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We investigate key mechanisms driving the Atlantic extratropical-tropical teleconnection and
associated Atlantic Intertropical Convergence Zone (ITCZ) shift in boreal summer under a strong
external freshwater forcing using a coupled climate model. Our analysis reveals that the wind-
evaporation-sea surface temperature (SST) feedback is not the primary mechanism. Instead, the
southward advection of the upper extratropical North Atlantic signal by the North Atlantic
subtropical gyre along a horseshoe pathway is a key mechanism for forming the horseshoe pattern
of cold SST anomalies. Additionally, the weakening of the Atlantic Meridional Overturning
Circulation changes the upper tropical North Atlantic western boundary current. This change is
amplified by enhanced surface wind stress curl over the tropical North Atlantic, contributing to
warmer tropical Atlantic subsurface thermocline temperature and SST in the tropical South Atlantic.
The dipole Atlantic SST anomalies lead to the trade wind response and associated southward ITCZ

shift over the tropical Atlantic.

The Atlantic Meridional Overturning Circulation (AMOC) plays an
important role in the global climate system'™. Due to limited observations,
climate models are often used to study the teleconnection associated with
the AMOC weakening induced by external freshwater forcing applied over
northern high latitudes. Many modeling studies suggest that external
freshwater forcing weakens the AMOC, leading to a significant cooling
(warming) in the sea surface temperature (SST) in the North (South)
Atlantic and a southward shift of the Atlantic Intertropical Convergence
Zone (ITCZ) during boreal summer* . The surface cooling spreads equa-
torward from the extratropical North Atlantic, forming a distinctive
horseshoe pattern in the North Atlantic SST anomalies™. The horseshoe
pattern in the North Atlantic SST anomalies is evident not only in climate
model simulations, but also in observed SST anomalies associated with
Atlantic Multidecadal Variability (AM V™), where SST anomalies propagate
from the extratropical North Atlantic into the tropical North Atlantic along
a horseshoe pathway’ and induce the Atlantic ITCZ shift and Sahel rainfall
response during boreal summer®’.

The subpolar North Atlantic has been identified as a crucial source
region for predicting the southward shift of the Atlantic ITCZ through the
Atlantic extratropical-tropical teleconnection'’. Despite its importance, the
mechanisms of the Atlantic extratropical-tropical teleconnection and how
the extratropical North Atlantic changes affect boreal summer Atlantic
ITCZ shift remain poorly understood. Additionally, the AMOC/AMV-

related tropical Atlantic SST signal and associated boreal summer Atlantic
ITCZ shift/Sahel rainfall response are often underestimated in climate
models™' ™. The energy budget framework, which involves a compensation
between cross-equatorial northward ocean and atmosphere heat transport,
is often used in previous studies to explain the extratropical-tropical tele-
connection and associated ITCZ shift™'*"'°. However, the zonally integrated
energy budget framework does not account for the formation of the zonally
asymmetric North Atlantic SST horseshoe pattern with relatively stronger
response propagating through the eastern boundary of the North Atlantic
subtropical gyre, a key feature of the Atlantic extratropical-tropical
teleconnection.

Previous studies often attribute the equatorward propagation of cold
extratropical SST anomalies to the positive Wind-Evaporation-SST (WES)
feedback'”'*. However, these findings are often based on modeling results
from atmospheric general circulation models (AGCMs) coupled to slab
ocean models without ocean dynamics. Meanwhile, studies based on
models with ocean dynamics suggest that the reduced dense water for-
mation at northern high latitudes in response to external freshwater forcing
induces equatorward propagation of coastal Kelvin waves along the North
Atlantic western boundary, continued eastward propagation along the
equator as Kelvin waves, and partially westward propagation as Rossby
waves in the tropical Atlantic, which are indicated partly by the thermo-
cline deepening and warm thermocline temperature anomalies along these
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propagation pathways'>”’. When the AMOC weakening is strong enough,
the zonally integrated meridional overturning streamfunction across the
upper tropical North Atlantic is dominated by the wind-driven northern
subtropical cell (NSTC)*'. Hence the equatorward subsurface return flow
of the NSTC becomes visible, which has been proposed to accelerate the
tropical Atlantic subsurface warming/South Atlantic surface warming and
reduced monsoon rainfall over West Africa during boreal summer”. It
remains unclear if there is any coupled positive feedback between
responses in ocean and atmosphere circulation over the tropical Atlantic. A
better understanding of the mechanisms that drive the Atlantic
extratropical-tropical teleconnection is crucial for accurately predicting the
associated tropical atmospheric response with profound socioeconomic
implications.

Here using a fully coupled climate model™*’, we conduct an idealized
water hosing ensemble with 0.6 Sv of external freshwater forcing applied
over the southern Nordic Seas for 80 years (see “Methods” section) to
investigate mechanisms of the Atlantic extratropical-tropical teleconnection
under strong external freshwater forcing. Our analysis is focused on boreal
summer, during which the southward Atlantic ITCZ shift is most pro-
nounced. The identified mechanisms will help explain why many climate
models underestimate the AMOC-related tropical Atlantic SST anomalies
and associated boreal summer Atlantic ITCZ shift.
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Anomalies in the annual mean AMOC and global heat transport
In the water hosing ensemble, the maximum annual mean AMOC strength
at 26.5°N declines rapidly within the first 40 years, from ~16Sv in
the control ensemble to ~3 Sv (Fig. 1a). After this rapid initial decline, the
weakened AMOC stabilizes and reaches a quasi-equilibrium state over
the last 40 years (Fig. la). Associated with the weakened AMOC in this
quasi-equilibrium state is a reduction in the annual mean northward global
ocean heat transport, which decreases by ~0.4 PW (Fig. 1b). This decrease in
the annual mean cross-equatorial northward global ocean heat transport is
overcompensated by an increase in the annual mean cross-equatorial
northward global atmosphere heat transport of ~0.5 PW (Fig. 1b), similar to
that found in previous water hosing experiments’. The enhanced annual
mean cross-equatorial northward global atmosphere heat transport is
associated with a strong anomalous clockwise annual mean Hadley cell
(Fig. 1c, d), extending from ~20°S to ~20°N, consistent with previous
findings’. As shown in the previous study’, the above global zonally inte-
grated energy budget framework is consistent with the anomalous clockwise
annual mean Hadley cell response and associated annual mean southward
ITCZ shift. While the global zonally integrated Hadley circulation exhibits
an anomalous clockwise circulation of a similar strength in both boreal
summer and winter, the vertical motion response over the Atlantic basin is
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Fig. 1 | The maximum AMOC strength, climatological mean global northward
ocean/atmosphere heat transport and Hadley cell along with the long-term mean
anomalies. a Time series of the annual mean maximum AMOC streamfunction at
26.5°N for the control (black) and hosing (red) ensembles, derived from the 11-year
running mean of the ensemble mean. b The climatology (black) and anomaly
(hosing minus control in red) of the annual mean global northward ocean (solid
lines) and atmosphere (dashed lines) heat transport (PW), averaged over the last 40
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years of all ensembles. ¢ Climatology of annual mean Hadley cell (zonally integrated
atmosphere streamfunction; 10°kg s ') for the control ensemble (averaged over the
last 40 years). d Anomalous annual mean Hadley cell, where the anomaly is the
ensemble mean difference between the hosing and the control ensembles averaged
over the last 40 years. The stippling in (d) (gray color) indicates the regions where the
Hadley cell anomaly is not significant at the 5% level.
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Fig. 2 | Boreal summer climatological mean circulation for the control ensemble
and SST/SAT response for the hosing ensemble. a Climatological mean ocean
current (vector) at 50 m overlapped with long-term mean SST response (shading).
Vectors larger than 8 cm s~ in magnitude are not shown. b Climatological mean 10-
m winds (vector) overlapped with long-term mean surface air temperature (SAT)
response (shading). The climatological mean ocean and atmospheric circulation are
calculated from the control ensemble averaged over boreal summer (June through
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September; JJAS) of the last 40 years. The response in (a, b) is the ensemble mean
differences between the hosing and the control ensembles, averaged over boreal
summer of the last 40 years. Gray stippling in (a, b) indicates regions where the SST/
SAT response is not statistically significant at the 5% level. ¢, d 11-year running mean
of transient SST and SAT response along the horseshoe pathway (averaged within
the magenta box). The transient response in (c, d) is the ensemble mean difference
between the hosing and the control ensembles, averaged over boreal summer.

weaker in boreal winter than in boreal summer (Supplementary Fig. 1),
consistent with a weaker Atlantic ITCZ shift in boreal winter than in boreal
summer that is not reflected in the global integrated Hadley circulation
anomaly. The subsidence response over the Atlantic basin is largely con-
fined to the deep tropics, with weaker subsidence response over the sub-
tropics, especially during boreal winter (Supplementary Fig. 1c, d).

While the zonally integrated energy budget framework provides a
context for interpreting the quasi-equilibrium energy balance under the
AMOC weakening, it does not explain the key mechanisms/processes for
the transient evolution of the zonally asymmetric North Atlantic SST
horseshoe pattern with relatively stronger response propagating through the
eastern boundary of the North Atlantic subtropical gyre, a key feature of the
Atlantic extratropical-tropical teleconnection.

The boreal summer cold SST/SAT anomalies over the North
Atlantic along the horseshoe pathway

In the water hosing ensemble characterized by a weakened AMOC com-
pared to the control ensemble, a distinct quasi-equilibrium horseshoe pat-
tern of boreal summer cold SST anomalies is established in the North
Atlantic (Fig. 2a). The cold SST anomalies are stronger in the extratropical
North Atlantic (Fig. 2a), primarily due to reduced northward Atlantic
Ocean heat transport (Supplementary Fig. 2) associated with the weakening
of the North Atlantic Current (Supplementary Fig. 3) in response to the
AMOC weakening under external freshwater forcing, as found in previous

studies™*”’. To balance the reduction in the Atlantic Ocean heat transport
convergence over the extratropical North Atlantic, the net downward sur-
face heat flux (Fgsc) over most regions of the extratropical North Atlantic
consistently exhibits positive anomalies (i.e., less surface air-sea heat flux
released into the atmosphere and more air-sea heat flux entering into the
ocean, Fig. 3b). Hence the Fy- response provides negative feedback (ie.,
damping effect) to the cold extratropical North Atlantic SST anomalies and
drives the cold surface air temperature (SAT) anomalies over the extra-
tropical North Atlantic (Fig. 2b).

The cold extratropical North Atlantic SST anomalies first appear in the
extratropical North Atlantic and gradually propagate equatorward (Fig. 2c),
forming the characteristic zonally asymmetric North Atlantic SST horse-
shoe pattern with relatively stronger response propagating through the
eastern boundary of the North Atlantic subtropical gyre (Fig. 2a). The cold
SAT anomalies over the North Atlantic exhibit a similar zonally asymmetric
horseshoe pattern (Fig. 2b), indicating a potential coupled ocean-
atmosphere interaction between these cold SST and SAT anomalies.
However, the mechanisms behind the formation of the boreal summer
zonally asymmetric North Atlantic SST/SAT horseshoe pattern remain
poorly understood. To investigate these processes, we focus on the region
from the extratropical North Atlantic to the tropical North Atlantic along
the “horseshoe pathway” (magenta box in Fig. 2a, b).

During the first decade (years 1-10), there is a weak equatorward
spread of the extratropical cooling (Fig. 4a). The net downward surface heat
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Boreal Summer Long-term Mean Response (Hosing— Control)
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Fig. 3 | Long-term mean boreal summer response. The response is the ensemble
mean difference between the hosing and the control ensembles averaged over boreal
summer (JJAS) of the last 40 years. a—c Response in surface temperature, net
downward surface heat flux, and precipitation. d-f Response in surface air
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temperature, sea level pressure (shading), 1000 hPa winds (vector), and low-level
moisture flux convergence (See “Methods”). Gray stippling indicates regions where
the response shown in shading is not statistically significant at the 5% level.

flux (Fggc) response along the horseshoe pathway during this period is
negative (extracting more heat from the ocean) south of 30°N (Fig. 4e),
suggesting a role of atmospheric cooling in the initial weak equatorward
spread of the extratropical SST anomalies, particularly south of 30°N. This
early-stage equatorward spread of the weak extratropical signal is likely
affected by the fast advection/spread of the cold extratropical surface air
temperature (SAT) anomalies equatorward (Fig. 2d) by the climatological
mean atmospheric subtropical anticyclone (Fig. 2b), which contributes to
the SST anomalies through air-sea heat flux exchange. Meanwhile, changes
in the surface wind along the subtropical horseshoe pathway is very small
(Fig. 4a).

The temporal evolution of the SST response along the horseshoe
pathway gradually reveals a noticeable delay in the equatorward propaga-
tion of cold extratropical North Atlantic SST anomalies (Fig. 2c), suggesting

the involvement of slow oceanic processes, in contrast to fast (almost in
phase) atmospheric processes. From the second decade onward (i.e., years
11-20 and onwards), the equatorward spread of the cold extratropical SST
anomalies along the horseshoe pathway becomes more pronounced
(Fig. 4b-d). Concurrently, the Fg;- anomalies along the eastern side of the
horseshoe pathway switch sign and become consistently positive (i.e., more
heat flux entering into the ocean, Fig. 4f-h). Hence, from the second decade
onward, the F - response provides negative feedback (i.e., damping effect)
to the cold SST anomalies and contributes to the cold SAT anomalies along
the eastern side of the horseshoe pathway, suggesting a dominant role of the
slow oceanic processes in shaping the SST/SAT anomalies along the eastern
side of the horseshoe pattern (Fig. 4b-d). The climatological mean boreal
summer upper ocean horizontal circulation in the subtropical North
Atlantic is characterized by an anticyclonic gyre (i.e., the North Atlantic
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Fig. 4 | Transient boreal summer response in surface temperature/winds/net
downward heat flux and precipitation. The response is the ensemble mean dif-
ference between the hosing and the control ensembles, averaged over boreal summer
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(JJAS) of years 01-10, 11-20, 21-30, and 31-40. a-d Surface temperature response
(shading) overlapped with near-surface winds response (vector). e-h Net downward
surface heat flux response. i-1 Precipitation response.

subtropical gyre; Fig. 2a), and its eastern branch aligns well with the
horseshoe pathway for the equatorward spread of the extratropical surface
cooling (Fig. 2a). This suggests that the equatorward advection of the cold
extratropical SST anomalies by the eastern branch of the climatological
mean North Atlantic subtropical gyre is potentially important for the for-
mation of the North Atlantic SST horseshoe pattern.

The temporal evolution of negative sea surface salinity (SSS) anomalies
along the horseshoe pathway further supports the importance of the slow
oceanic advection in transmitting the extratropical North Atlantic signal
toward the tropics in the water hosing ensemble (Fig. 5a-d). The negative
SSS anomalies, initially concentrated in the extratropical North Atlantic
(primarily due to the advection of externally forced freshwater anomalies by
the western boundary current in the subpolar North Atlantic and the mixing
of these freshwater anomalies into the interior ocean), do not show a clear
equatorward propagation along the horseshoe pathway during the first
decade (Fig. 5a). They exhibit an equatorward propagation along the
northeastern branch of the North Atlantic subtropical gyre (ie., the
northern branch of the horseshoe pathway) by the second decade (Fig. 5b).
As the negative extratropical SSS anomalies become stronger by the third
and fourth decades, pronounced negative SSS anomalies also appear along
the southeastern branch of the North Atlantic subtropical gyre (i.e., the
southern branch of the horseshoe pathway), forming a horseshoe pattern

(Fig. 5¢, d). This transient response reveals a key role of the eastern branch of
the climatological mean North Atlantic subtropical gyre in advecting the
extratropical oceanic signal towards the tropics and ultimately shaping the
North Atlantic horseshoe pattern in both SST and SSS anomalies (Fig. 3a,
Supplementary Fig. 4a). The boreal summer mixed layer depth along
the horseshoe pathway is slightly reduced (by the order of ~5-7 m) due to
the negative SSS anomalies, which would provide some negative feedback to
the SST cooling along the horseshoe pathway.

In the water hosing ensemble, there is a similar advection of negative
extratropical upper ocean temperature/salinity anomalies by the eastern
branch of the climatological mean North Atlantic subtropical gyre along the
horseshoe pathway (Supplementary Fig. 5a-h). These negative temperature
and salinity anomalies have a compensating effect on density anomalies, and
the negative upper ocean density anomalies along the horseshoe pathway
are dominated by the pronounced negative upper ocean salinity anomalies
(Supplementary Fig. 5i-1). Consistently, there are growing positive
anomalies of the sea surface height (SSH) above the geoid along the
horseshoe pathway (Fig. 5e~h), which strengthens the eastern branch of the
upper North Atlantic subtropical gyre (where the gradient of positive
anomalies of the SSH above geoid is largest). Hence, the southwestward
upper ocean current along the southern horseshoe pathway becomes
strengthened (Supplementary Fig. 4b), which corresponds to an enhanced
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Fig. 5 | Transient boreal summer response in SSS and SSH. The response is derived in the same way as in Fig. 4. a-d Sea surface salinity (SSS) response. e-h Sea surface

height (SSH) response above the geoid.
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divergence of the vertically integrated upper ocean horizontal velocity along
the eastern boundary and thus enhanced eastern boundary upwelling
(Supplementary Fig. 6). The enhanced eastern boundary upwelling leads to
enhanced upper ocean cooling near the eastern boundary (Supplementary
Fig. 5a-d), which is advected southwestward along the southern horseshoe
pathway by the mean and strengthened southwestward ocean currents,
contributing to the enhanced ocean heat transport divergence and amplified
cold upper-ocean temperature anomalies over the southern horseshoe
pathway (Supplementary Figs. 4c, 5a—d). The enhanced ocean heat trans-
port divergence is evident/reflected by the enhanced Fy. that is in balance
with it over the southern horseshoe pathway (Fig. 3b). The enhanced eastern
branch of the upper North Atlantic subtropical gyre (Supplementary Fig.
4b) also advects the cold extratropical SST anomalies along the horseshoe
pathway from the northeastern boundary of the North Atlantic subtropical
gyre, in addition to the advection by the mean upper North Atlantic sub-
tropical gyre.

An earlier study suggests that the Fgp- response to changes in the
AMOC can vary significantly with the season and the response during
boreal summer could be due to the accumulated Fg~ anomalies during
boreal winter”’. Our experiments do not show such seasonal reversal in the
net downward surface heat flux anomalies along the North Atlantic
horseshoe pathway (Supplementary Fig. 7a, b). During both boreal summer
and winter, the Fgy- response along the horseshoe pathway provides
negative feedback (i.e., damping effect) to the SST anomalies (Supplemen-
tary Fig. 7a, b). Although boreal winter tropical Atlantic vertical motion
response and the Hadley cell anomaly shift southward (compared to that in
boreal summer) and is mainly centered over the deep tropics south of 10°N
(Supplementary Fig. 1), the boreal winter North Atlantic cold SST horseshoe
patten remains similar to that in boreal summer, which locates mainly north
of 10°N (Supplementary Fig. 7b). This indicates that the anomalous Hadley
cell and associated subsidence is not the cause of the North Atlantic cold SST
horseshoe pattern.

The transient evolution of the response in the upper ocean heat budget
components over two key regions relevant to the horseshoe structure, i.e.,
the eastern boundary over the northern (southern) subtropical North
Atlantic (see locations in Supplementary Fig. 8a), further supports the
importance of oceanic advective processes relative to atmospheric (net
downward surface heat flux) processes. Here, annual mean fields are used
for the heat budget analyses to avoid any potential seasonal heat storage/
accumulation effect. Over both of these two key regions (Supplementary Fig.
8b, ¢), the response in upper-ocean heat content tendency is mostly negative,
indicating cooling of the upper ocean. Over these regions, the total ocean
heat transport convergence (OHTC) response is negative and dominated by
the contribution from the anomalous horizontal advective OHTC. The
positive net downward surface heat flux response (warming) acts as negative
feedback (i.e., a damping term) for the upper ocean cooling and gradually
counters the OHTC reduction (cooling), so that the averaged response in the
upper ocean heat content tendency becomes weaker for the last 40 years
(Supplementary Fig. 8b, c). These results support the key role of oceanic
advective processes in driving the upper subtropical North Atlantic eastern
boundary cooling.

The temporal evolution of the boreal summer cold SAT anomalies
along the horseshoe pathway in the water hosing ensemble also exhibits a
similar noticeable delay (Fig. 2d), indicating that the cold SAT anomalies
along the horseshoe pathway are affected by ocean processes through
air-sea heat flux exchange. Since the second decade, the cold extratropical
upper ocean temperature anomalies advected by the North Atlantic sub-
tropical gyre along the eastern side of the horseshoe pathway are damped by
the positive Fgy- anomalies (i.e., reduced air-sea heat fluxes released from
the ocean into the atmosphere) there (Fig. 4f-h). The positive Fg-
anomalies (Fig. 3b) contribute to the cold SAT anomalies along the eastern
side of the horseshoe pathway (Fig. 2b). The advection of the cold extra-
tropical SAT anomalies (induced by ocean processes as discussed earlier) by
the eastern branch of the climatological mean boreal summer atmospheric
subtropical anticyclone (which coincides with the horseshoe pathway,

Fig. 2b) may also contribute to the propagation of the cold SAT anomalies
along the horseshoe pathway and the westward spread of the relatively
stronger cold SAT anomalies formed over the eastern side of the horseshoe
pathway (Fig. 2b). Meanwhile, the anomalies in the near-surface winds
along most parts of the horseshoe pathway are negligible (Fig. 3e), indicating
that the WES feedback is not crucial for the equatorward propagation of the
cold extratropical signal along the horseshoe pathway.

Over the deep tropical North Atlantic, the relationship between boreal
summer F - and SST anomalies changes spatially (Supplementary Fig. 7a).
Between ~2°N and 6°N, positive Fgr, anomalies coincide with relatively
weak warm SST anomalies. However, between ~6°N and 10°N, positive F gz
anomalies coincide with cold SST anomalies, which is inconsistent with the
spatial pattern expected from the WES feedback (Supplementary Fig. 7a).
Further north, between ~11°N and 18°N, regions of relatively weak cold SST
anomalies correspond with negative F;- anomalies, which might suggest a
WES feedback signature. However, the decomposition of the anomalous
Fgpe components (Supplementary Fig. 9) indicates that the negative F -
anomalies, particularly over the central tropical North Atlantic (magenta
box in Supplementary Fig. 9e), is also driven by reduction in the net
downward shortwave radiation (Supplementary Fig. 9b, f) linked to the
increase in low-level cloud cover (Supplementary Fig. 10c), rather just by the
enhanced latent heat flux alone (Supplementary Fig. 9a, f). While this net
downward shortwave radiation reduction is partially offset by the enhanced
net downward longwave radiation (Supplementary Fig. 9b, d, f), the total net
downward radiation reduction still exceeds the magnitude of the enhanced
latent heat flux (Supplementary Fig. 9f). The total enhanced turbulent heat
flux (latent plus sensible) is comparable to the magnitude of the total net
downward radiation reduction (Supplementary Fig. 9f). These findings
suggest that cloud radiative feedback also plays a role in the net downward
surface heat flux response over the central tropical North Atlantic.

The boreal summer warm SST/SAT anomalies over the tropical
South Atlantic and associated equatorward anomalies in the
upper tropical North Atlantic western boundary current

In the water hosing ensemble, while cold North Atlantic SST anomalies
develop along the horseshoe pathway, warm SST anomalies develop over
the tropical South Atlantic (Fig. 3a) during boreal summer. The surface
warming response over the tropical South Atlantic is associated with
enhanced Atlantic Ocean heat transport convergence (Supplementary Fig.
2), which is balanced by negative Fgr- anomalies (ie., more heat flux is
released from the ocean into the atmosphere) over this region (Fig. 3b). The
negative F ;- anomalies provide negative feedback (i.e., damping effect) to
the warm SST anomalies and induce warm SAT anomalies over the tropical
South Atlantic (Fig. 3d).

Over the tropical South Atlantic in boreal summer (i.e., austral winter),
the upper ocean is less stratified and there is more background wind-driven
turbulent vertical mixing and upwelling in the upper ocean compared to
that in boreal winter (i.e., austral summer)®. Hence, in the water hosing
ensemble, the warm SST anomalies in the tropical South Atlantic in boreal
summer are affected more by the warm thermocline temperature anomalies
in the tropical Atlantic (Supplementary Figs. 7a, 11a) through vertical
mixing and upwelling, compared to those in boreal winter. In contrast, the
warm SST anomalies over the tropical South Atlantic in boreal winter are
less affected by the warm thermocline temperature anomalies and are
weaker than those in boreal summer (Supplementary Figs. 7b, 11b).

As introduced earlier, the AMOC weakening induces warm thermo-
cline temperature anomalies in the tropical Atlantic through oceanic wave
adjustments™. The wave adjustments contribute to the equatorward
anomalies in the upper tropical Atlantic western boundary current
(Fig. 6a-d). The equatorward anomalies in the upper tropical Atlantic
western boundary current (Fig. 7¢) is consistent with the reduction in the
northward tropical Atlantic Ocean heat transport in the water hosing
ensemble (Supplementary Fig. 2). However, the equatorward anomalies in
the upper ocean western boundary current around 3°N-10°N are stronger
compared to those north of 10°N and south of 3°N (Fig. 7a—c), indicating
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that they are not just a direct response to the AMOC weakening. Next, we
will show that they are amplified by positive surface wind stress curl
anomalies over this region around 3°N-10°N.

In the water hosing ensemble, when the cold extratropical North
Atlantic SST/SAT anomalies propagate equatorward along the horseshoe
pathway and the warm SST/SAT anomalies develop over the tropical South
Atlantic, there is a pronounced response in trade winds over the tropical
Atlantic (Figs. 3a, d, e, 4a—d). Over the tropical North (South) Atlantic, cold

(warm) SST/SAT anomalies are associated with high (low) sea-level pres-
sure (SLP) anomalies (Fig. 3e), creating a strong SLP gradient at the
boundary between the dipole SLP anomalies around 10°N, coinciding with
the boreal summer climatological convergence zone (Fig. 2b). This SLP
gradient intensifies trade winds north of the boundary of the dipole SLP
anomalies and weakens trade winds to the south (Fig. 3e). These trade wind
anomalies are reflected in surface wind stress anomalies, which produce
positive anomalies in surface wind stress curl over the tropical North
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respectively. ¢ Long-term mean maximum upper ocean (top 500 m) temperature
response (derived in the same way as in Fig. 6 but averaged over the last 40 years,
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3 cmss' in magnitude are not shown. d Long-term mean response in surface wind
stress curl (shading) and surface wind stress (vector) averaged over the last 40 years.
Stippling (gray color) in (¢, d) indicates regions where the variables shown in shading
are not significant at the 5% level.

Atlantic around 3°N-10°N (Fig. 7d). The positive anomalies in surface wind
stress curl induce anomalous poleward Sverdrup transport™ in the interior
ocean around 3°N-10°N. For example, the peak Sverdrup transport anomaly
integrated from the eastern boundary to the eastern edge of the western
boundary (~42°W) is ~12Sv around 7.5°N. The anomalous poleward
Sverdrup transport in the interior ocean has to be balanced by the anom-
alous equatorward western boundary current, forming an anomalous
cyclonic ocean gyre circulation’’. Hence, the equatorward anomalies in the
upper ocean western boundary current around 3°N-10°N are amplified in
addition to those induced directly by the AMOC weakening (Fig. 7c).

In the water hosing ensemble, relatively stronger warm thermocline
temperature anomalies first appear near the western boundary between
5°N-15°N (Fig. 6a, b), where the climatological mean meridional tem-
perature contrast/gradient is relatively strong (Fig. 7a). This response is
related to the equatorward advection of the climatological mean warmer
thermocline water at the northern side (Fig. 7a) by the anomalous equa-
torward upper ocean western boundary current around this region (Fig. 6a,
b). When the net upper ocean western boundary meridional velocity around
3°N-10°N becomes equatorward due to both direct AMOC weakening and
positive surface wind stress curl anomalies, the relatively stronger warm
thermocline temperature anomalies near the western boundary between
5°N-15°N can be effectively advected equatorward to amplify warm ther-
mocline temperature anomalies in the tropical Atlantic. Hence the strong
equatorward anomalies in the upper ocean western boundary current
around 3°N-10°N amplify the warm thermocline temperature anomalies in
the tropical Atlantic and associated SST/SAT anomalies over the tropical
South Atlantic, which further amplify the positive surface wind stress curl
anomalies around 3°N-10°N, thus provide positive feedback to amplify the
equatorward anomalies in the upper ocean western boundary current in this
region (Fig. 6). As discussed earlier, the warm SST anomalies over the

tropical South Atlantic are weaker in boreal winter than in boreal summer,
thus the positive surface wind stress curl anomalies around 3°N-10°N and
associated equatorward anomalies in the upper ocean western boundary
current in this region are also weaker in boreal winter than in boreal summer
(Supplementary Figs. 12, 13).

The relationship between the zonally integrated AMOC and NSTC
proposed in the previous study’' does not explain the amplified equatorward
anomalies in the upper ocean western boundary current around 3°N-10°N
and the result that they are stronger in boreal summer than in boreal winter
in the water hosing ensemble. In fact, the equatorward subsurface return
flow of the zonally integrated NSTC over this region mainly appears in
boreal winter rather than in boreal summer in the water hosing ensemble
(Supplementary Fig. 11¢, d). Here, we identify a novel mechanism to explain
the relationship between the AMOC weakening and the amplified equa-
torward anomalies in the upper tropical North Atlantic western boundary
current during boreal summer, through coupled interactions with surface
wind stress curl anomalies that amplify the anomalous wind-driven upper
ocean western boundary current over the tropical North Atlantic.

As shown in previous studies and discussed earlier, the AMOC
weakening induces thermocline deepening along the North Atlantic
western boundary through the equatorward propagation of coastal Kelvin
waves, which continue eastward along the equator as Kelvin waves
and partially propagate westward as Rossby waves in the tropical Atlantic,
leading to warm thermocline temperature anomalies over the central
and eastern tropical Atlantic'®”’. Figure 6a-d shows the transient
evolution of the maximum upper ocean temperature response to better
illustrate the oceanic wave propagation. The maximum subsurface tem-
perature response appears at different depths around the climatological
thermocline at different locations, including the shallower thermocline
depth near the eastern equatorial Atlantic, because the wave induced
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subsurface temperature response would be strongest around the climato-
logical thermocline depth. The subsurface warming in the tropical South
Atlantic already emerges within the first decade (Fig. 6a), consistent with
the timescale of the initial wave propagation. As the AMOC continues to
weaken over subsequent decades, the warming signal along the western
boundary of the tropical North Atlantic (i.e., the source signal) strengthens
and is gradually advected equatorward by the anomalous equatorward
upper-ocean western boundary current, which then spreads into the
eastern and interior tropical Atlantic via wave propagation (Fig. 6b-d).
Hence, the maximum temperature response in the tropical South Atlantic
gets stronger in subsequent decades as the source signal gets stronger. The
spatial pattern of the maximum subsurface warming response (Fig. 6a-d)
reveals that the signal propagates to the equator and the eastern boundary
along the Kelvin wave pathway and spreads into the interior ocean north
and south of the equator by Rossby waves. The transient evolution of
temperature anomalies in the eastern South Atlantic along 10°E (Supple-
mentary Fig. 14) indicates that there is a southward propagation of the
subsurface warming along the climatological thermocline from the equa-
torial South Atlantic toward the subtropical South Atlantic, consistent with
coastal Kelvin wave propagation. There is stronger subsurface warming
along the eastern tropical South Atlantic where the climatological ther-
mocline is shallow and the climatological vertical temperature gradient is
strong (Supplementary Fig. 14c, d).

In the quasi-equilibrium state over the last 40 years, the subsurface
warming response is spread in the entire tropical South Atlantic, which is
much stronger than the magnitude of the corresponding positive SST
anomalies over the central and eastern tropical South Atlantic (Figs. 3a, 7c).
The basin-averaged temperature response also indicates that between 10°S
and 0°S of the tropical South Atlantic, the subsurface temperature anomalies
are substantially warmer than the SST anomalies (Supplementary Fig. 11a),
consistent with the upwelling of subsurface temperature anomalies to the
surface during boreal summer, as elaborated below.

The surface warming response over the tropical South Atlantic is
primarily concentrated in the central and eastern basin (Fig. 3a), where there
is strong climatological mean wind-driven upwelling in boreal summer. The
climatological mean negative surface wind stress curl over the tropical South
Atlantic is stronger in boreal summer compared to that in boreal winter,
especially over the eastern boundary of the tropical South Atlantic (Sup-
plementary Fig. 15). This corresponds to stronger wind-driven Ekman
upwelling over the tropical South Atlantic in boreal summer (compared to
that in boreal winter), hence more upwelling of warm subsurface tem-
perature anomalies to the surface in this region. Once the basin-scale central
and eastern tropical South Atlantic subsurface warming anomalies are
upwelled to the surface, theylead to positive SST and SAT anomalies, which
induce the basin-scale negative (low) SLP anomalies over the central and
eastern tropical South Atlantic (Fig. 3e). The climatological mean equa-
torward surface wind stress near the eastern boundary of the tropical South
Atlantic is stronger in boreal summer than that in boreal winter (Supple-
mentary Fig. 15), which also leads to stronger westward Ekman transport (to
the interior ocean) and thus stronger coastal upwelling near the eastern
boundary of the tropical South Atlantic in boreal summer than that in boreal
winter. Hence, there is more upwelling of warm subsurface temperature
anomalies to the surface along the eastern boundary of the tropical South
Atlantic in boreal summer.

Despite the presence of warm subsurface anomalies, the warming SST
response over the tropical South Atlantic during boreal winter (i.e., austral
summer) is relatively weaker (Supplementary Figs. 7, 11a, b). This seasonal
difference aligns with the climatological mean difference in the surface wind
stress curl (Supplementary Fig. 15) and associated wind-driven Ekman
upwelling and eastern boundary coastal upwelling over the tropical South
Atlantic. The weaker and southward shifted boreal winter tropical Atlantic
vertical motion response (Supplementary Fig. 1) is related to the weaker
warm SST anomalies over the tropical South Atlantic (Supplementary Fig.
7b) during boreal winter, a season with weaker climatological mean wind-
driven upwelling.

The transient evolution of the response in the upper ocean heat budget
components over the western boundary of the tropical North Atlantic and
the eastern boundary of the tropical South Atlantic (see locations in Sup-
plementary Fig. 8a), further supports the importance of oceanic advective
processes relative to atmospheric (net downward surface heat flux) pro-
cesses over these regions. Over the western boundary of the tropical North
Atlantic (Supplementary Fig. 8d), the response in the upper ocean heat
content tendency is positive (i.e., warming). The total OHTC response is
positive and dominated by the contribution from the anomalous horizontal
advective OHTC. The net downward surface heat flux response is negative
in this region, meaning that the ocean is losing heat to the atmosphere,
which acts as a damping term to the warming tendency (Supplementary Fig.
8d). This further supports the key role of oceanic advective processes in
driving the upper tropical North Atlantic western boundary warming.
Similarly, over the eastern boundary over the tropical South Atlantic
(Supplementary Fig. 8e), the response in the upper ocean heat content
tendency is positive (i.e., warming), which is forced by the positive total
OHTC response dominated by the contribution from the anomalous hor-
izontal advective OHTC. The net downward surface heat flux response is
negative in this region and acts as a damping term (i.e., cooling) to the
warming tendency (Supplementary Fig. 8e). This again supports the
mechanism that the eastern tropical South Atlantic warming is driven by
oceanic advective processes.

Mechanisms of the boreal summer Atlantic ITCZ shift

The North Atlantic SST response with a horseshoe pattern and the tropical
South Atlantic SST response with an opposite sign in boreal summer are
characteristic features of the Atlantic extratropical-tropical teleconnection,
leading to the tropical atmospheric response, such as the Atlantic ITCZ shift
that we focus on in this subsection.

In the water hosing ensemble, when the cold extratropical North
Atlantic SST/SAT anomalies propagate equatorward along the horseshoe
pathway and the warm SST/SAT anomalies develop over the tropical South
Atlantic (Fig. 4a-d), there is a pronounced response in precipitation over
the tropical Atlantic (Fig. 4i-1). The tropical precipitation response
represents a southward shift of the Atlantic ITCZ. In the new quasi-
equilibrium state, the anomalies in precipitation can be approximated by
the anomalies in the column-integrated moisture flux convergence (see
“Methods” section), given that the evaporation anomalies (Supplementary
Fig. 10a) are much smaller than the precipitation anomalies over the tro-
pical Atlantic where there are strong precipitation anomalies (Fig. 3c). In
the water hosing ensemble, the anomalies in the low-level column-inte-
grated moisture flux convergence (from 1000 hPa to 850 hPa, Fig. 3f),
which are primarily driven by the contribution from the trade wind
anomalies advecting the climatological mean specific humidity (Supple-
mentary Fig. 16), dominate the anomalies in the entire column-integrated
moisture flux convergence over the tropical Atlantic (Supplementary Fig.
10b). The contribution from the non-linear term (i.e., the product of
change in humidity and change in winds in Eq. 5 in “Methods” section) is
negligible. Above the troposphere boundary layer, contributions to the
anomalous moisture flux convergence are negligible. Hence, the reduction
in precipitation in the northern tropical Atlantic is associated with the
anomalous divergence in the low-level column-integrated moisture flux
induced by enhanced trade winds, and the increase in precipitation in the
southern tropical Atlantic is associated with the anomalous convergence in
the low-level column-integrated moisture flux induced by weakened trade
winds. The results support a pivotal role of the trade wind response
induced by the dipole SST/SAT anomalies over the Atlantic in the
southward shift of the Atlantic ITCZ.

Outside the Atlantic, there is also a significant reduction in precipita-
tion over the southern Sahel region, which is again primarily associated with
the anomalous divergence in the column-integrated moisture flux (Sup-
plementary Fig. 10b), especially at the low-level (Fig. 3f) that is induced by
anomalies in low-level winds (Supplementary Fig. 16a). The trade wind
response over the tropical Atlantic reduces the moisture supply to the Sahel
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Fig. 8 | Schematic of the Atlantic extratropical-tropical teleconnection during
boreal summer in response to external freshwater forcing. The external freshwater
forcing leads to the AMOC weakening and reduced northward ocean heat transport
into the extratropical North Atlantic (NA), resulting in colder upper extratropical NA
ocean temperature. The advection of cold upper extratropical NA temperature
anomalies by the subtropical gyre dominates the equatorward propagation of cold
upper ocean temperature anomalies along the horseshoe pathway, contributing to cold
SST/SAT anomalies along the horseshoe pathway. The external freshwater forcing also
leads to pronounced negative upper extratropical NA salinity anomalies, which are
advected equatorward by the subtropical gyre and contribute to positive SSH
anomalies along the horseshoe pathway. This leads to the strengthening of the eastern
branch of the upper subtropical gyre, including the stronger southwestward upper
ocean current that induces enhanced eastern boundary upwelling/cooling, and

enhanced ocean heat transport divergence thus amplified cold SST anomalies along
the southern horseshoe pathway. The enhanced eastern branch of the upper sub-
tropical gyre also advects the cold extratropical SST anomalies along the horseshoe
pathway, in addition to the advection by the mean upper subtropical gyre. The wea-
kened AMOC also leads to anomalous equatorward upper tropical NA western
boundary current and warmer thermocline temperature in the tropical Atlantic,
contributing to warmer SST/SAT over the tropical South Atlantic (SA). The dipole
Atlantic SST/SAT anomalies lead to the trade wind response, which induces pro-
nounced positive surface wind stress curl anomalies over the tropical NA, providing
positive feedback to the anomalous equatorward upper tropical NA western boundary
current and associated warm SST/SAT anomalies over the tropical SA in the hosing
ensemble. The trade wind response drives a southward Atlantic ITCZ shift through the
dipole anomaly in the low-level moisture flux convergence over the tropical Atlantic.

region and contributes to reduced evaporation (Supplementary Fig. 10a)
and thus enhanced surface warming over the northern Sahel (Fig. 3a, d). The
widespread surface cooling response north of Sahel and the surface warming
response over the northern Sahel induce the dipole SLP anomalies (i.e., high
SLP anomalies to the north and low SLP anomalies to the south) across the
northern boundary of the Sahel, which weaken the southwesterly surface
winds there (Fig. 3e) and provide positive feedback to reduced evaporation
over the northern Sahel. In the water hosing ensemble, there is also an
increase (decrease) in the low-level cloud over the North Atlantic (Sahel)
due to the surface cooling (warming) response (Supplementary Fig. 10c).
The increase (decrease) in the low-level cloud could provide positive feed-
back to the surface cooling (warming) response by reflecting more (less)
shortwave radiation. Therefore, low cloud feedback could amplify the sur-
face temperature response and associated ITCZ shift response as found in

the previous study'®.

Discussion

In this study, we conducted an idealized water hosing ensemble using a
high-resolution climate model with 0.6 Sv of external freshwater forcing
applied over in the southern Nordic Seas to understand the Atlantic
extratropical-tropical teleconnection during boreal summer, when the
Atlantic ITCZ shift is most pronounced.

The schematic diagram (Fig. 8) summarizes the identified key
mechanisms behind the Atlantic extratropical-tropical teleconnection
during boreal summer. The external freshwater forcing leads to the AMOC
weakening and reduced northward ocean heat transport into the extra-
tropical North Atlantic, resulting in colder SST/reduced surface turbulent
heat fluxes, and thus colder SAT over the extratropical North Atlantic. In the
water hosing ensemble, the advection of cold upper extratropical North
Atlantic temperature anomalies by the North Atlantic subtropical gyre
dominates the equatorward propagation of cold upper ocean temperature
anomalies along the horseshoe pathway, contributing to cold SST/SAT
anomalies along the horseshoe pathway. The external freshwater forcing
also leads to pronounced negative upper extratropical North Atlantic sali-
nity anomalies, which are advected equatorward by the North Atlantic
subtropical gyre and contribute to positive SSH anomalies along the
horseshoe pathway. This leads to the strengthening of the eastern branch of
the upper North Atlantic subtropical gyre, including the stronger south-
westward upper ocean current that induces enhanced eastern boundary
upwelling/cooling, and enhanced ocean heat transport divergence thus
amplified cold SST anomalies along the southern horseshoe pathway. The
enhanced eastern branch of the upper North Atlantic subtropical gyre also
advects the cold extratropical SST anomalies along the horseshoe pathway,
in addition to the advection by the mean upper North Atlantic subtropical
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gyre. The weakened AMOC also leads to anomalous equatorward upper
tropical North Atlantic western boundary current and warmer thermocline
temperature in the tropical Atlantic, contributing to warmer SST/SAT over
the tropical South Atlantic. The dipole Atlantic SST/SAT anomalies lead to
the trade wind response, which enhances surface wind stress curl over the
tropical North Atlantic, providing positive feedback to the anomalous
equatorward upper tropical North Atlantic western boundary current and
associated warm SST/SAT anomalies over the tropical South Atlantic. The
trade wind response drives a southward Atlantic ITCZ shift through the
dipole anomaly in the low-level moisture flux convergence over the tropical
Atlantic.

Contrary to some previous studies using slab ocean models coupled
with AGCMs that attribute the equatorward spread of the extratropical
North Atlantic surface cooling to positive WES feedback'”", our results
using a fully coupled model reveal no significant wind changes along most
parts of the North Atlantic horseshoe pathway (Fig. 3e), suggesting that
WES feedback is not the primary mechanism driving the North Atlantic
SST/SAT horseshoe pattern during boreal summer. Instead, we find that the
advection by the North Atlantic subtropical gyre of the upper extratropical
North Atlantic signal is a key mechanism driving the boreal summer North
Atlantic SST/SAT horseshoe pattern in the water hosing ensemble. The slab
ocean models used in some previous studies cannot represent key oceanic
processes, such as the advection of upper-ocean temperature and salinity
along the horseshoe pathway, which is crucial for the North Atlantic
horseshoe pattern in response to strong external freshwater forcing. Addi-
tionally, the surface warming response over the tropical South Atlantic
simulated in our full coupled model involves oceanic processes (e.g., western
boundary current response and eastern boundary upwelling) that cannot be
represented by slab ocean models. Even in a previous study’ using an
AGCM coupled to a slab ocean model, turning off the WES feedback had no
significant impact on the equatorward propagation of the extratropical
response over the North Atlantic sector. In contrast, the most significant
differences caused by turning off the WES feedback is over the Pacific,
suggesting that other mechanisms may contribute to the equatorward
spread of the extratropical signal over the North Atlantic in the AGCM
coupled to a slab ocean model™. The equatorward advection of cold
extratropical SAT anomalies by the climatological mean anticyclonic sur-
face winds in boreal summer likely also plays a role among other
mechanisms.

In the water hosing ensemble, the enhanced low-level clouds also
amplify the Atlantic extratropical-tropical teleconnection as found in the
previous study'’. The strengthened tropical North Atlantic trade winds may
deepen the tropical North Atlantic mixed layer, providing positive feedback
to the tropical North Atlantic surface cooling” and the Atlantic ITCZ shift™.
The energy budget framework, which involves a compensation between
anomalous cross-equatorial northward ocean and atmosphere heat trans-
port, has been proposed for the extratropical-tropical teleconnection™*",
In the energy budget framework, the reduction of the northward ocean heat
transport in the tropics is compensated by the increase in the northward
atmosphere heat transport, which is linked to the anomalous Hadley cir-
culation. However, the energy budget framework does not explicitly explain
the transient evolution of the anomalous western boundary current that
causes the reduction of the northward Atlantic ocean heat transport in the
tropics. The zonally integrated energy budget framework also does not
explain the transient evolution of the zonally asymmetric North Atlantic
SST/SAT horseshoe pattern with stronger cooling along the eastern
boundary or the coupled interaction between the anomalous upper ocean
western boundary current and the anomalous positive wind stress curl/
cyclonic wind-driven ocean gyre circulation over the tropical North Atlantic
under external freshwater forcing. Furthermore, the energy budget frame-
work does not explain the transient evolution of the warm SST anomalies in
the tropical South Atlantic and associated different seasonal response, which
are linked to upwelling of warm subsurface temperature anomalies in the
central and eastern boundary over the tropical South Atlantic. Our findings
offer a more process-based understanding of the zonally asymmetric

Atlantic extratropical-tropical teleconnection that complements and
extends beyond that inferred from the zonally integrated energy budget
framework.

The detailed mechanisms and the relative importance of the oceanic vs.
atmospheric processes causing the Atlantic extratropical-tropical tele-
connection may also depend nonlinearly on the amplitude of the external
freshwater forcing. Interestingly, the southward advection of the subpolar
SSS anomalies and associated surface cooling/enhanced SSH along the
horseshoe pathway/Canary Current have also been found in water hosing
experiments under a much weaker freshwater forcing (0.1 Sv) in multiple
coupled models™. The positive feedback found in this study may become
much weaker under weaker external freshwater forcing, and the potential
nonlinear relationship between the response and the external freshwater
forcing amplitude deserves more future investigations. Our results advance
the understanding of the Atlantic extratropical-tropical teleconnection. The
strength of this teleconnection is likely underestimated in many climate
models, including the coupled climate model used in this study’>*’, which
may partially due to mean state biases in the North Atlantic Current
pathway and associated underestimation of the AMOC-related surface
turbulent heat flux released over the extratropical North Atlantic****. It may
also be partially related to mean state biases in the pathway and strength of
the northeastern branch of the North Atlantic subtropical gyre that con-
tribute to the underestimation of the equatorward oceanic advection of the
extratropical North Atlantic signal. Additionally, many climate models
underestimate eastern boundary upwelling and inadequately represent
thermocline over the tropical eastern South Atlantic”, which may result in
an underestimation of the AMOC weakening induced surface warming over
the tropical South Atlantic. The strength of the simulated Atlantic
extratropical-tropical response may vary across climate models and depend
on their specific mean-state biases. Addressing these biases in climate
models (including the coupled climate model used in this study*>*’) in future
studies are likely crucial for accurately capturing the strength of the Atlantic
extratropical-tropical teleconnection and associated tropical atmospheric
response such as the ITCZ shift.

Methods

Coupled climate model and experiments

For this study, we use the Geophysical Fluid Dynamics Laboratory (GFDL)
high-resolution coupled climate model version 4 (CM4C192**) with
significantly revised ocean bathymetry around the Faroe Bank Channel to
have a realistic representation of the Iceland-Scotland overflow strength.
CM4C192 has a horizontal resolution of ~ 0.5° in the atmosphere com-
ponent and ~ 0.25° in the ocean component. We use a constant present-
day (1990) radiative forcing for the control simulation. The same constant
radiative forcing is used for the water hosing experiments as well. We
conduct an idealized water hosing ensemble with 0.6 Sv of the anomalous
freshwater flux uniformly distributed over the southern Nordic Seas (64°N
to 69°N and 45°W to 20°E) for 80 years, similar to the water hosing
approach used in a recent study™. To reduce the influence of internal
variability, we conduct three ensemble members initialized from different
years of the control simulation for the water hosing ensemble. In response
to the prescribed freshwater forcing, the maximum AMOC decreases
rapidly in the first 40 years of the water hosing ensemble. Thereafter, the
rate of the AMOC slowdown stabilizes. To elucidate the response to the
prescribed freshwater forcing, we analyze the ensemble mean and compare
it to the corresponding 80-year control ensemble (i.e., the ensemble mean
of the three 80-year control simulation segments starting from the same
initial conditions). Here, the purpose of ensemble mean is to reduce
internal variability produced in individual ensemble member and focus on
the ensemble mean response to external freshwater forcing. The last 40
years of the ensembles is used to represent the quasi-equilibrium response.
The earlier periods (i.e., years 1-10, 11-20, 21-30, and 31-40) are used to
examine the evolution of the transient response. We use the two-sided
student t-test for the statistical significance testing of the ensemble mean
difference between the water hosing and the control ensembles (i.e., the
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quasi-equilibrium long-term mean response) averaged over the last
40 years.

Moisture budget analysis

The boreal summer moisture budget equation for the long-term mean state
is expressed as the following balance between precipitation minus eva-
poration and the convergence of column-integrated moisture flux™:

_ 1 s 1 ps
P—E=——V~/ qup%——V-/ qvdp (1)
g 0 g 0

where P is precipitation, E is evaporation, ¢ is specific humidity, v is the
horizontal wind, and V - [ ﬁ‘ qvdp is the divergence of the column-
integrated (from the surface to the top of the atmosphere) moisture flux. The
overbar denotes the boreal summer season (JJAS) mean (averaged over
the last 40 years of the control/water hosing ensemble). The convergence of
the column-integrated mean moisture flux in Eq. (1) signifies the net
moisture flux entering and leaving the entire atmospheric column. We
ignore the eddy terms in (1) as we focus on the boreal summer season.

Defining A as the long-term mean difference between the ensemble
mean of the water hosing and the control ensembles, we derive the following
equation for the long-term mean difference:

Py Ps
AP—AE=—1v. / A(gv)dp ~ Ly, / Algv)dp  (2)
4 0 4 0

The right side of Eq. (2) can be further decomposed to identify the
contributions of the long-term mean changes in winds, moisture, and both
(winds and moisture) to the total long-term mean change in the con-
vergence of column-integrated moisture flux. Thus, Eq. (2) can be rewritten
as:

_ _ 1 Dy
AP - AE~ _§ |:V ' (QCOHUOIAV + vControlAq + Aqu)dp (3)
0

In the above Eq. (3), the convergence of the vertical integral of
Gcontral AV VeonwolAG> and AGAV denotes the contribution to the con-
vergence of the vertical integral of the long-term mean change in the
moisture flux due to the long-term mean changes in winds, humidity, and
both winds and humidity, respectively.

We divide the atmospheric column between the top of the atmosphere
(~0 hPa) and the surface (~1000 hPa) into three layers: upper (0-500 hPa),
mid (500-850 hPa), and lower (850-1000hPa). The moisture budget
Egs. (2) and (3) for the long-term mean change become:

OhPa 500hPa

£ )]

aP—sB~ [V RN+ SN

D B 500 hPa ,_ - — — — A 850 hPa /_ —
AP—AE~ —1 {V * Sowps  Gconua DY + Veonuodq + AGAVAp +V - [0 5 (Gconuo bV

— — P 000hPa ,_ — — — P
VoD + AGAV)dD + Y+ [ @coneolAY + Veonra M + AfIAV)dP}

©)

In Eq. (4), the first, second, and third terms inside the brackets cor-
respond to the long-term mean changes in moisture flux divergence at the
upper, mid, and lower atmospheric layers, respectively. This equation
provides insight into which layer (upper, mid, or lower) dominates the
overall long-term mean change in precipitation minus evaporation. Equa-
tion (5), an extended form of Eq. (4), breaks down the convergence of the
vertical integral of the long-term mean change in the moisture flux between
two pressure levels into three components related g, .. ; AV: Veoniol Ag> and
Agv. This breakdown helps to identify which component contributes most
to the convergence of the vertical integral of the long-term mean change of

moisture flux at each layer (upper, mid, or lower). We utilize Eq. (5) for our
analysis.

Data availability
The key model data used in this study is made available publicly on
Zenodo™.

Code availability

The code of the Geophysical Fluid Dynamics Laboratory (GFDL) coupled
climate model version 4 (CM4) is publicly available at https://zenodo.org/
records/3339397.
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