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Evidence has emerged of a discrepancy in tropical Pacific sea surface temperature (SST) trends over
the satellite era, where most coupled climate models struggle to simulate the observed La Nifia-like
SST trends. Here we highlight wider implications of the tropical Pacific SST trend discrepancy for
global circulation trends during boreal winter, using two complementary methods to constrain
coupled model SST trends: conditioning near-term climate prediction (hindcast) simulations, and
pacemaking coupled climate simulations. The robust circulation trend response to constraining the
tropical Pacific SST trend resembles the interannual La Niha response. Constraining tropical Pacific
SST robustly reduces tropical tropospheric warming, improving agreement with reanalyses, and
moderately shifts the zonal-mean jets poleward. It also improves surface air temperature and
precipitation trends in ENSO-sensitive regions, such as the Americas, South Asia, and southern Africa.
Our results underline the importance of tropical Pacific SST for achieving confidence in multidecadal

model projections.

Sea surface temperatures (SST) across the tropical Pacific affect global and
regional climate on timescales from seasonal to decadal. Longer-term
changes in tropical Pacific SST's are expected to have substantial implica-
tions for the global climate. Over the satellite era, SST trends in this region
are characterized by warming in the western Pacific and cooling in the
eastern Pacific'™*, sometimes described as a “La Nifia-like" trend pattern™.
Many different mechanisms have been proposed to explain the observed La
Nifa-like SST trend, and the physical mechanisms underlying it are
debated"”.

The observed La Nifa-like SST trend is not captured in most state-of-
the-art climate models***. Instead, most of the coupled models participating
in the Coupled Model Intercomparison Project Phase 6’ simulate an El
Nino-like SST trend with greater warming over the eastern Pacific than the
western Pacific. After examining hundreds of realizations across CMIP6
models, previous work identified an observation-coupled model dis-
crepancy in tropical Pacific SST trends over the satellite era™". The SST
trend discrepancy is known to impact global mean temperature, radiation,
and energy balance'' ™.

Recent work demonstrated that the observation-coupled model tro-
pical Pacific SST trend discrepancy significantly impacts regional circula-
tions in the Southern Hemisphere during wintertime"”. In particular, the La
Nina-like SST trend involves a Rossby wave teleconnection trend that

strengthens the austral winter (June-August, JJA) storm track and weakens
the subtropical jet in the South Pacific. In contrast, coupled models capture
observed Northern Hemisphere circulation trends in JJA, suggesting a weak
impact of the observation-coupled model tropical Pacific SST trend
discrepancy'®”. The importance of the tropical Pacific SST trend for
regional circulation trends during boreal winter (or austral summer,
December-February, DJF) has not been closely examined despite emerging
circulation trends'®.

The motivation for studying the impact of the tropical Pacific SST trend
during boreal winter is provided by the extensive literature on the impact of
interannual El Nifio Southern Oscillation (ENSO) variability on regional
climate in the season. In particular, the background flow during boreal winter
allows ENSO variability to be impactful for both hemispheres”. In the
zonal-mean, the tropical troposphere is cooler, and subtropical jets become
weaker in La Nifia years” . This affects Rossby wave momentum fluxes,
eddy-driven jet, and storm tracks in the midlatitudes™ . Regionally,
interannual ENSO variability involves regional circulation changes such as
the Pacific-North America pattern®, and a similar teleconnection impacts
the South Pacific and South America®. Through teleconnections, the inter-
annual ENSO variability influences remote surface temperature and pre-
cipitation during boreal winter over the Americas, South Asia, and southern
Afica™ ™.
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The observed, modeled, and theoretical evidence that tropical Pacific
SST variability impacts regional climate on interannual time scales moti-
vates an assessment of the impact of tropical Pacific SST trends on regional
climate in boreal winter (DJF). However, coupled models cannot easily be
used to quantify the impact of tropical Pacific SST trends on regional climate
because of the known observation-model SST trend discrepancy™**.

Here we use two novel methods that involve constraining coupled
model simulations to observations™. The first is the hindcast conditioning
method”, which refers to conditional sampling of interannual hindcast
simulations of the DePreSys3 system using the HaddGEM3-GC2 model. By
randomly sampling one of the 40 ensemble members each year, a large
sample of 10,000 long-term trends is generated. The hindcast simulations
are sampled at leads of 14-16 months, by which point the spread in tropical
Pacific SST's across the ensemble is sufficient to permit a broad range of
multidecadal tropical Pacific SST trends to be generated. The long-term
trends are ranked based on their fidelity in simulating observed tropical
Pacific SST trends. The top 0.5% with the lowest bias is considered as the
Pacific-conditioned (hereafter PacCond) ensemble, and these are compared
to the remaining non-conditioned (hereafter NonCond) ensemble. The
second method is the pacemaking method"', which nudges the tropical east
Pacific SST to observations in a fully coupled model. The ensemble of
simulations with tropical Pacific pacemaking (hereafter PacPace) is com-
pared with a free-running ensemble that is not nudged (hereafter NonPace),
both using the CESM2 model. More details can be found in the Methods
section. There are many differences between the methods, including reso-
lution and ensemble size as well as the model and constraining mechanism;
despite these differences, several common aspects emerge from the analysis,
and we focus on these as robust conclusions. Differences between the two
methods are discussed in the final Results section.

Using the hindcast conditioning and pacemaking methods, we quan-
tify the impact of the observation-coupled model tropical SST trend dis-
crepancy on DJF circulation trends over the satellite era. In particular, we
address the following questions. What are the robust impacts of improving
and capturing the observed tropical Pacific SST trends in the coupled
models on the regional circulation and thermodynamic trends? Are the
impacts similar to the interannual El Nifo Southern Oscillation (ENSO)
variability? How do the impacts of capturing tropical SST trends help
coupled models capture emerging circulation trends in the observations
during DJF? Of particular interest are known trend discrepancies between
coupled models and observations, including observed DJF poleward jet
trends'® that are strong given relatively weak increases in tropical
temperatures™™’ and upper tropospheric temperature gradients'®. Lastly,
we address how coupled model surface temperature and precipitation
trends, in the regions affected by ENSO interannually, improve by capturing
tropical Pacific SST trends.

Results
We start by demonstrating the ability of the hindcast conditioning and
pacemaking methods in simulating observed tropical Pacific SST trends
(Fig. 1). The observed DJF tropical Pacific SST trend from 1981/82 to 2018/
19 exhibits warming in the western Pacific and cooling in the eastern Pacific
(Fig. 1a), resembling La Nifia conditions and strengthening the climatolo-
gical zonal SST gradient™ (2.1 K decade ™", black line in Fig. 1b). The Pac-
Cond ensemble-mean trend also shows warming in the western Pacific and
cooling in the eastern (especially southeastern) Pacific (Fig. 1c). Quantita-
tively, the observed zonal SST gradient trend sits within the 10-90% range of
the PacCond ensemble (Fig. 1b). Being nudged to observations, the PacPace
ensemble-mean tropical Pacific SST trend also strongly resembles the
observed trend (Fig. 1e). All PacPace ensemble members have SST gradient
trends very close to the observed trend (1.7-2.1 K decade™). In addition, all
members in the Pacific ensembles (PacCond and PacPace) exhibit a
strengthening SST gradient (i.e., the cyan whiskers in Fig. 1b are above zero),
consistent with the observed trend.

This is in clear contrast with trends in the non-Pacific ensembles
(NonCond and NonPace). Most of the members in the NonCond ensemble

simulate a weakening zonal gradient (i.e., the pink interquartile box is below
zero in Fig. 1b). Similarly, more than half of the members in NonPace
ensemble show zonal SST gradient weakening (i.e., the pink median line is
below zero in Fig. 1b). Thus, both PacCond and PacPace ensembles show
significantly improved SST trends in the tropical Pacific and successfully
simulate La Nifia-like SST trends, effectively addressing the SST trend dis-
crepancy seen in their unconstrained counterparts.

Robust impacts of constraining tropical Pacific SST trends

By constraining the tropical Pacific SST trends, the Pacific ensembles
(PacCond and PacPace) simulate trends that are significantly different from
their unconstrained counterparts (NonCond and NonPace). The difference
in ensemble-mean trends between the Pacific and corresponding non-
Pacific ensembles is referred to as the constrained response (labeled Ap,,
following Kang et al.”). The constrained response quantifies the impact of
capturing the observed tropical Pacific SST trend. Focusing on constrained
responses that commonly emerge in both methods, the response in zonal-
mean temperature is a significant cooling of the tropical troposphere (Fig.
2a, b). The cooling impact is also significant and robust in the Northern
Hemisphere (NH) midlatitudes (around 45-75°N, Fig. 2a, b).

Following the constrained response in temperature, the constrained
response in zonal-mean zonal wind involves a weakening of the subtropical
jets in each hemisphere, consistent with the thermal wind response to the
cooler tropics (Fig. 2d, e). The NH midlatitude jet robustly strengthens
around 45-60°N and weakens around 25-45°N in the mid-to-lower tro-
posphere (Fig. 2d, e). The SH midlatitude jet also intensifies around
50-65°N and weakens around 30-40°N. Thus, capturing tropical Pacific
SST trends is associated with a dipole trend of the zonal-mean zonal wind in
both hemispheres. This robust response is consistent with the connection
between tropical decadal variability and SH jet during DJF*".

We also compare the constrained response to the interannual ENSO
variability in reanalysis, since tropical Pacific SST trends in the Pacific
ensembles (Fig. 1c and e) and non-Pacific ensembles (Fig. 1d, f) resemble La
Nifa and El Nifio, respectively. The reanalysis ENSO response, Agnsos is
calculated as the composite difference between 5 La Nifia and 6 El Nifio
years (see Methods). Although with different units, the zonal-mean tem-
perature and zonal wind ENSO responses in the reanalysis exhibit similar
patterns to the constrained response for each method (Fig. 2, f, see also Fig.
S1 for ENSO in PacCond and PacPace). This suggests that the mechanisms
underlying the zonal-mean constrained response (Ap,) can be understood
in line with the interannual ENSO response (Agnso) studied in previous
work**?,

Regionally, the constrained response in zonal wind is most pronounced
over the eastern Pacific and the Americas for both methods (Fig. 3a, b). The
constrained response in upper tropospheric (200-hPa) wind in the tropical
eastern Pacific (Fig. 3a, b) is a westerly trend, consistent with the
strengthening of the Walker circulation and zonal SST gradient” (Fig. le, Fig.
3d, e). The subtropical jet weakens in both hemispheres in the eastern Pacific
with strengthening westerlies at higher latitudes (Fig. 3a and b), indicating
Rossby wave teleconnection trends'. The constrained response over the
Pacific suggests an enhanced poleward shift, consistent with recent work
which showed a modest contribution of Pacific SSTs to the northward shift
of the North Pacific jet”. Similar patterns of responses are identifiable in the
lower troposphere (850 hPa, Fig. S2), consistent with the barotropic struc-
ture in Fig. 2d, e.

Across the tropical Pacific, the positive constrained response in SLP
in the eastern Pacific shows a strengthening of the Walker circulation
(Fig. 3d, e). Consistent with the Rossby wave teleconnection trends, SLP
strengthens to the northwest and southeast of North America in both
methods (Fig. 3d, e), resembling the Pacific-North American pattern™.
Over the Atlantic, the constrained responses in SLP exhibit a positive
North Atlantic Oscillation-like pattern, consistent with the late-winter
response to La Nifia***, while the response is stronger in the PacPace
ensemble. Regional weakening of SLP over the Indian Ocean east of
Africa is also found (Fig. 3d, e). In the SH mid-latitudes, the constrained
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Fig. 1 | Observed tropical Pacific SST trends are well captured by hindcast con-
ditioning and pacemaking. Tropical Pacific DJF SST trends (1981/82-2018/19) in
(a) ERSSTv5 and (c¢) PacCond, (d) NonCond, (e) PacPace, and (f) NonPace
ensemble-mean. The green boxes indicate where the SST gradient index in (b) is
calculated following Seager et al.”. The black dashed line indicates the pacemaking

domain. Stipples indicate statistically significant trends at the 5% significance level.
b Zonal SST gradient trend in (black) ERSSTV5 and (box and whiskers) the PacCond,
NonCond, PacPace, and NonPace ensembles. Boxes represent the interquartile
ranges, and whiskers indicate the 10-90% range of the trend distribution. The
horizontal line inside each box represents the median trend.

response in SLP exhibits a wave pattern, which is likely related to tropical
diabatic heating®. As before, the constrained responses (Ap,.) in zonal
winds and SLP resemble the ENSO response (Agnso, Figs. 3¢, fand S3).

The constrained responses in regional circulation are connected with
trends in surface impacts. Constraining tropical Pacific SST trends leads to
cooling impacts over the eastern tropical Pacific and low-latitude South
America, consistent with cooler eastern Pacific SST (Fig. 4a, b). Cooling
impacts are also found over midlatitude North America for both methods
(Fig. 4a, b) and are likely related to the northerly trend by the strengthened
SLP trend to the west (Figs. 3d, e and S2c, d). The constrained responses in
SAT also involve cooling over South Asia and southern Africa (Fig. 4a, b).
The cooling impacts in southern Africa are associated with southerly trends
(Fig. S2¢, d). Overall, these constrained responses (Ap,;) in SAT can be
anticipated from the interannual ENSO responses (Agnso) in reanalysis
(Fig. 4¢). It is also worth noting that SAT responses over the extratropical
ocean are also consistent with responses in SST (Fig. $4). This suggests that
the extratropical SST trend responses are also driven by atmospheric cir-
culation, consistent with interannual ENSO responses“.

Lastly, precipitation trends are also impacted by constraining the tro-
pical Pacific SST trends. Across the tropical east Pacific, drying (negative
precipitation) trends are found broadly, whereas wetting (positive pre-
cipitation) trends are found in the Maritime Continent (Fig. 4d, e). Over the
Americas, drying impacts are found over the southeast of North America,
whereas wetting impacts dominate the low-latitude South America

(Fig. 4d, e). These constrained responses over the Americas are consistent
with recent work using statistical adjustment”. In the southeast of South
America, there are robust drying trends (Fig. 4d, e). Over Africa, drying
trends are found near the equator and wetting trends to its south (Fig. 4d
and e). Similar to most of the impacts above, the Ap,. in precipitation is
consistent with Agyso in observations (Fig. 4f). Moreover, the concomitant
responses in SAT and precipitation suggest that land moisture and cloud
interactions’ during ENSO are also operating on multidecadal time scales.

In short, the responses to constraining tropical Pacific SST trends
(Apy,) are robust across both methods. The pattern of the multidecadal trend
response resembles the interannual La Nifia minus El Nifio response (i.e.,
Ap,, resembles Agnso), establishing that interannual teleconnection theory
is a useful guide for impacts on longer timescales.

Improvements in large-scale trends

In this section, we compare the constrained Pacific ensembles to reanalyses,
highlighting improvements in large-scale atmospheric trends that result
from constraining the tropical Pacific SST trend. A notable example is the
temperature trends in the tropical free troposphere, shown in Fig. 5. The
tropical free troposphere exhibits slower warming than the subtropics,
particularly over the eastern Pacific and Atlantic (Fig. S6a). Coupled models
typically overestimate the rate of satellite-era warming in the tropics com-
pared to trends inferred from observations and reanalyses during DJF as
well as other seasons™*****’. This is also found in the non-Pacific ensembles
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Fig. 2 | Robust zonal-mean impacts of constraining Pacific SST trends through
hindcast conditioning and pacemaking resemble ENSO variability. Impact of
constraining tropical Pacific SST trends (Ap,) on the zonal-mean DJF temperature
trend (1981/82-2018/19) from (a) hindcast conditioning and (b) pacemaking.
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d, e Similar results to (a, b), but on the zonal wind trend. ¢, f Similar to (a,b) and (d, e)
but for ENSO response (Agnso) in reanalysis (ERAS5). Stipples indicate statistically
significant impacts at the 5% significance level. The blue dashed vertical lines in (a)
and (b) show where the tropical temperature is averaged in Fig. 5.

(NonCond and NonPace, Fig. 5). While considerable spread is seen in the
reanalysis trends, all three products lie almost entirely outside the 10-90%
range of trends in the non-Pacific ensembles throughout the troposphere
(i.e., the black lines lie outside the pink shading).

As shown in the previous section, constraining the tropical Pacific SST
trend leads to smaller temperature trends in the zonal-mean tropical tro-
posphere (Fig. 2a, b). This brings the models into better agreement with the
reanalysis trends (cyan shading in Fig. 5). Quantitatively, at least one rea-
nalysis product is within the 10-90% range of Pacific model trends at all
levels besides 500hPa. By contrast, below 250hPa, none of the reanalysis
trends are within the 10-90% range of trends in the non-Pacific ensembles.
Regionally, the midtropospheric cooling response is strongest over the
Pacific sector in both ensembles (Fig. S5), corresponding to the region of
slowest warming in the observed trend (Fig. S6a). Previous work has shown
that, in coupled models, weak mid-tropospheric temperature trends are
associated with patterns of SST variability resembling the negative phase of
the Pacific Decadal Oscillation**”. Figure 5 quantitatively shows that the
tropospheric trend discrepancy between models and reanalyses is sub-
stantially reduced in models that capture observed SST trends in the tropical
Pacific.

Due to cooler tropical temperature trends, meridional temperature
gradient trends weaken, and the weakening subtropical jet trends are better
simulated in the Pacific than the non-Pacific ensembles (Fig. S7). In the
midlatitudes, poleward shifts of the DJF zonal-mean jets are seen in rea-
nalyses over the satellite era (Fig. 6a). In the NH, the trends over the North
Pacific contribute most to the zonal mean trend (Fig. S6b). In the SH, the
poleward shift is found across most longitudes (Fig. S6b). While the pole-
ward shift of the zonal-mean jet is consistent with coupled model trends,
previous work noted coupled models tend to simulate poleward shifts in
conjunction with larger strengthening of upper-level meridional tempera-
ture gradients than reanalysis, especially in DJF*.

We revisit the poleward zonal-mean jet shifts in reanalysis and the
Pacific and non-Pacific ensembles using the zonal wind indices of Woollings
et al."”. The light and dark gray shading in Fig. 6a shows the latitude bands
used to calculate the zonal indices, situated on the equatorward and poleward
flanks of the climatological wind maximum in each hemisphere. The index
measures meridional zonal-mean jet shifts as the trend difference between the
poleward and equatorward latitude bands, with positive values corresponding
to poleward shifts. In the SH, jet shifts in the non-Pacific ensembles are similar
to each other, with most of the ensemble members showing a weak poleward
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nificant impacts at the 5% significance level.

shift (i.e., the pink boxes are above zero, Fig. 6b). The non-Pacific ensembles
differ more in the NH, with the NonPace ensemble tending to favour more
poleward shifts than the NonCond ensemble and no overlap between the
interquartile ranges of trends (pink boxes, Fig. 6¢).

In both hemispheres, constraining the tropical Pacific trend leads to
stronger poleward jet shifts (about 0.18 m s~ decade ' in zonal index),
consistent with the ensemble-mean trend response (Fig. 2d, e). In the SH,
the ensemble-mean zonal index trends increase by 50-64% by constraining
the tropical Pacific SST trend (Fig. 6b). In the NH, the ensemble-mean zonal
index trend is about 55% greater in PacPace than NonPace ensemble, and it
changes sign between PacCond and NonCond (Fig. 6¢). However, the effect
size (i.e., the difference in median trends) is modest compared to the spread
between ensemble members, and the constrained response is not statistically
significant in either hemisphere in the PacPace ensemble. In the SH, the
10—90% range of trends in the Pacific ensembles spans zero for both
models, while the poleward shifts in reanalyses remain towards the upper
edge of the model distributions (particularly for PacPace).

In addition to the spread of trends within each model, differences
between the models also have a larger effect than capturing the tropical
Pacific trend, particularly in the NH. The NH zonal-mean jet shifts in the

NonPace ensemble are generally greater than those in the NonCond
ensemble, and even those in the PacCond ensemble (Fig. 6¢), despite the
generally poor tropical Pacific SST trends in NonPace (Fig. 1b, f). In sum-
mary, while constraining the tropical Pacific SST trend does improve zonal-
mean jet trends on average, trends in any pair of model realisations will in
general differ more due to factors external to the tropical Pacific, including
intrinsic atmospheric variability and structural differences between models.
While the focus above is on the zonal-mean, Patterson et al.*’ similarly
concluded that tropical Pacific SST trends are unable to fully explain the
much larger northward shift of the winter North Pacific jet in observations
than in coupled models.

Improvements in surface impact trends

We now investigate improvements in regional surface impact trends that
result from constraining the tropical Pacific SST trend. Figure 7b-e shows
land SAT trends in four regions chosen following the ENSO response (blue
boxes in Fig. 4a-c and Fig. 7a). SAT trends are consistently reduced in the
Pacific ensembles (cyan, Fig. 7b-e), bringing the coupled model trends
closer to the reanalyses. As a consequence, two or more reanalysis trends are
within the Pacific ensemble spread in South Asia (Fig. 7b). In central North
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Fig. 5 | Constraining Pacific SST trends improves
coupled model tropical temperature trends.

a Vertical profile of zonal-mean DJF tropical tem-
perature trends (1981/82-2018/19) in reanalyses
(black lines), and the PacCond (cyan) and NonCond
(pink) ensemble-means. The shadings represent
10-90% of the ensemble trend distributions.

b Similar results for the PacPace (cyan) and Non-
Pace (pink) ensembles. Tropical means are calcu-
lated over 20°S-20°N (see the blue vertical lines in
Fig. 2a, b).

a Hindcast conditioning b Pacemaking

— ~ ST S | ~ T

300+ .

400 .

500+ .

600+ .

700 o | ] i

e 4 G e

900- —— NonCond | | —— NonPace

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5

K decade™’ K decade™’

npj Climate and Atmospheric Science| (2025)8:315


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01192-9

Article

a

0.8
- 0.4-
(0]
©
]
3
8 00-
%)
E -0.4-

—— ERA5 == JRA3Q ---- MERRA2
0.8
.90 .60 -30 0 30 60 90
Latitude
b SH c NH

1.2

0'8_|- al . ------;----- ssssnnfinnnso b ‘
[ — e e e e e L L
S 04+ S SN I
O I e o AR T N R O
(0] [ |
-O = ,']
. 0.0+— | —
E 2 [ ]

-0.41 i

-0.8

Fig. 6 | Constraining Pacific SST trends improves poleward jet shift trends in
coupled models. a DJF 500h-Pa zonal-mean zonal wind trends (1981/82-2018/19) in
reanalyses. b, ¢ Distribution of DJF jet shift trends (1981/82-2018/19) in the (b) SH and
() NH, respectively, using the zonal indices of Woollings et al."*. Positive trends corre-
spond to poleward jet shifts. Boxes indicate the interquartile range and median trend,

Pacéond Non]Cond PacIIDace Nonll:’ace

Pac(liond Non(llond Paclé’ace NonllDace

while whiskers represent 10-90% of the trend distribution. Thicker lines indicate where
the ensemble-mean trends in the Pacific and non-Pacific ensembles are significantly
different at the 5% significance level, using a two-tailed Student’s t-test. Reanalysis trends
are shown by the black horizontal lines. Light and dark gray shading in (a) indicates the
equatorward and poleward latitude bands used to calculate the zonal wind indices.

America, the improvement is modest for hindcast conditioning (i.e., the
difference between PacCond and NonCond is small), but pacemaking
brings coupled model trends significantly closer to reanalysis trends
(Fig. 7c). In southern Africa, all reanalysis trends are outside the 10-90%
range of the non-Pacific ensembles, whereas the ERA5 trend is within the
range of both Pacific ensembles (Fig. 7d). In tropical South America, which
is adjacent to the targeted tropical Pacific region, the spread of trends in the
Pacific ensembles is narrow, with the constrained models simulating land
SAT trends close to the reanalyses (Fig. 7e). Thus, capturing the Pacific SST
trend helps the coupled models capture SAT trends over the land regions
impacted by La Nifia and El Nifo.

Constraining SST trends in the tropical Pacific has a leading-order effect
on regional precipitation trends over land. Figure 8b-e shows precipitation
trends in four regions that are impacted by the tropical Pacific on interannual
ENSO responses and which show a robust constrained response to the tro-
pical Pacific SST trend (the blue boxed regions in Fig. 4d-f). Over the Mar-
itime Continent, the observed positive precipitation trend is not captured by
the non-Pacific ensembles (pink, Fig. 8b). The sign of the trends in the non-
Pacific ensembles is also not robust (i.e., the pink boxes cross zero, Fig. 8b).
Significantly more positive trends are seen in PacCond than in the NonCond
ensemble, which captures the observed trend well. While trends in PacPace
and NonPace ensembles are not significantly different in a statistical sense, the
observed trend is captured by the PacPace but not by the NonPace ensemble.

Similarly, in Southern Africa, significantly more positive precipitation
trends are seen in the Pacific ensembles than their non-Pacific counterparts
(Fig. 8d). This moves the models closer to the observed positive trend. Most

NonPace ensemble members show a drying trend over Southern Africa,
whereas the median trend in PacPace ensemble is weakly positive. While the
NonCond ensemble performs better than the NonPace ensemble, agree-
ment with the observed trend is again improved by capturing the Pacific SST
trend in the PacCond ensemble.

Precipitation trends in the non-Pacific ensembles are weak and
sometimes positive over land in the Gulf Coast region, with the median
trends being nearly zero (i.e., the pink median lines are near zero, Fig. 8c).
When the tropical Pacific SST trend is captured, the regional trends are
significantly more negative in both models (cyan, Fig. 8c), and the observed
trend is captured by the PacPace ensemble.

Finally, over the Amazon Basin, the observed positive precipitation
trend over land is underestimated in the NonCond ensemble (Fig. 8e).
Constraining the Pacific SST trend is necessary in this model in order to
capture observed precipitation trends (PacCond, Fig. 8e). While the observed
trend is already captured by NonPace, the model supports a wide range of
trends of both signs. In contrast, trends in PacPace ensemble are tightly
bunched around the observed trend (Fig. 8e), indicating the strong control
exerted by the Pacific SST trend on the Amazonian precipitation trend.

Comparison of SST constraining methods

We have thus far focused on the robust impacts of constraining the tropical
Pacific SST trends in boreal winter. However, there are some differences
between the impacts quantified using the two methods. For example, the
zonal-mean cooling response over the NH subtropics and the zonal-mean
upper-level westerly response at the equator are found in CESM2
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Fig. 7 | Constraining Pacific SST trends improves coupled model surface air
temperature trends over land. a DJF SAT trends (1981/82-2018/19) in ERAS5.
Statistically significant trends at the 5% significance level are stippled. The blue boxes
represent regions impacted by Pacific SST improvement. Distribution of land SAT
trends in the PacCond, NonCond, PacPace, and NonPace ensembles in (b) South
Asia, (c) central North America, (d) southern Africa, and (e) tropical South America.

Boxes indicate the interquartile range and median trend, while whiskers represent
10-90% of the trend distribution. Note that only trends over land grid points are
quantified in panels (b-e). Thicker lines indicate where the ensemble-mean trends in
the Pacific and non-Pacific ensembles are significantly different at the 5% sig-
nificance level, using a two-tailed Student’s t-test. Reanalysis trends are shown by the
black horizontal lines.

pacemaking but not in DePreSys3 hindcast conditioning (compare Fig. 2a,d
and b,e). Regionally, these differences are related to differing responses
outside the Pacific sector (Figs. 3 and S5). These differences could arise due
to differences in the SST trend-constraining methods (hindcast con-
ditioning and pacemaking) and/or the differences in models.

The hindcast trends in PacCond are formed by concatenating discrete
ENSO events, and hence slow feedbacks that couple different years, such as
changes in ocean circulation or the accumulation of stratospheric water
vapour’, are neglected. Also neglected are lagged teleconnections to the
tropical North Atlantic and Indian oceans, which persist through the boreal
spring and boreal summer following ENSO events, respectively’>”. On the
other hand, the PacPace simulations are continuous integrations that evolve
freely outside the tropical Pacific region, and can hence probe the influence of
slow feedbacks from the tropical Pacific SST trend. Lagged teleconnections
could therefore explain the stronger tropical North Atlantic cooling response
in PacPace than PacCond (c.f. Fig. 4a, b) and the correspondingly weaker
Amazon basin precipitation response (Fig. 4d—e). An additional difference is
that only the tropical east Pacific is nudged in PacPace, whereas the tropics
evolve freely in the ENSO events that form the PacCond sequence.

One way to quantitatively understand the differences is to repeat the
hindcast conditioning using CESM2. Thus, we performed hindcast con-
ditioning using the simulations from the Seasonal-to-Multiyear Large
Ensemble prediction system (SMYLE™), which is a hindcast ensemble using
CESM2 (Fig. S8). In SMYLE, the impact of constraining tropical Pacific SST
trends on the zonal mean temperature and zonal wind trends is more similar
to Ap,, from hindcast conditioning than from pacemaking (cf. Figs. 2 and S9).
Thus, it is likely that the zonal mean response differences between DePreSys3
hindcast conditioning and CESM2 pacemaking are due to the difference in
SST trend-constraining methods (that only the tropical east Pacific is nudged
in the PacPace ensemble) rather than the difference in models. Nevertheless,
it is worth noting that we find similar robust responses to those identified in
DePreSys3 hindcast and CESM2 pacemaking in SMYLE hindcast (Figs.
S8 and S9), further building confidence in our conclusions.

Discussion
It is well established that the current generation of coupled models struggles
to simulate observed SST trends in the tropical Pacific’. Less attention has

focused on the consequences of the tropical Pacific SST trend discrepancy
for regional circulation and thermodynamic trends, because of the difficulty
in using coupled models to investigate them. We used two novel and
complementary methods to constrain tropical Pacific SST trends in coupled
models: hindcast conditioning, which samples a very large ensemble of
hindcast trends based on their representation of Pacific SST trends, and
pacemaker experiments, where model SST anomalies in the tropical Pacific
are relaxed to observed values.

The circulation response to constraining the tropical Pacific SST trend
in boreal winter closely resembles the interannual response to La Nifia in the
models and reflects the fast atmospheric response to tropical Pacific SST
variability. The tropics cool in the zonal-mean and the subtropical jets
weaken, and a dipole trend is found across midlatitudes. Regionally, the
Pacific Walker circulation strengthens, the Aleutian Low weakens, and the
jet shifts poleward over North America, consistent with the Pacific-North
American teleconnection®”. The North Atlantic response projects onto
positive NAO, though the low pressure response is stronger and extends
further into Eurasia in the PacPace ensemble.

We also show that constraining the tropical Pacific trend improves the
coupled models’ agreement with trends in observations and reanalyses.
Reanalysis tropical tropospheric temperature trends mostly fall within the
10—90% range of trends in the Pacific ensembles, whereas the non-Pacific
ensembles overestimate tropical warming. This reduces meridional tem-
perature gradient trends and improves coupled model simulation of sub-
tropical jet weakening trends. Constraining the tropical Pacific SST trend
also leads to ensemble-mean jet shift trends that are 50-64% more poleward
in the SH and 50% in the NH. However, variability outside the tropical
Pacific and structural differences between models remain key factors in
modeled jet trends over this period. Nevertheless, with cooler tropical
upper-level temperature trends, the Pacific ensembles reduce the combined
meridional temperature gradient-poleward jet shift discrepancy identified
in coupled models by Woollings et al.”’. We also show that capturing the
tropical Pacific SST trend is necessary for reproducing observed regional
temperature and precipitation trends over Southern Africa, the Maritime
Continent, and parts of the Americas.

The hindcast conditioning and pacemaking methods used to constrain
SST trends are complementary. The hindcast conditioning approach

npj Climate and Atmospheric Science| (2025)8:315


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01192-9

Article

) b Maritime Cont. ,C Gulf Coast
o
g 0.2 '4_' - 0.06 i
» ] [ 1 |
3 F 1 b L m o1 M
w =117 ° I \‘
> 1 H
T -0.2 -0.06 )
E GPCP
E -0.4 _1 T T T -0.12 T T T T
o d Southern Africa .8 Amazon Basin
‘I_GJ
g 0.154 0.151
e ————
,_8 0.0 Ea L1 m L1 00 i -
& T H |
O .0.151 -0.15- L
] ! [ # =
-1 -02 -0.05 -0.01 0.02 01 05 =

mm day~' decade™’

Fig. 8 | Constraining Pacific SST trends improves coupled model precipitation
trends over land. a DJF precipitation trends (1981/82-2018/19) in GPCP. Statisti-
cally significant trends at the 5% significance level are stippled. The blue boxes
represent regions impacted by Pacific SST improvement. Distribution of land pre-
cipitation trends in the PacCond, NonCond, PacPace, and NonPace ensembles in (b)
Maritime Continent, (c) Gulf Coast, (d) Southern Africa, and (e) Amazon Basin.
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Boxes indicate the interquartile range and median trend, while whiskers represent
10-90% of the trend distribution. Note that only trends over land grid points are
quantified in (c-e), while (b) Maritime Continent includes trends over ocean grid
points. Thicker lines indicate where the ensemble-mean trends in the Pacific and
non-Pacific ensembles are significantly different at the 5% significance level, using a
two-tailed Student’s t-test. GPCP trends are shown by the black horizontal lines.

leverages a very large ensemble to sample rare coupled model trends:
although only a small fraction of the 10,000 members come close to cap-
turing the observed trend, the resulting conditioned subset is still large
enough to allow for robust statistics. Achieving a conditioned subset of
comparable size by sampling free-running coupled simulations would
require considerable computational expense, whereas the hindcasts
approach efficiently exploits existing resources to build a very large
ensemble of plausible trends. While slow feedbacks are neglected in the
PacCond response, energy is conserved and full coupling is retained within
each hindcast simulation. An additional benefit is the relatively high hor-
izontal and vertical resolution of DePreSys3, and its skill in representing
teleconnections from the tropical Pacific as verified against observations™;
through its frequent re-initialisation from reanalysis, mean state biases are
also minimised. While the PacPace ensemble is smaller, it isolates the causal
effect of the tropical Pacific SST trend by directly perturbing the model SST
field. It also permits slow feedbacks that couple the responses between
successive years, unlike in PacCond.

The methods used here can be used to quantify the impact of tropical
Pacific SST trends in other seasons. Investigating the impact of constraining
tropical Pacific SST trends during June-July-August (JJA) using the two
methods reveals strong and robust circulation responses over the South
Pacific sector (Fig. S10). Both methods indicate a pressure dipole response
consistent with subtropical jet weakening and midlatitude jet strengthening
(see also Fig. 6 in Kang et al.”). A drying response is also seen over the coast
of Chile (Fig. S10g, h), consistent with work linking South Pacific pressure
trends to the recent Chilean multi-year drought”. Wetting responses are
also robustly found over central Africa, India, and Central America.

In contrast, the NH response is generally weak: hindcast conditioning
shows no circulation response anywhere in the NH (Fig. S10a, c), and
pacemaking shows a moderate response over the North Pacific but weak
signals downstream, consistent with the weaker waveguiding mean state in
NH summer (Fig. S10b, d). This aligns with recent findings that coupled
models capture the NH summertime circulation trend despite the tropical
Pacific SST trend discrepancy'’. The non-robust NH circulation trend
responses from the two methods also suggest that processes other than
tropical Pacific SST trends™ can be important for the stationary wave trends.
The response from hindcast conditioning is weak since shorter lead times

are used for JJA (see Methods), and the SST trend difference between
PacCond and NonCond is small.

The results in this paper have been interpreted through teleconnections
from the tropical Pacific that are well established on seasonal timescales, and
which appear to also hold in projections of future climate™. However, with
only a small pool of La Nifa and El Nifio events in the observed record, even
these relationships could be considered uncertain, particularly outside the
Pacific and North American sectors™. Unlike the interannual La Nifia and El
Nifio composites, which isolate the influence of the tropical Pacific, the
single observed trend also contains contributions from outside the Pacific, as
well as the anthropogenically forced trend.

We also expect that constraining tropical Pacific SST trend would
imprint on extratropical SSTs*—both via the atmospheric circulation (both
methods) and potentially through changes to ocean circulation (only in
pacemaking). Examining the extratropical SST trends (Fig. S4), the response
over the Pacific is largely similar in both models and resembles the SST
response to ENSO variability™, suggesting the importance of the atmo-
spheric circulation response. Differences are somewhat larger over other
extratropical oceans, potentially reflecting the importance of ocean pro-
cesses and slower feedbacks.

Consistent with recent wor , this study has quantified the sig-
nificant impact of recent trends in the tropical Pacific SST, in which the
zonal SST gradient has strengthened. This highlights the importance of
understanding the physical mechanisms underlying the tropical Pacific SST
trends*’. Coupled models project a future reversal of this trend, leading to a
weakened east-west gradient. However, confidence in these projections is
limited by the failure of models to capture the recent trend. If present trends
continue, our findings suggest that models will continue to struggle to
capture trends elsewhere in the climate system, from tropical warming to
regional temperature and precipitation trends.

15,61

Methods

Observational data

We use various observational data to quantify the trends from 1981/82 to
2018/19 during DJF. SST data is used from ERSSTv5”. Trends in surface
temperature and atmospheric circulation are quantified from three reana-
lysis products: MERRA2®, ERA5%, and JRA3Q®. For precipitation trends,
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we use the GPCP monthly products version 2.3%. The later GPCP version
3.2 dataset” starts from 1983 and therefore is not considered here. Never-
theless, previous work showed that the trends in the two versions are largely
similar”’. Trends are quantified using least-squares linear regression.

Pacemaking: CESM2 Pacific Pacemaker simulations

We use pacemaking to constrain the tropical Pacific SST trends in coupled
simulations. Specifically, we use the CESM2 tropical Pacific pacemaker
ensemble  (see  https://www.cesm.ucar.edu/working-groups/climate/
simulations/cesm2-pacific-pacemakerfor details, also Kang et al."®). The
Pacific pacemaker ensemble (PacPace) is a 10-member initial condition
ensemble using the CESM2 model®. The simulations have a nominal 1°
horizontal resolution both in the atmosphere and ocean. They are run from
1880 to 2019 and are forced with the CMIP6 historical (until 2014) and
SSP3-7.0 (after 2015) radiative forcings. The simulations are fully coupled
except in the regions where SST anomalies (relative to 1880-2019 clima-
tology) are nudged to observed anomalies from ERSSTv5* (black dashed
line in Fig. 1). Thus, by construction, it captures the observed tropical Pacific
SST trends.

The impact of constraining tropical Pacific SST trend is quantified by
comparing the PacPace ensemble to the CESM2 large ensemble
simulations®’. The CESM2 large ensemble is a 50-member initial condition
ensemble that has the same horizontal resolution and is forced with the same
radiative forcing as the PacPace ensemble. The key difference compared to
the PacPace ensemble is that pacemaking is not applied to the tropical
Pacific with SST freely evolving in the CESM2 large ensemble. The CESM2
large ensemble is thus termed the NonPace ensemble. The NonPace
ensemble does not capture the observed tropical Pacific SST trend
(Fig. 1b, f). Differences in the mean of the trend distributions between the
PacPace and NonPace ensembles are tested using a Student’s t-test at the 5%
significance level.

Hindcast conditioning: DePreSys3 hindcast simulations

We also use hindcast conditioning to constrain the tropical Pacific SST
trends. We utilize interannual hindcast simulations from the third iteration
of the Met Office decadal prediction system®” (DePreSys3), which uses the
HadGEM3-GC2 coupled model”””. The HadGEM3-GC2 model has a
horizontal resolution of approximately 0.83° x 0.56° in the atmosphere and
0.25° in the ocean. The initial conditions of the hindcast simulations are
derived from ERA-Interim’ reanalysis for atmospheric winds and tem-
perature, MOSORA" for ocean temperature and salinity, and HadISST™ for
sea ice. The simulations are forced with CMIPS5 historical (until 2005) and
RCP4.5 (after 2006) radiative forcings.

A 40-member hindcast simulation ensemble is initialised on the 1st of
November in each year from 1980 to 2022, and is run for 17 months. We use
data from months 14 to 16 of each simulation (the second DJF) to ensure
sufficient spread in simulated tropical Pacific SST. This results in 40 data
points each year. We focus on DJF from 1981/92 to 2018/2019, the over-
lapping period with the PacPace ensemble. Then, we create 10,000 boot-
strapped timeseries by randomly selecting one of the 40 members each year
following Thomas et al.””. Each timeseries is referred to as a trend member.
Trend members for JJA (Fig. S10) are created using data from months 8 to
10 of each simulation; thus, the spread in simulated tropical Pacific SST is
narrower.

Of the 10,000 trend members, we condition the top 0.5% with the
lowest bias in tropical Pacific SST trends. Specifically, the bias for each trend
member is measured as the root-mean-squared difference between the
observed SST trends in the region where pacemaking is applied (regions
bordered by dashed lines in Fig. 1). These 50 members are referred to as the
PacCond ensemble. The remaining 9950 members are labeled the Non-
Cond ensemble. While the choice of 0.5% is arbitrary, selecting the top 5% or
0.25% does not change the main results of the paper. As for the pacemaking
approach, we test differences between the means of the PacCond and
NonCond trend distributions using a two-tailed Student’s t-test at the 5%
significance level.

Hindcast conditioning: SMYLE hindcast simulations

We utilize the Seasonal-to-Multiyear Large Ensemble prediction system
(SMYLE) hindcast simulations using CESM2**. The SMYLE hindcast
simulations have the same horizontal resolution as the CESM2 Pacific
Pacemaker simulations. The radiative forcing is largely similar to that used
in CESM2 Pacemaker, but the biomass burning forcing is smoother”. The
initial conditions are derived from the JRA55” reanalysis for atmosphere.
Ocean and sea ice initial conditions are obtained from the forced ocean-and-
sea-ice configuration of CESM2, which uses JRA55-do’® as atmospheric
forcing.

We use the 20-member ensemble hindcast simulations initialised on
the 1st of May in each year from 1970 to 2019. We use the data from months
20 to 22 of each simulation (second DJF). The lead time needed to obtain a
sufficient spread in simulated tropical Pacific SST is longer than the
DePreSys3 hindcasts. This results in 20 data points each year, and we focus
on the same period (DJF from 1981/92 to 2018/2019) as above. We create
10,000 bootstrapped timeseries by randomly selecting one of the 20 mem-
bers each year. The rest of the procedures to create the tropical Pacific SST
trend-conditioned ensembles are the same as those for the DePreSys3
hindcasts. Since the hindcast conditioning method is used in the CESM2
model, the SMYLE hindcasts effectively connect the DePreSys3 hindcast
conditioning and CESM2 pacemaking.

La Niha and El Nino years

La Nifia and El Nifio years for quantifying ENSO variability (Agnso) are
defined using ERSSTv5 DJF-mean SST anomalies, calculated with respect to
the 1982-2019 climatology. The long-term trends are removed from the
anomalies, and we calculate the Nifio3.4 index from the detrended
anomalies. La Nifa and El Nifio years are identified when the detrended
index falls below or exceeds one standard deviation, respectively’. This
results in 5 La Nifa (1988/89, 1998/99, 1999/2000, 2007/08, 2010/11) and 6
El Nino (1982/83, 1986/87, 1991/92, 1997/1998, 2009/10, 2015/16) years.
The same years are used to create La Nifia and El Nifio composites in
PacCond and PacPace ensembles. The difference between the 5 La Nifia and
6 El Nino years, i.e. La Nifia minus El Nifio, quantifies the impact of ENSO
variability (Agnso).

Data availability

The reanalysis data used here are available online (ERA5: https://cds.
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?
tab=form, JRA3Q: https://rda.ucar.edu/datasets/ds640-1/, MERRA2:
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2). The GPCP data
are available at https://psl.noaa.gov/data/gridded/data.gpcp.html. The
CESM2-LE simulations are accessible online at https://www.cesm.ucar.
edu/community-projects/lens2. The Pacific Pacemaker simulations are
available at https://www.cesm.ucar.edu/working-groups/climate. The
SMYLE hindcasts can be accessed at https://www.cesm.ucar.edu/
working-groups/earth-system/simulations/smyle. ~ DePreSys3  and
HadGEM3-GC2 data are available upon reasonable request from the
authors. The underlying code for this study is available on zenodo.org and
can be accessed via this link https://doi.org/10.5281/zenodo.15351426.

Code availability

The underlying code for this study is available on zenodo.org and can be
accessed via this link https://doi.org/10.5281/zenodo.15351426.
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