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Abstract

Pacific sea-surface warming patterns influence regional rainfall and the pace of global warming by
shaping atmospheric circulation and cloud feedbacks, but climate models still struggle to reproduce
Pacific rainfall biases and recent warming patterns. Here we show that one source of these errors is the
smoothed representation of the Rockies, Central American cordillera and Andes in coarse-resolution
climate models. In experiments that restore more realistic peak elevations, higher American mountains
reduce excessive moisture transport from the Atlantic and Amazon regions into the Pacific, weaken the
spurious southern tropical rain band and reduce Pacific sea-surface temperature biases. In historical
simulations, the same topographic change produces a more realistic recent Pacific warming pattern,
especially over the northeastern Pacific, by increasing low-cloud radiative cooling. These results identify
smoothed American orography as a physically interpretable and potentially correctable model error with
implications for Pacific rainfall, warming-pattern biases, regional climate projections and regional climate
risk.

Introduction

The Pacific Ocean exerts an outsized influence on global and regional climate by organizing tropical
rainfall, atmospheric circulation, marine clouds, and radiative feedbacks'?. These climatic effects depend
strongly on the spatial pattern of Pacific sea-surface temperature change, which shapes regional
hydroclimate projections and estimates of climate sensitivity. Observations during 1979-2013 show
enhanced warming in the western tropical Pacific, muted warming or cooling in parts of the eastern
equatorial Pacific, and cooling over portions of the Southern Ocean, producing a La Nifia-like trend
pattern®*. This pattern has been linked to the recent slowdown in global-mean surface warming’ and
affects energy-budget estimates of equilibrium climate sensitivity and transient climate response®*®. Yet
successive generations of coupled climate models, including CMIP5 and CMIP6, generally fail to
reproduce the observed pattern, instead simulating excessive warming in the eastern Pacific and Southern
Ocean or a more El Nifio-like tropical Pacific response®**.

Why models miss this pattern remains unresolved. Previous studies have identified several mechanisms
that can favor La Nifia-like Pacific SST trends. Some emphasize changes in atmospheric and oceanic
circulation: strengthened Pacific trade winds can cool the central-to-eastern tropical Pacific and increase
subsurface ocean heat uptake, while Southern Ocean cooling can influence tropical and subtropical
Pacific SSTs through atmospheric and coupled feedbacks’''. Others highlight the roles of external
forcing and model mean state: aerosol-forcing experiments suggest that fast atmospheric adjustment and
ocean dynamical memory can help sustain early twenty-first-century La Nifia-like conditions, and flux-
adjusted simulations show that reducing tropical mean-state biases can produce a more La Nifa-like
response to radiative forcing'>'?. Taken together, these studies show that Pacific SST trends are sensitive
to circulation changes, remote ocean-atmosphere coupling, external forcing, and the simulated mean state.
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They also suggest that mean-state and warming-pattern biases are connected. Yet they leave unresolved
why free-running coarse-resolution models generate these linked biases in the first place.

One overlooked structural contributor may be the overly smoothed representation of the major mountain
ranges of the Americas. The Rockies, Central American cordillera, and Andes form narrow, high barriers
along the eastern Pacific margin, but coarse-resolution models represent these ranges with grid-cell mean
elevations that underestimate crest heights and weaken mechanical blocking'*'®. This height bias matters
because these ranges define much of the eastern boundary of the Pacific. Previous studies show that
American orography can influence cross-basin moisture transport, low-level winds, wind-driven ocean
adjustment, subtropical subsidence, marine low clouds, eastern-boundary SSTs, and ITCZ structure'* .
Although these studies establish American orography as an important control on the Pacific mean state,
they do not determine whether orographic smoothing can contribute directly to tropical Pacific rainfall
biases through atmospheric moisture transport rather than coupled SST biases alone. Nor do they
establish whether the resulting mean-state changes help explain errors in the simulated historical Pacific
warming pattern.

Higher-resolution models can reduce some Pacific rainfall, SST, and warming-pattern biases, but
resolution changes many processes at once, including topography, clouds, coastal winds, ocean dynamics,
numerics, and parameterizations®***. Existing topographic sensitivity experiments have clarified how
individual mountain ranges affect regional circulation and eastern-Pacific climate, but most have not
tested whether restoring the peak elevations of the Rockies, Central American cordillera, and Andes
together can alter the coupled Pacific mean state and its historical warming pattern. In addition, broad
maximum-height corrections can raise extensive terrain and introduce thermal forcing, making it difficult
to isolate mechanical blocking effects'>**. A targeted perturbation is therefore needed to isolate the
mechanical effects of restoring narrow American mountain peaks.

Here we test this hypothesis by selectively restoring more realistic peak elevations of the Rockies, Central
American cordillera, and Andes while minimizing broad thermal forcing. Prescribed-SST experiments
isolate the direct atmospheric response to higher topography, fully coupled simulations reveal the
resulting ocean-atmosphere adjustment, and historical ensembles test whether the same perturbation
affects the recent warming pattern. These experiments show that higher American mountains strengthen
the mechanical barrier to low-level flow, reduce Atlantic/Amazon-to-Pacific moisture transport, and
weaken the spurious southern tropical rain band. In coupled simulations, associated changes in eastern-
Pacific subsidence, winds, upwelling, and marine low clouds reduce several Pacific SST mean-state
biases. In historical simulations, the same topographic perturbation produces a more realistic northeastern
Pacific warming pattern through enhanced low-cloud radiative cooling. These results identify smoothed
American orography as a physically interpretable boundary-condition error linking Pacific mean-state
biases to errors in simulated recent warming.

Results and Discussion
Direct atmospheric response: moisture transport and precipitation

To separate the immediate atmospheric effects of higher American topography from slower ocean-
atmosphere feedbacks, we first analyze prescribed-SST simulations in which sea-surface temperatures are
fixed and only the atmosphere responds to the orographic perturbation. We compare a Control simulation
with default orography to a HITOPO simulation that raises the model crest grid cell at each latitude to the
corresponding observed elevation. This design enhances the mechanical blocking of narrow mountain
ranges while limiting broad thermal forcing (Methods; Supplementary Figure 1).
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In the prescribed-SST experiments (Fig. 2), the Control simulation exhibits two prominent tropical
precipitation biases even in the absence of SST errors. First, precipitation is excessive and the northern-
hemisphere ITCZ is overly broad, a bias also present in the coupled configuration. Second, an
unrealistically strong southern off-equatorial rain band develops over the central/eastern Pacific®’. The
persistence of these features under prescribed SSTs indicates that major components of the double-ITCZ
structure are not solely a consequence of coupled SST biases, but have an atmospheric component,
consistent with AMIP-based studies of double-ITCZ behavior®.

Increasing American topography in HITOPO strengthens large-scale subsidence over the eastern
subtropical and tropical Pacific and sharply reduces vertically integrated moisture transport across the
tropical American transect (Fig. 2a,d). Tropical America is a known pathway for atmospheric freshwater
export from the Atlantic/Amazon region toward the Pacific'®'"*" and Central American mountains can
obstruct Caribbean-to-eastern North Pacific moisture export®. In the Control simulation, net moisture
transport toward the Pacific is 0.95 Sv, substantially larger than previous estimates for comparable cross-
American transport: 0.36-0.47 Sv from Eulerian observation/reanalysis-based estimates and 0.26 Sv from
a Lagrangian estimate'”*"?**°_ In HITOPO, this transport decreases to 0.38 Sv, bringing the simulation
into closer agreement with these estimates (Fig. 2d). The higher topography also enhances subsidence
over the northeastern, southeastern, and eastern equatorial Pacific (Fig. 2a), providing an additional
dynamical pathway for shifting tropical precipitation, consistent with previous work linking orographic
subsidence to eastern Pacific rainfall structure'®'®,

Consistent with the reduced moisture import and enhanced eastern-Pacific subsidence, HITOPO produces
a systematic shift in tropical precipitation (Fig. 2¢). Precipitation decreases across the southern off-
equatorial rain band (~5—15°S) over the central/eastern Pacific, with local drying up to ~3.6 mm day' in
the prescribed-SST case. Rainfall also decreases along parts of the overly broad northern ITCZ, especially
on its flanks, although the core ITCZ remains strong. Together, these changes weaken the characteristic
double-ITCZ structure: the spurious southern branch is suppressed, while excessive northern-hemisphere
rainfall is reduced in several biased regions.

Because SSTs are fixed, these precipitation shifts reflect a direct atmospheric response to altered
orographic control of low-level flow, subsidence and inter-basin moisture pathways without air—sea
coupling. The offshore precipitation improvement is accompanied by increased precipitation along parts
of the American cordillera (Fig. 2c), likely reflecting enhanced local orographic uplift over steepened
terrain and representing a caveat of the abrupt topographic perturbation.

Ocean-atmosphere response to higher topography

The prescribed-SST experiments isolate the direct atmospheric response to higher American topography:
reduced cross-basin moisture transport, enhanced eastern-Pacific subsidence and weaker tropical
precipitation biases. We next ask whether this pathway persists, weakens, or is reorganized when SSTs
and ocean dynamics are allowed to respond. This step is essential because the historical warming pattern
develops on a coupled mean state whose SST gradients, winds, upwelling, clouds, and precipitation
interact with the response to external forcing. In the coupled configuration, the fixed-SST pathway partly
persists: cross-basin moisture transport and eastern-Pacific precipitation bias are reduced, but these
changes are now embedded within adjustments in SST gradients, low-level winds, upwelling, and marine
clouds (Fig. 3; Supplementary Figure 2). This coupled step is important because double-ITCZ
precipitation biases often coexist with persistent tropical Pacific SST mean-state errors, including an
overly strong equatorial cold tongue®' >,
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Over the equatorial Pacific, HITOPO weakens the cold-tongue bias by warming the eastern equatorial
Pacific and cooling the western Pacific, thereby reducing the zonal SST gradient (Fig. 3a). This
mechanism differs from previous Central American-orography studies that emphasized surface heat-flux
and ocean-current responses in shaping eastern tropical Pacific SSTs'’. In HITOPO, eastern-equatorial
warming is not driven by enhanced atmospheric heat input: net ocean heat uptake from the atmosphere
decreases over this region (Supplementary Figure 3), indicating that surface heat-flux changes act mainly
as a damping response. Instead, the warming is more consistent with ocean dynamical adjustment.
HITOPO weakens low-level easterlies over the eastern equatorial Pacific while strengthening them farther
west (Fig. 3a). These wind anomalies produce upper-ocean vertical-velocity changes that weaken
upwelling in the east and strengthen it in the west (Fig. 3d). Reduced eastern-equatorial upwelling warms
the equatorial surface and weakens the zonal SST gradient.

HITOPO also partially offsets the warm SST biases in the northeastern and southeastern subtropical
Pacific, yielding pronounced coastal and subtropical cooling patches (Fig. 3a). These subtropical
responses are consistent with previous work showing that American topography can strengthen
subtropical anticyclonic circulation, descent, and marine low-cloud/SST feedbacks in the eastern
Pacific'*'*!°, In HITOPO, stronger northeasterly and southeasterly flow over the northeastern and
southeastern Pacific favors cold advection and increased marine low-cloud cover, promoting regional SST
cooling (Fig. 3a,c). Because eastern-boundary SST biases are also tied to coastal upwelling and marine
low-cloud processes that are poorly resolved at coarse resolution, this topographic perturbation should be
expected to alleviate only part of the bias®'*,

These coupled SST and circulation changes feed back onto tropical precipitation. Rainfall increases
modestly near the equator in the central/eastern Pacific, while cooling south of the equator suppresses
convection and weakens the spurious southern off-equatorial rain band (Fig. 3b). Reduced cross-basin
moisture transport also continues to limit moisture supply to the eastern Pacific (Supplementary Figure 2).
The onshore precipitation increase along the American cordillera is weaker than in the prescribed-SST
experiment, suggesting that coupled SST and circulation changes modify the upwind moisture supply and
low-level flow impinging on the terrain. Overall, the coupled response is mechanistically connected to the
prescribed-SST pathway but is not uniformly beneficial: allowing the ocean to adjust amplifies regional
cooling and reorganizes SSTs, winds, clouds, and precipitation, reducing several Pacific biases while also
suggesting possible over-adjustment to the imposed topography.

Historical warming pattern and cloud-stability mechanism

We next ask whether these orographically driven mean-state changes affect the simulated historical SST
trend pattern. Applying the same modified orography in historical simulations improves several aspects of
the 1979-2013 Pacific SST trend pattern: relative to the Control, HITOPO shows enhanced cooling over
the northeastern Pacific, reduced warming rates over the southeastern and eastern equatorial Pacific, and
enhanced warming over the western Pacific (Fig. 1c,d). Over the Pacific basin, HITOPO improves the
centered pattern correlation with observations from -0.29 to 0.21 and reduces the area-weighted mean bias
from 0.064 to 0.011 K decade™. These changes indicate that large-scale orography can substantially alter,
and partly improve, the simulated historical warming pattern. We next examine whether the enhanced
northeastern Pacific cooling arises through a pathway linking land-ocean thermal contrast, lower-
tropospheric stability, marine low-cloud cover, and shortwave cloud cooling.

Low stratiform cloud cover over the subtropical northeastern Pacific off California peaks in boreal
summer, when lower-tropospheric stability and inversion strength are strongest; this seasonality is
associated with a strong negative shortwave cloud-radiative effect®. In HITOPO, the enhanced
northeastern Pacific cooling trend is accompanied by a more negative shortwave cloud-radiative effect,
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indicating reduced absorbed shortwave radiation at the surface (Fig. 4a), and by increased ECTEI over the
same region, indicating stronger lower-tropospheric stability favorable for marine low clouds (Fig.
4b)36’37.

These relationships are consistent with a warm-season land-ocean contrast mechanism acting on an
orographically altered mean state. In JJA zonal-wind sections across western North America, higher
topography raises the below-ground boundary from roughly 850-900 hPa in Control to near 700 hPa in
HITOPO around 250°E, closing or strongly narrowing the low-level pathway across the mountain region
(Supplementary Figure 4). This mean-state mechanical constraint helps explain why the topographic
perturbation can affect the warming response: it changes the lower-tropospheric pathway through which
the seasonally heated continent interacts with the northeastern Pacific marine boundary layer*®. Monthly
trend diagnostics then show the seasonal timing of this response: the land-ocean thermal contrast
strengthens first, from late spring through October, while low-cloud and shortwave cloud-radiative
responses peak later in summer (Supplementary Figure 5). Because these responses are strongest in boreal
summer, we focus on JJA in the vertical sections.

The JJA sections show that the stronger land-ocean contrast trend in HITOPO is accompanied by
enhanced stabilization below 800 hPa and increased low-cloud trends along 32.5°N (Fig. 4c,d). Together,
these results support a mechanism in which higher orography alters the lower-tropospheric mean-state
pathway across western North America, enhances warm-season land-ocean thermal contrast, strengthens
northeastern Pacific boundary-layer stability, increases low-cloud cover, and amplifies shortwave cloud
cooling and surface ocean cooling. More broadly, these results illustrate how an orographically altered
mean state can affect the background on which historical warming patterns develop.

Synthesis and implications

Our results suggest that American mountain height influences not only the Pacific mean state, but also the
simulated spatial pattern of historical warming. Together, the experiments identify mountain smoothing as
a physically interpretable link between excessive cross-basin moisture transport, tropical precipitation
biases, Pacific SST mean-state errors, and an unrealistic Pacific SST trend pattern. In prescribed-SST
simulations, higher American topography reduces Atlantic/Amazon-to-Pacific moisture transport and
enhances eastern-Pacific subsidence, weakening excessive tropical rainfall, especially the spurious
southern rain band. When ocean-atmosphere coupling is allowed, the same perturbation reorganizes SST
gradients, winds, clouds, and ocean dynamics. In historical simulations, this altered coupled background
state produces a more realistic northeastern Pacific cooling trend through enhanced land-ocean thermal
contrast, lower-tropospheric stability, low-cloud cover, and shortwave cloud cooling. These results imply
that atmospheric responses to underestimated orographic forcing, together with their coupled ocean-
atmosphere consequences, can contribute to biases in Pacific warming patterns and pattern-dependent
climate feedbacks™®.

The response is not uniformly beneficial. The idealized topographic perturbation can introduce local
precipitation artifacts, amplify regional cooling, and only partly alleviate biases where coarse model
resolution still limits coastal upwelling and marine low-cloud processes. Because climate models are
developed and tuned around their default orography, abrupt changes in mountain height may expose
compensating errors or lead to overcorrection. Such overcorrection matters because Pacific SST gradients
influence Walker circulation and El Nifo-Southern Oscillation (ENSO) variability, while SST patterns
shape radiative feedbacks; changes that improve individual regional biases could therefore still affect
climate variability and feedback estimates’>**°. These caveats suggest that topographic realism is not
simply a matter of raising mountains, but of representing terrain-induced dynamical forcing in a
physically based and numerically stable way.
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The remaining mismatch over the southeastern Pacific points to processes beyond local American
orography. Although HITOPO enhances shortwave cloud-radiative cooling there, it does not produce a
cooling trend comparable to observations, suggesting that the southeastern Pacific trend is not controlled
solely by local cloud feedbacks. Southern Ocean cooling may provide an additional influence through
oceanic advection and large-scale atmospheric teleconnections'®!!, and a Southern Ocean pacemaker
experiment combined with modified orography would provide a useful test of this interaction. The weaker
southeastern response may also reflect a different seasonal low-cloud regime: unlike the northeastern
Pacific, southeastern Pacific low-cloud cover peaks in austral spring and is much weaker in austral
summer, when the land-ocean thermal contrast is largest™.

More broadly, coastal topography along the Americas may help shape why the observed warming-cooling
pattern is especially pronounced in the Pacific. By reinforcing subtropical anticyclonic circulation,
stabilizing the marine boundary layer, and potentially amplifying the subtropical-cloud pathway linking
Southern Ocean variability to the tropical Pacific'™!""°, eastern Pacific coastal mountains may influence
both regional SST trends and the feedbacks inferred from them. Improving the representation of
topography may therefore strengthen confidence in projections of regional rainfall, SST trends, and
associated climate feedbacks, but future work should pursue approaches that avoid the local artifacts and
compensating-error risks introduced by abrupt topographic perturbations®**'.

Methods
Observations

We obtained monthly sea surface temperature (SST) estimates from the Extended Reconstructed Sea
Surface Temperature (ERSST) dataset on a 2° x 2° horizontal grid and calculated the linear trend for
1979-2013 shown in Fig. la. Monthly precipitation estimates were obtained from the Global Precipitation
Climatology Project (GPCP) on a 2.5° x 2.5° horizontal grid. We averaged the years 1981-2010 to obtain
the precipitation climatology shown in Fig. 2a. All observational datasets were regridded to the model
resolution of 1.9° x 2.5° before analysis. We derived the topographic data used to construct the modified-
orography experiment from the NOAA ETOPO 2022 Global Relief Model at 30-arcsecond resolution, as
described below.

Model

We used the National Center for Atmospheric Research Community Earth System Model, version 1.2
(CESM1.2)*, with the Community Atmosphere Model, version 5 (CAM5)*. The atmosphere was run
with the finite-volume dynamical core at 1.9° x 2.5° horizontal resolution and 26 vertical layers.
CESM1.2 provides a computationally tractable and well-documented framework for comparing
atmosphere-only, coupled, and historical modified-orography experiments, while maintaining continuity
with previous orographic sensitivity studies'*!***. Its coarse horizontal resolution also makes it an
appropriate testbed for this study because narrow mountain ranges are strongly smoothed and peak
elevations are reduced.

As discussed in previous studies'*'>'****  the representation of orography in global climate models

(GCMs) is a significant source of model biases, particularly in regions dominated by narrow mountain
ranges such as the Andes, the Central American cordillera, and the Rocky Mountains. In coarse-resolution
GCMs, topography is typically represented by the area-averaged observed elevation within each grid cell.
This approach captures the broad thermal influence of mountains, which arises from elevation-dependent
radiative effects, but it substantially oversmooths the terrain and underestimates peak elevations
(Supplementary Figure 1). As a result, the mechanical effects of mountains are weakened, leading to
biases in terrain-induced circulation, moisture transport and precipitation processes®*.
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To better represent the mechanical influence of mountains on atmospheric flow, previous studies have
replaced the grid-cell mean elevation with the maximum observed elevation within each grid cell
(Supplementary Figure 1). Although this approach effectively enhances terrain-induced flow deflection, it
can also exaggerate the thermal effect in broad plateau regions where the mean elevation is already
reasonably represented. In such regions, the maximum-height method raises the surface too extensively
and therefore introduces excessive thermal forcing'’.

To strengthen the mechanical influence of narrow mountain ranges while limiting broad thermal effects,
we developed a refined strategy that is applied only to narrow mountain ranges, including the Rockies,
Central American cordillera, and Andes (Supplementary Figure 1). Specifically, at each model latitude
across the Americas, we identified the grid cell containing the maximum default model elevation and
replaced that cell’s elevation with the corresponding observed elevation from ETOPO 2022. As the
observational baseline, we used the ETOPO 2022 dataset from the National Oceanic and Atmospheric
Administration (NOAA) National Centers for Environmental Information, at 30-arcsecond resolution.
Because the uplift is confined to the model grid cell corresponding to the existing mountain crest at each
latitude, this method improves the representation of terrain-induced flow obstruction in narrow mountain
ranges while minimizing changes to the large-area mean elevation. However, because some grid cells are
still raised, the perturbation may retain localized thermal effects associated with elevation-dependent
surface temperature and land-atmosphere energy exchange; we therefore interpret HITOPO as
minimizing, rather than eliminating, thermal forcing.

We tested two topographic configurations in CESM: (1) a Control configuration using the default
smoothed, area-averaged topography employed in coarse-resolution GCMs; and (2) a HITOPO
configuration using the refined topography described above, in which the peak elevations of the Rockies,
Central American cordillera, and Andes are selectively restored (Supplementary Figure 1). We performed
simulations under prescribed-SST, fully coupled, and historical configurations to assess how the modified
topography affects the simulated climatology in atmosphere-only and coupled settings, and how it
influences the simulated pattern of historical climate change.

The AMIP-style simulations were integrated for 10 years under year-2000 climatological forcing, and the
last 5 years were used for analysis. The fully coupled simulations were integrated for 500 years under
preindustrial forcing, and the last 200 years were used to analyze the coupled response to the topographic
modification. The equilibrated coupled simulations were then used to initialize historical ensembles.
Historical simulations were run from 1979 to 2005 under historical forcing and extended from 2006 to
2013 under Representative Concentration Pathway 8.5 (RCP8.5) forcing, with nine ensemble members
for both the Control and HITOPO configurations.

Moisture Transport

The cross-mountain moisture transport between 20°N and 20°S was calculated following a method
similar to that of Richter and Xie'”. We selected a comparable set of segments, illustrated in Fig. 2a, and
defined the transport as

ps Lugdl
or= [ ap [ M5
0 o Y

where tr denotes the vertically integrated moisture transport across a given segment, pis atmospheric
pressure, u is the wind component perpendicular to the segment line, defined as positive for flow from the
Atlantic—Amazon region toward the Pacific, q is specific humidity, and g is gravitational acceleration.
For each segment, the perpendicular moisture flux was integrated along the segment length and over the
full atmospheric column from the surface to the top of the atmosphere.
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Data availability

The Extended Reconstructed Sea Surface Temperature (ERSST) dataset is publicly available at
https://www.ncei.noaa.gov/products/extended-reconstructed-sst. The Global Precipitation Climatology
Project (GPCP) dataset is publicly available at https://www.ncei.noaa.gov/products/global-precipitation-
climatology-project. The ETOPO 2022 dataset is publicly available at
https://www.ncei.noaa.gov/products/etopo-global-relief-model. The Pacific Ocean mask is provided by
the RECCAP2-ocean project and is available at https://github.com/RECCAP2-ocean/R2-shared-
resources/blob/master/data/regions/RECCAP2 region masks all v20221025.nc.

Figure-level processed data will be deposited in a public repository before publication; full monthly
model output is available from the corresponding author upon reasonable request because of storage size.

Code availability

CESM1.2 is available from the National Center for Atmospheric Research at https://www.cesm.ucar.edu.
The model configuration files, topography-processing scripts, and analysis and plotting scripts used in
this study are available from the corresponding author upon reasonable request.
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a Observed ERSST, 1979-2013
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Figure 1. Observed and simulated SST trends over 1979-2013. Observations show a pronounced
zonal asymmetry in Pacific SST trends, whereas the Control simulation exhibits broadly uniform
warming with little cooling. HITOPO produces a stronger cooling response, particularly over the
northeastern Pacific (NEP). a, Observed ERSST SST trend. b, Control SST trend. ¢, HITOPO SST trend.
d, Difference in SST trend between HITOPO and Control (HITOPO — Control). Stippling indicates
regions where the trends or trend differences are statistically significant. Numbers in b and ¢ denote the
centered pattern correlation (7;) relative to observed ERSST trends, computed over the Pacific basin using
RECCAP ocean mask.
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Figure 2. Mean precipitation, low-level winds, and cross-mountain moisture transport in
prescribed-SST experiments. The Control simulation exhibits excessive precipitation and a pronounced
double-ITCZ bias, whereas HITOPO reduces these biases, consistent with weaker zonal moisture
transport into the eastern Pacific. a, Observed precipitation from the Global Precipitation Climatology
Project (GPCP) for 1981-2010; contours show the annual-mean change in 500-hPa pressure velocity
(Awsgo; Pas™'; HITOPO — Control), with positive values indicating enhanced subsidence. The black line
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marks the transect used in d. b, Control simulation. ¢, HITOPO simulation. Shading in a—c shows annual-
mean total precipitation rate (mm day™'); black vectors in b,c indicate 850-hPa horizontal winds (reference
vector, 5 m s). d, Monthly vertically integrated moisture transport across the transect shown in a for the
Control and HITOPO simulations (Methods); positive values indicate transport toward the Pacific.
Horizontal dashed lines denote the annual-mean transport in each simulation, and the grey band indicates
observational Eulerian estimates (0.36—0.47 Sv).
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462  Figure 3. Annual-mean coupled response in HITOPO relative to Control. HITOPO reduces the

463  eastern Pacific cold-tongue bias, accompanied by weaker low-level winds over the eastern equatorial
464  Pacific and a reduced upwelling response. a, Sea surface temperature change (ASST; HITOPO — Control,
465  K), with 850-hPa wind anomalies shown as vectors. b, Change in annual-mean total precipitation rate
466  (APRECT; mm day'; HITOPO — Control); contours indicate the precipitation bias in the Control

467  simulation relative to GPCP observations for 1981-2010. ¢, Change in shortwave cloud radiative effect
468  (ASWCRE; W m™); hatching marks regions where low-cloud fraction increases over the eastern tropical
469  and subtropical Pacific. d, Change in vertical velocity (AWVEL; HITOPO — Control) in the equatorial
470  Pacific sector, averaged over 5°S—5°N and shown for the upper 200 m. Contours denote the Control

471  climatology of mean upwelling. The gray band marks the longitudinal extent of the black box in a,

472 highlighting the surface-warming region.
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(a) CESM1 HITOPO — Control SWCF trend (1979-2013)
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Figure 4. Mechanism for the enhanced cooling trend over the northeastern Pacific. Enhanced
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cooling over the northeastern Pacific is associated with a strengthened shortwave cloud radiative effect,

which reduces incoming shortwave radiation. This enhanced cloud effect is linked to a stronger increase
in lower-tropospheric stability, particularly in summer, driven by an enhanced land—ocean thermal
contrast and accompanied by increased low-level cloud. a, SWCF trend difference (HITOPO — Control)
for 1979-2013. b, Estimated Cloud-Top Entrainment Index (ECTEI) trend difference (HITOPO —
Control) for 1979-2013. ¢, JJA potential temperature trend difference along 32.5°N (shading), with
Control climatology shown by contours. d, JJA cloud trend difference along 32.5°N (shading), with

K decade™®

CLOUD trend difference (% decade™?)

Control climatology shown by contours. Panels ¢,d are vertical sections averaged over 32.5°N + 1° along

the black line in a.
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