Southeast Asia®®. Our results suggest that Africa plays
the initial role; however, throughout the eruption year, this source shifts depending on the regions experiencing
greater cooling, typically linked to changes in precipitation patterns.

The peak cooling over Africa, combined with reduced rainfall (Fig. 5a), is also associated with tropospheric
heating!!. This heating forces the Gill response, which drives an easterly wind anomaly to the west and a westerly
wind anomaly to the east of the heat source!"3 (Fig. 7d,e), due to the propagation of atmospheric Rossby and
Kelvin waves (Fig. S11b). The interplay between cooling over the Indian Ocean and surrounding African and
Indian continents, opposing the relatively warmer Pacific Ocean, sustains the basin-wise SLP seesaw. This
mechanism drives equatorial wave activity, maintaining wind anomalies throughout the eruption year and
generating the observed lagged out-of-phase Atlantic-Pacific responses (Fig. 4).

While this study focuses on January eruptions to isolate a seasonally coherent pathway, we acknowledge
that the phasing between Pacific and Atlantic rSST responses is sensitive to the eruption timing due to seasonal
phase locking. Using simulations from the June Pinatubo ensemble experiment'!, we verify the robustness of
our findings beyond the January case, again observing a lagged out-of-phase response between the Atlantic
and Pacific (Fig. S8). In this case, the ATL3 relative cold anomaly peaks during DJF Yr0, while the NINO3.4
warming peaks later on SON-DJF Yr+1. Despite the shift in timing, the Atlantic Nifia response remains robust,
indicating independent Atlantic and Pacific responses to the same volcanic forcing, each modulated by the
seasonal positioning of the ITCZ, equatorial wave dynamics, and the intrinsic seasonality of each basin. This
further reinforces the notion that volcanism acts as a pacemaker for the Atlantic Nifia and Pacific Nifo-like
events, even for eruptions happening outside of January.

Concluding remarks

This study demonstrates that volcanic eruptions play an important role in shaping tropical Atlantic and Pacific
climate variability by triggering distinct interbasin responses. Through analysis of the PMIP4/past1000 MME
over the LM®, we find that major tropical January eruptions generate significant El Nifio-like warming in the
Pacific, contrasting with a lagged Nifa-like cooling response in the Atlantic. These out-of-phase lagged relative
SST anomalies reveal that volcanic eruptions can modulate the interconnected tropical ocean-atmosphere
interactions in ways not observed under typical, unforced conditions, suggesting that this natural forcing acts as
an external component influencing tropical Atlantic-Pacific dynamics.

Our findings confirm that, while there is an unforced out-of-phase relationship between the ATL3 and ENSO
indices, typically marked by a Pacific El Nifio onset early in the year (February) leading to an Atlantic Nifia
in JJA-SON, via the optimal MAM seasonal window??, and a peak in Pacific NINO3.4 warming in DJE, this
response is significantly modified by volcanic events.

January eruptions, with radiative forcing peaking in austral winter, disrupt the typical Pacific-Atlantic
atmospheric bridge due to the delayed ENSO onset (JJA), suggesting alternative mechanisms driving an
Atlantic-Pacific out-of-phase lagged response under volcanic influence. Our results indicate that this lagged out-
of-phase response is initially triggered by interbasin differential cooling over Africa, India, and Indian Ocean
relative to the Pacific, which establishes a basin-wide SLP dipole and initiates a Gill-type atmospheric response.
This mechanism drives equatorial Kelvin and Rossby waves, setting up westerly wind anomalies in the Pacific
and easterly wind anomalies over the Atlantic.

The interplay between the relative cooling of the Indian Ocean and the surrounding continents (Africa and
India), opposing the relatively warmer Pacific Ocean, drives the basin-wide SLP seesaw anomaly evolution,
which sustains these atmospheric circulation patterns, contributing to the prolonged Pacific El Nifo response
(lasting up to 1.5 years) and the lagged Atlantic Nifia response. This underscores the importance of equatorial
wave dynamics and land-sea thermal contrasts in volcanic response mechanisms. Additionally, the subsurface
recirculation of radiative cooling in the Atlantic appears essential for the full development of the Atlantic Nifia-
like pattern after eruption. This subsurface process explains both the 3-month lag after Pacific El Nifio initial
peak in August and the late DJF peak of the ATL3 index, which contrasts with the typical unforced Atlantic
Nifio events!®?2 In addition, ENSO teleconnections may subsequently contribute to equatorial Atlantic wind
anomalies, but the initial trigger for the Atlantic cooling originates from the Gill-type response to volcanic
forcing.

Our results highlight the role of Gill-type equatorial wave responses in triggering the Pacific El Nifio-like
pattern after tropical eruptions in January, which was previously observed following June eruptions!!'>$,
This mechanism also triggers the cold Atlantic Nifia-like pattern, suggesting that the volcanic forcing acts as
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a pacemaker for Atlantic Nifio variability by modulating its intrinsic dynamics rather than only responding to
volcanically-induced ENSO.

Our analysis focuses on January eruptions to isolate a specific seasonal pathway; however, we note that the
relative timing between Pacific and Atlantic rSST responses is sensitive to the eruption timing due to seasonal
phaselocking. As such, the specific 3-month lagged out-of-phase relationship described here applies most directly
to eruptions with radiative forcing peaking in JJA. Despite differences in phasing, complementary analyses of
a June eruption ensemble indicates that the Atlantic Nifia-like response occurs consistently, supporting the
interpretation of independent Atlantic and Pacific responses to the same volcanic forcing. This confirms that
volcanic forcing acts as a robust pacemaker modulating Atlantic variability across different eruption timings,
with seasonal phase locking playing a key role in shaping the response. Therefore, emphasizing the importance
of carefully considering seasonality and eruption characteristics when assessing volcanic impacts on climate.

Future research should expand this analysis using observations (instrumental and proxy records) and across
a broader range of volcanic forcing scenarios, eruption timings, and background conditions. Overall, this study
contributes to a more comprehensive view of tropical climate dynamics following eruptions, emphasizing the
complex and interconnected nature of atmospheric and oceanic processes across basins. By examining past
changes, it provides a historical framework for interpreting contemporary and future variations in tropical
climate dynamics and their connections to the mean state.

Methods

PMIPg4/past1o00 Last Millennium simulations

This study uses the past millennium (850-1850, past1000°®) simulations from the PMIP4%” and the Coupled
Model Intercomparison Project phase 6 (CMIP6)*”. We employ available ensembles from IPSL-CM6A-LR*%,
MPI-ESM1-2-LR!%101 MRI-ESM2-0'%2, and MIROC-ES2L!9%14, This gives us seven ensemble members from
four PMIP4/past1000 models (overview in Table S1). Pre-industrial control (piCtrl) simulations are used to
calculate the climatology and quantify the internal climate variability.

The IPSL-CM6A-LR, MPI-ESM1-2, and MIROC-ES2L past millennium simulations include long-term
volcanic forcing as aerosol optical depth (AOD) data from the evolv2k dataset® and produced by the Easy
Volcanic Aerosol model!%. The volcanic forcing from MRI-ESM2-0 is based on sulfur injection from evolv2k®
and interacts with the MASINGAR aerosol chemical transport model'?2. Despite differences in volcanic forcing
implementation in the MRI-ESM2-0 and MIROC-ES2L models, we include them to increase the sampling and
diversity for the intercomparison of results across models.

Analysis and eruption selection

The ATL3 index, representing the Atlantic Nifio, is estimated based on index-driven metrics as the SST anomaly
averaged over 3°N-3°S, 20°W-0°%. We applied wavelet analysis!% to the linearly detrended ATL3 index for
each ensemble member to identify dominant frequencies that could be associated with volcanic forcing, in
comparison with unforced piCtrl simulations.

The selection of volcanic events is a critical aspect of the analysis, as the response is influenced by numerous
factors, including the spatiotemporal characteristics of the forcing and the preconditioning effects of the ENSO
phase!®. Strong tropical events are selected based on stratospheric AOD at 550 nm®. Tropical eruptions are
defined when the mean AOD across 20°N-20°S exceeds the global mean AOD and the threshold of 0.1,
comparable to a Pinatubo-like eruption (Fig. 1a). To avoid complications from double-peaked eruptions, only
single-peak eruptions are included, resulting in 24 large tropical eruptions (Fig. S5). The radiative forcing
magnitude is estimated as the global-mean anomaly of the full sky shortwave radiative flux at the top of the
atmosphere. The first post-eruption year (Yr0) is then defined as the year with the maximum radiative forcing
anomaly following the start of each selected eruption (Fig. S5b).

To ensure an ENSO-neutral precondition in the MME average prior to eruptions, we subsampled the initial
event selection based on the NINO3.4 index, defined as the SST anomaly averaged over 5°N-5°S, 170°W-120°
W17, For the year preceding the eruption (Yr-1), only individual events where the NINO3.4 remained within
the *1 standard deviation for the October-January average (the typical ENSO peak) are included. By applying
this criterion to individual events, we ensure that the MME average remains ENSO-neutral, despite the fact
that some events may deviate slightly from neutrality. Given the seasonality of the Atlantic Nifio, we focused
on eruptions occurring during DJE, with most beginning in January and, on average, radiative forcing peaking
during JJA. This selection process results in 109 eruption events for the LM across all MME members (Fig. S5c¢).

After the classification of volcanic events, composites of different atmospheric and oceanic fields (SLP, ocean
potential temperature, wind, and precipitation) are computed as mean anomalies relative to the climatology of
each model piCtrl simulation. To ensure consistency across models, the climatology is calculated using the same
700-year period for all piCtrl runs, corresponding to the shortest available piCtrl simulation (MRI-ESM2-0,
Table S1). Anomalies for all variables, including the NINO3.4 and ATL3 indices, are computed following the
same procedure. To highlight SST gradients underlying the volcanic radiative cooling, we calculate relative SST
(rSST) and surface air temperature over land (rTS) anomalies by removing the mean tropical (20°N-20°S)
temperature anomaly from the temperature fields!®!%.

For comparison with the post-eruption signal, we selected typical El Nifio events from unforced piCtrl
simulations with DJF-averaged and standardized NINO3.4 index values greater than one standard deviation,
ensuring neutral ENSO preconditioning in the MME average prior to El Nifio events. This results in 35 El Nifio
events for the piCtrl.

A superposed epoch analysis (SEA is employed to analyze the median response to volcanic eruptions
over a specified time interval. This method treats volcanic eruptions as replicate cases of the same process,
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enabling an increased signal-to-noise ratio for a clearer understanding of the underlying response mechanisms.
It is a widely used approach for evaluating the climatic impacts of volcanic events! 121416,

The statistical significance of the integrated power spectrum differences is assessed using the two-sample
Kolmogorov-Smirnov test'®. Linear relations between indices are quantified using Pearson’s correlation
coefficient!%. All the correlations shown are statistically significant at the 95% confidence level, inferred from a
t-test. The significance of anomalies is measured using a two-tailed Student’s t-test (p-value<0.05) for each grid
point, considering each model as an independent degree of freedom. Additionally, event agreement is used to
assess the statistical significance of the observed changes, based on a binomial distribution with p=q=0.5. Thus,
we assume that the probability that the sign of the change in each event is positive (p) or negative (q) is 0.5!1:110,
For the 109 LM composite events, the cumulative distribution function shows that a 60% event agreement (66
out of 109) indicates significance at the 99% level (Fig. S12). For piCtrl simulations, the same significance level is
reached with 68% event agreement (24 out of 35). The consistency of the anomaly sign is a technique commonly
used for analyzing CMIP models outputs, which helps to verify that statistically significant anomalies in the
MME average accurately represent the ensemble members rather than being driven by outlier members.

Data availability
All PMIP4/CMIP6 datasets used in this study are publicly available at the Earth System Grid Federation via
https://esgf-node.llnl.gov.

Code availability
The data analysis and figures presented in this article were conducted using Python. Codes are available upon
request by contacting the corresponding author.
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