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Tropical Indian Ocean warming has intensified under greenhouse forcing, yet its influence on North
American terrestrial and agricultural productivity remains poorly understood. Here we show that
summer tropical Indian Ocean warming is linked to widespread drying and reduced gross primary
productivity across North America. Observations and model simulations reveal that tropical Indian
Ocean-induced atmospheric heating excites stationary Rossby wave trains, which establish a high-
pressure ridge over western North America and suppresses moisture transport into the continent. This
leads to reduced precipitation and soil moisture, leading to 10-20% reductions in terrestrial
productivity and crop yields. The relationship persists after excluding El Niflo—Southern Oscillation
years and is reproduced in multiple climate models, showing robust teleconnection processes. These
results highlight a previously underappreciated pathway through which tropical Indian Ocean warming
can weaken the North American land carbon sink under future climate change.

Terrestrial gross primary productivity (GPP) plays a critical role in mod-
ulating the global carbon cycle and climate, yet it is highly sensitive to
hydroclimatic variability' °, particularly under anthropogenic warming*”"".
In North America, interannual variability in terrestrial*>'>'>*"** and agri-
cultural productivity’™ is strongly regulated by temperature™**”,
precipitation'>'*"*, and soil moisture'**** variability, which directly affects
photosynthesis, soil respiration, and water availability during the growing
season. These changes affect not only the continental carbon sink but also
agricultural yields”, food security, and ecosystem stability.

Several large-scale climate modes are known to modulate North
American hydroclimate and terrestrial productivity through atmospheric
teleconnections” ™. The El Nifio-Southern Oscillation (ENSO)™~"*7" is a
dominant driver, shaping precipitation and temperature anomalies across
the continent. El Nifio events typically generate warm and dry conditions in
the southern United States, whereas La Nifia tends to produce cooler and
wetter anomalies, leading to contrasting ecosystem responses. The North
Atlantic Oscillation”*™* also influences storm tracks and atmospheric

circulation, especially during winter and spring. In addition, Arctic ampli-
fication and associated sea-ice loss weaken the pole-midlatitude tempera-
ture gradient®, increasing the persistence of jet stream meanders and the risk
of heatwaves and droughts in mid-latitude North America. These processes
have been linked to significant reductions in both GPP and crop yields.
Rapid Arctic sea-ice loss and Arctic amplification have been shown to
modify mid-latitude atmospheric circulation by weakening the meridional
temperature gradient, altering jet-stream pathways, and increasing the
persistence of planetary-wave anomalies”’. These mechanisms can con-
tribute to more frequent or prolonged winter cold outbreaks and summer
circulation anomalies in the Northern Hemisphere. Moreover, com-
pounding interactions between temperature and moisture extremes further
amplify agricultural loss"*"*>*,

Hydroclimate extremes such as warming and drought have already led
to significant yield reductions across the United States™ . Maize is parti-
cularly sensitive to simultaneous warming and drought during the growing
season, whereas soybean and wheat are more strongly affected by severe
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drought than by temperature increases alone”"**”’. Moreover, interactions
between temperature and moisture extremes often amplify yield losses. The
extreme heat reduces yield potential while intensifying water stress, and
drought conditions further elevate air temperatures, compounding reduc-
tions in crop productivity*"**.

While the influence of ENSO, North Atlantic Oscillation, and Arctic
amplification on North American productivity is well established, the role of
the tropical Indian Ocean (TIO) has received little attention. The TIO has
experienced pronounced and sustained warming over recent decades, lar-
gely driven by greenhouse forcing”*~*. This warming alters tropical
convection and generates stationary Rossby wave trains that can propagate
into the extratropics, thereby modulating remote hydroclimatic conditions.
Although the TIO has been recognized as a driver of global teleconnections
—including its impacts on Pacific variability and the monsoon
system™**. However, its role in modulating North American pro-
ductivity remains poorly understood. Anomalous diabatic heating over the
TIO can generate stationary Rossby waves that propagate into the extra-
tropics, modulating circulation and hydroclimate in remote regions. For
example, ENSO strongly influences North America through teleconnection
patterns such as the Pacific-North America mode, which is associated with
warmer winter conditions in the western United States*®. Likewise, the
Arctic Oscillation and sea-ice loss modulate large-scale atmospheric cir-
culation, enhancing warm-air advection and contributing to elevated tem-
peratures across the continent”. However, the potential influence of TIO
warming on North American terrestrial carbon uptake and agricultural
productivity remains poorly understood.

Addressing this gap is critical because hydroclimate extremes such as
heatwaves and droughts are projected to intensify under greenhouse
warming, posing growing risks to the North American land carbon sink and
food production systems. Here, we investigate how summer TIO warming
affects North American terrestrial and agricultural productivity through
large-scale atmospheric teleconnections. Using observational datasets, rea-
nalysis products, and climate model experiments, we demonstrate that TIO-
induced warming excites Rossby wave responses that lead to summer

drying, suppressed soil moisture, and reduced GPP and crop yields across
North America. Our findings reveal a previously underappreciated pathway
linking tropical ocean warming to terrestrial productivity decline under
climate change.

Results

In this study, the tropical Indian Ocean (TIO) index is uniformly defined as
the July-August mean sea surface temperature (SST) anomaly averaged
over 20°5-20°N and 40°E-100°E (outlined in the red box in Fig. 1). We
conducted correlation analyses between TIO and GPP, temperature, pre-
cipitation, and soil moisture during 1982-2018 to ensure the robustness of
their relationship. The relationship between the TIO index and North
American GPP anomalies is strong and statistically significant
(r=0.53-0.66, p < 0.001). Similar results are obtained for precipitation and
soil moisture, supporting the physical robustness of the findings. The cor-
relations also remain relatively stable with increasing lead time (Supple-
mentary Fig. 1a).

To statistically isolate the influence of the TIO from ENSO variability,
we further performed partial correlation analyses controlling for the Nifio
3.4 index (Fig. 1a). The partial correlation between TIO SST and North
American GPP remains robust (partial » = -0.56, p < 0.001), indicating that
the TIO-GPP linkage is largely independent of ENSO influences. Similar
relationships were found for precipitation, temperature, and soil moisture.

To assess whether the TIO-North American climate correlation
exceeds the range of unforced internal variability, we performed a bootstrap
resampling test using 200-year CESM1.2 control simulations (10,000
resamples). The resulting correlation distribution (mean r=-0.59 £ 0.22)
falls well outside the range of internal variability, confirming the statistical
robustness of the TIO-North America teleconnection (Supplementary
Fig. 1b-e).

Seasonal analysis shows a link between TIO and North American
productivity. In 2015, both the TIO warming and the reduction in GPP
exceeded one standard deviation (Fig. 1lc, d). To evaluate the role of
hydrological changes, we examined soil moisture anomalies (Fig. la).
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Fig. 1 | Observed climate and ecosystem in North America. a Partial correlations
between the TIO index and climate variables (2-m temperature, precipitation, and
soil moisture), as well as GPP with and without Nifio 3.4 index over North America
(100°-70° W, 30°-55° N) during July-August mean data for 1982-2018. Red mar-
kers represent partial correlations without Nifio 3.4 and green markers Nifo 3.4
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index. b Observed linear trends (1950-2020) in annual-mean sea surface tem-
perature (SST; °C per 71 years). The red box indicates the region where the TIO index
is defined. ¢ Climatological monthly TIO index (brown bars) and monthly TIO
anomalies in 2015 (gray bars) from observations. d Same as (c), but for NIR-based
GPP. In (¢, d), the black line denotes +1 standard deviation of monthly TIO.
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Fig. 2 | Impact of tropical Indian Ocean warming on North American GPP.

a Composite difference in observed July-August GPP from NIR (gC m > month™")
between TIO warming years (>4-0.5 s.d.) and cooling years (<—0.5 s.d.), after
removing the effect of Nifio 3.4 variability, for 1982-2018. Dotted areas indicate
regions significant at the 95% confidence level based on a Student’s ¢-test.
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b Composite difference in July-August GPP between TIO + 0.5 °C and TIO — 0.5
°C model experiments, after removing the effect of Nifio 3.4 index. ¢ Statistics of
simulated North American GPP anomalies during TIO warming and cooling
experiments. Bars indicate ensemble mean GPP, and open circles show values from
individual ensemble members.

During TIO warming years, soil moisture indicates persistent dryness, with
a correlation coefficient of 0.54 (p <0.001) against the TIO index. This
association persists even after excluding ENSO years. Together, these results
suggest that reduced precipitation during TIO warming contributed to
drought conditions, thereby lowering terrestrial and agricultural pro-
ductivity across North America. Overall, our analysis suggests that varia-
bility in the Indian Ocean has a remarkable impact on North American
climate and land carbon dynamics.

Reductioninterrestrial primary productivity due to tropical Indian
Ocean forcing

To quantify the influence of the tropical Indian Ocean on terrestrial GPP
across North America, we have conducted regression analyses using
multiple datasets. Our data sources include satellite-based near infrared
reflectance (NIR) data as a proxy for GPP, and GPP data derived from an
improved light use efficiency model (LUEM). The results of our
regression analysis provide compelling evidence for a potential link
between terrestrial GPP over North America and the tropical Indian
Ocean. In the NIR dataset, we observe strong negative vegetation
anomalies in the central and eastern US, as well as south of Canada.
Conversely, we identify moderately positive terrestrial GPP in north-
eastern Canada and Alaska (Fig. 2a). The regions with the most negative
regression coefficients are found in the central and northern United
States and eastern Canada, while western Canada shows weakly positive
GPP anomalies. The LUEM model confirms these patterns related to the
Indian Ocean, showing relatively stronger regression coefficients ranging
from 40 to 50 gC m > month™ in the eastern part of the US. However, it
notably exhibits an eastward and southward extension of the negative
coefficients over the United States (Supplementary Fig. 2) compared with
those in NIR. In Alaska, LUEM shows an increase in GPP associated with
TIO warming, a pattern inconsistent with the NIR-based GPP response,
suggesting substantial uncertainty in GPP responses in this region.

To investigate causality, we have employed “the Nanjing University of
Information Science and Technology Earth System Model, version 3.0
(NESM3.0, see “Methods”) in our study. To assess the impact of the TIO
SST on terrestrial productivity across North America, we conducted an
idealized simulation using the NESM3.0 model. In this simulation, we have

performed a pre-industrial control run (TIO + 0 °C) as a reference. We also
introduce a nearly uniform increase of +0.5 °C to the climatological SST in
the tropical Indian Ocean region, denoted TIO + 0.5 °C. Conversely, we
implement a decrease in SST of —0.5 °C, denoted TIO — 0.5 °C. Figure 2b
illustrates the differences in the GPP between TIO — 0.5°C and TIO +
0.5 °C. The model results effectively reproduce the observed reduction in
terrestrial productivity over North America due to TIO warming. Note that
the model differs slightly in simulating the magnitude of reduced GPP, with
a slightly smaller reduction compared to the observations.

To further confirm the robustness of the suppressive effect of TIO
warming on North American terrestrial productivity, we have conducted
three additional sensitivity model experiments with a doubling (TIO +1°
C) and stronger TIO warming (TIO + 1.5 °C) using ensemble simulations
(see “Methods” and Supplementary Table 1). The results of the ensemble
simulations have an overall accuracy of more than 95%. They show a sig-
nificant negative correlation between TIO and the response in GPP (Fig. 2c),
which is consistent with the observations made in the comparison between
the TIO — 0.5 °C and TIO + 0.5 °C experiments. The difference in GPP for
a 1°C increase in TIO warming is 30-50 gCm™* month ™, which corre-
sponds to approximately 10-24% of the mean summer GPP over the last
three decades. This decrease is particularly pronounced in regions experi-
encing substantial soil moisture deficits. In summary, the warming of the
tropical Indian Ocean leads to a decrease in land productivity and carbon
sequestration, primarily due to its influence on North American climate
conditions.

Mechanisms linking tropical Indian Ocean forcings to the North
American climate

The reduction in North American GPP during TIO warming can be
explained by large-scale atmospheric teleconnections initiated in the tropics.
Basin-wide TIO warming enhances deep convection and diabatic heating in
the equatorial Indian Ocean (Supplementary Fig. 3). This localized heating
anomaly acts as a Rossby wave source that excites a stationary wave train
that propagates into the extratropics along great-circle routes. Composite
analyses of sea level pressure and upper-tropospheric geopotential height
anomalies confirm this mechanism: during TIO warm years, a barotropic
high-pressure ridge forms over northwestern Canada and the western
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Fig. 3 | Atmospheric circulation anomalies induced by tropical Indian Ocean

warming. a, b Composite differences in observed July-August geopotential height
(a, m) and sea level pressure (b, Pa) between TIO warming years (> +0.5 s.d.) and
cooling years (<—0.5 s.d.), after removing the effect of Nifo 3.4 variability. ¢, d Same

as (a, b), but for differences between TIO + 0.5 °C and TIO — 0.5 °C model
experiments, after removing the effect of Nifio 3.4 index. Dotted areas indicate
regions significant at the 95% confidence level based on a Student’s ¢ test.

United States, while a corresponding low develops over the southeastern
United States (Fig. 3a, b). This dipole structure is consistent with theoretical
expectations of Rossby wave propagation and has been linked to surface
drying in previous studies.

Climate model experiments further confirm these adjustments in cir-
culation. Simulations comparing warm (TIO + 0.5 °C) and cold (TIO —
0.5 °C) conditions reproduce the observed wave train extending from the
tropical Indian Ocean across the North Pacific and into North America
(Fig. 3c, d). The modeled teleconnection exhibits a coherent three-
dimensional structure, with high geopotential height anomalies in the mid-
to-upper troposphere, and produces associated surface pressure anomalies.
Although the simulated response shows a modest eastward displacement
and stronger anomalies over the Arctic, the overall pattern aligns closely
with reanalysis data. Long-term CESM1.2 experiments support that this
Rossby wave response is primarily driven by Indian Ocean forcing, rather
than internal atmospheric variability (Supplementary Fig. 4).

The circulation anomalies have pronounced impacts on North
American moisture transport. During warm TIO events, the anomalous
ridge over western North America strengthens northerly winds across the
Great Plains and Midwest. This configuration reduces northward moisture
transport from the Gulf of Mexico and Caribbean Sea, while promoting
advection of dry continental air from Canada (Fig. 4a). At the same time, the
anomalous low over the southeastern U.S. enhances cyclonic circulation and
moisture convergence locally, but this does not compensate for the wide-
spread drying in the continental interior. The net result is a reduction in
precipitation across central North America (Fig. 4b) and significant root-
zone soil moisture deficits (Fig. 4c).

Model experiments with imposed TIO SST anomalies show consistent
hydroclimate responses. Increased TIO warming induces high-pressure
anomalies over the western and central United States, suppressing moisture
inflow from the Gulf and reducing precipitation (Fig. 4d, e). This leads to
persistent soil moisture decline (Fig. 4f), closely matching observational
estimates. While the simulated anomalies are somewhat weaker and dis-
placed eastward relative to observations, the key physical processes are well
reproduced, confirming the causal link between TIO warming and con-
tinental drying. Land-atmosphere feedback further amplifies these
anomalies. Reduced rainfall limits soil moisture recharge, lowering evapo-
transpiration rates and suppressing boundary-layer convection. This

feedback leads to reduced cloud formation and enhanced surface heating,
which in turn reinforces drought conditions. Persistent deficits from spring
(Supplementary Fig. 5) exacerbate summer drought severity, while lower
evaporation rates during TIO warming years (Supplementary Fig. 6) con-
tribute to prolonged soil moisture depletion. These coupled processes
explain why even modest SST anomalies in the TIO can trigger substantial
reductions in terrestrial productivity across North America.

Impact of greenhouse warming on tropical Indian Ocean - North
America terrestrial activities

Greenhouse warming is widely recognized to enhance terrestrial pro-
ductivity in North America, as indicated by observational and climate
model studies®®”"”. This suggests that the suppressive effects of TIO
warming on North American productivity may be mitigated under
greenhouse warming conditions. To test this hypothesis, we have con-
ducted two additional model simulations. In the first simulation, we have
abruptly quadrupled carbon dioxide (CO,) concentrations (referred to as
4XCO,). In the second simulation, we also quadruple CO, concentra-
tions but maintain pre-industrial climatological SST over the TIO region
(4XCO,+TIOclim). Under 4xCO, forcing, GPP increases by approxi-
mately 30-40 gC m™ month™. When the TIO warming component is
suppressed  (4xCO,+ TIOclim), the increase becomes larger
(55-70 gC m™ month™), indicating that TIO warming exerts a suppres-
sing effect on North American GPP even under greenhouse-warming
conditions. Analysis of these simulations shows that TIO warming
reduced anomalies in the region and enhanced surface northeasterly
winds over North America, resulting in a precipitation deficit (see Sup-
plementary Fig. 5). These processes are similar to those in models with
pre-industrial CO2 forcing (TIO + 0.5 °C and TIO — 0.5 °C), suggesting
that the inhibitory effect of TIO warming on North American GPP
persists under greenhouse warming conditions, although the underlying
mechanisms are different in a warmer background climate.

To further compare the reduction in GPP due to TIO warming under
different climate conditions, specifically greenhouse warming and the pre-
sent climate, we have conducted two additional experiments. In the first
experiment, we use current CO, concentrations (PD). In the second
experiment, we use current CO, concentrations while imposing pre-
industrial climatological SST in the tropical Indian Ocean (referred to as
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Fig. 4 | Impact of Tropical Indian Ocean forcing on North American climate.
a Composite differences in observed moisture advection (g kg™ s, shading), geo-
potential height (m, contours), and winds (m s, vectors) at 850 hPa during
July-August between TIO warming years (>40.5 s.d.) and cooling years (<—0.5 s.d.)
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for 1982-2018, after removing the effect of Nifio 3.4 variability. b Same as (a), but for
precipitation (mm day ', shading). ¢ Same as (b), but for root-zone soil moisture
(m® m—?, shading). d-f Same as (a-c), but for differences between TIO + 0.5 °C and
TIO — 0.5 °C model experiments, after removing the effect of Nifio 3.4 index.

PD + TIOclim). We then calculate the GPP reduction due to TIO warming
under present CO, conditions (defined as “TTO + OBS” minus TIO +
clim). Our results show that the GPP reduction due to TIO warming under
current CO, conditions is significantly smaller than under greenhouse
warming scenarios, with a GPP difference of about 5-8 gCm > month ™'
(Fig. 5). These results suggest the critical importance of accurately repre-
senting and modeling future TIO warming in Earth system models.
Ensuring the accuracy of these models is essential to reducing uncertainties
in the prediction of North American GPP in the context of a dynamically
changing climate.

Role of Pacific on tropical Indian Ocean-North America terres-
trial activities

The Indian Ocean has experienced sustained warming in recent decades,
and its interactions with other ocean basins suggest potential impacts on
SST patterns in the Pacific and North Atlantic. To assess whether Pacific
SST changes can offset the reduction in North American GPP caused by
Indian Ocean warming, we conducted two model simulations: (1)
TIO + OBS, and (2) TIO + OBS + PA. In the first simulation (TIO +
OBS), observed SST data were prescribed only over the Indian Ocean. In
the second simulation (TIO + OBS + PA), observed SST data were
applied to the Indian Ocean, while climatological SSTs were imposed
over the Pacific (Supplementary Fig. 7). Our results show that when both
tropical Indian and Pacific SST anomalies are included, the reduction in
North American GPP is weaker than in the simulation forced by Indian
Ocean anomalies alone (TIO + OBS). The absence of observed Pacific
SST anomalies tends to induce anomalous low-pressure systems and
associated cyclonic surface winds over the United States, thereby
enhancing moisture transport from the Gulf of Mexico and the Car-
ibbean Sea into central and eastern regions. Notably, other Pacific SST
patterns show no statistically significant relationship with North
American GPP (Supplementary Fig. 8). These results suggest that the
negative impact of Indian Ocean warming on North American GPP can
be partially mitigated through interbasin interactions with the Pacific.
This highlights the importance of accounting for coupled oceanic

dynamics when evaluating future terrestrial productivity and regional
climate responses.

Impact of tropical Indian Ocean on US crop yield

The tropical Indian Ocean may affect crop yields because it significantly
modifies air temperature, atmospheric circulation, and precipitation over
the US region during the vegetative growing season. We investigate whether
the TIO affects total US crop yields, as assessed using the bootstrap method
(see “Methods”). We select representative crops, wheat and corn, that are
strongly influenced by climatic conditions, although they are also affected by
human activities, including crop management practices. The results show
that wheat yields decrease during TIO warming periods but increase during
TIO cooling periods, especially over the U.S. Great Plains. During TIO
warming periods, crop yield anomalies decline by about 33.2 Mt (mega-
tons), whereas during cooling periods they rise by about 14.1 Mt. This
difference is statistically significant at the 95% confidence level according to
abootstrap method (Fig. 6a). The decrease in crop yields with TIO warming
is partly consistent with the decline in terrestrial GPP over the USA. For
corn, significant negative changes are observed in Nebraska, Kansas, Ohio,
New York, and Kentucky. Although wheat yield changes associated with
anomalous TIO warming are generally negative across most regions, North
Dakota shows positive changes, which may be explained by human activities
and other local factors.

We also assessed changes in corn yields at the US state level in response
to TIO warming. For this analysis, we compiled annual corn yield data for
major US states, focusing on years with relatively strong positive TIO SST
anomalies. The results show substantial variations in crop yields associated
with TIO warming (Fig. 6b). The maximum reductions in corn yields reach
about —70 Mt (=20-35% of the mean yield levels; Supplementary Fig. 9).
The median reduction falls within the range of —5 to —13 Mt over the past
three decades.

Furthermore, we examined the composite difference in corn yields
between TIO warm and cold years (Supplementary Fig. 9). This analysis
was restricted to years when TIO anomalies exceeded one standard
deviation of the TIO index. The resulting changes in wheat and corn
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Fig. 5 | Effect of greenhouse warming on the North 80 r
American GPP. The evolution of North American [
GPP (gC m? month™!) in the model experiments
includes several scenarios: quadrupling of CO,
(4xCO,), quadrupling of CO, with preindustrial
mean TIO SST (4xCO,+TIOclim), present-day
CO; levels (PD), and present-day CO, with pre-
industrial mean TIO SST (PD+TIOclim). Pertur-
bations are introduced at time zero and maintained
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yields amount to about 8-30% of the climatological annual yields for US
states. These results suggest that the TIO index may be a useful predictor
for estimating near-future crop yields, a topic that warrants further
investigation.

Discussion

This study reveals a significant negative relationship between tropical
Indian Ocean (TIO) warming and vegetation activity, including agri-
cultural productivity, in North America. Both observations and model
experiments consistently show that TIO warming can reduce the U.S.
land carbon sink by 15-20% and reduce state-level crop yields by 5-20%.
These findings provide robust evidence that the TIO is an important but
previously underappreciated driver of North American hydroclimate and
ecosystem variability.

To test model dependence, we compared our results with GPP simu-
lations from the Multi-scale Synthesis and Terrestrial Model Inter-
comparison Project. Across 36 models with different forcings, most
simulations reproduce negative GPP anomalies during TIO warming, with
more than 85% of models showing statistically significant coefficients
comparable in magnitude to the observations (Supplementary Fig. 10). This
multi-model agreement highlights the robustness of the TIO-North
America teleconnection.

Our results underscore the critical need to incorporate TIO
conditions into Earth system models and seasonal-to-decadal pre-
diction frameworks when assessing terrestrial productivity and crop
yields. The Indian Ocean has warmed faster than the global mean
over the past half-century, and continued warming increases the
likelihood of widespread vegetation and agricultural losses. Under
greenhouse forcing, North American GPP trends are strongly influ-
enced by local temperature; however, uncertainties in future pro-
ductivity can partly be attributed to projected TIO warming.
Accurate representation of TIO variability and long-term warming in
Earth system models is therefore critical for reliable prediction of
regional carbon cycle dynamics and agricultural risks. In summary,
this study reveals a robust pathway through which TIO warming
weakens the North American land carbon sink and agricultural
productivity. These findings not only improve our understanding of
tropical-extratropical climate interactions but also provide actionable
insights for improving food security assessments under climate
change.

Although our analyses identify a robust TIO-North America tele-
connection, a comprehensive cross-basin comparison involving coordi-
nated pacemaker experiments across the Pacific, Atlantic, and Indian
Oceans is still lacking. Future studies should explicitly address interbasin
coupling mechanisms using such targeted experiments'”*’.

Methods

Diagnosis of the observed data

We used the period 1982-2018, which corresponds to the availability of
near-infrared reflectance (NIR)-based GPP data and ensures maximum
overlap with other high-quality datasets such as ERA-Interim reanalysis,
GLEAM soil moisture, and USDA crop yield data. Although some datasets
extend beyond this range, we restricted the analysis to this common period
to guarantee consistency across variables. For regression and correlation
analyses, we focused on July-August, which corresponds to the peak of TIO
SST anomalies during the growing season. We used the 1982-2018 period,
representing the longest interval with reliable and overlapping coverage of
ERA-Interim and USDA crop yield statistics. Data prior to 1982 exhibit
inhomogeneities, while post-2018 coverage is not uniformly available across
all variables. This choice provides a balance between data length and
consistency.

To obtain the monthly mean SST, we used the National Oceanic and
Atmospheric Administration Extended Reconstructed SST version 5
(ERSST)*. Near-surface temperature, wind, sea-level pressure, and geopo-
tential height are obtained from the ERA-Interim*" (http://apps.ecwf.
int/datasets/data/interim-full-moda). For near-surface temperature and
precipitation, we used Climatic Research Unit (CRU) TS3.23" (http://www.
cru.uea.ac.uk). The tropical Indian Ocean (TIO) index is defined as the
averaged SST anomaly over 20°S-20°N, 40°-100°E, during July-August,
following the region showing the strongest SST warming trend over the past
seven decades (see Fig. 1b). For evaporation and soil moisture, we used the
GLEAMv3.7 data (https://www.gleam.eu). We used the LUEM data- GPP
modeled at 8 km spatial resolution for each of the 35 years, which are
available from 1982 to 2016°% For the GPP over land, we used near-infrared
reflectance (NIR) (gCm™ month™), which is based on vegetation
absorbing blue- and red-light energy to fuel photosynthesis®*. Addition-
ally, the GPP is based on the well-known Monteith light use efficiency (LUE)
equation but was improved with optimized spatially and temporally explicit
LUE values derived from selected FLUXNET tower site data®. We used
United States crop-yield national and state-level data from “Quick Stats 2.0”
website, which is provided by the National Agricultural Statistics Service of
the United States Department of Agriculture (http://www.nass.usda.gov/
Quick_Stats).

Earth system model

We used the third version of the Nanjing University of Information Science
and Technology Earth System Model (NESM3.0)*****’, which includes fully
coupled atmosphere, ocean, sea ice, and land components through an
explicit coupler. The atmospheric model has a horizontal resolution of
~1.9°%x 1.9° with 47 vertical levels extending into the stratosphere. The
ocean model has a grid resolution of 1°, with a meridional resolution refined
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to 1/3° over the equatorial region. The model uses 46 vertical layers, with the
upper 15 layers being in the top 100 m. NESM3.0 simulated a reasonable
climatology with the key characteristics of climate variabilities. The NESM
includes the JSBACH3 land surface scheme. This represents energy, water,
and carbon exchanges between the land surface and the atmosphere. It
incorporates multi-layer soil hydrology, snow dynamics, and vegetation
processes based on plant functional types, allowing for realistic simulation of
photosynthesis, transpiration, and carbon storage. Sub-grid tiling accounts
for land-surface heterogeneity, and all components are fully coupled to the
atmospheric model, ensuring physically consistent interactions within the
Earth system framework. This could simulate the interannual variability of
the GPP and ecosystem**.

For the long-term simulations, we employed the Community Earth
System Model version 1.2 (CESM1.2)*"* large ensemble to investigate
climate responses under a CO, overshoot pathway. CESM1.2 is a state-of-
the-art Earth system model developed by the National Center for Atmo-
spheric Research (NCAR). The model configuration consists of the Com-
munity Atmosphere Model (CAMS5), the Community Land Model
(CLM4.5), the Parallel Ocean Program (POP2), and the Los Alamos Sea Ice
Model (CICE4). All simulations were performed with a horizontal resolu-
tion of approximately 1° and 30 vertical atmospheric levels. The model was
integrated with pre-industrial forcing for 800 years, and the last 200 years of
output were used for analysis.

Sensitivity of the TIO over North America on climate and terres-
trial productivity

To investigate the response of North American GPP to changes in
tropical Indian Ocean SST, we conducted idealized simulations using

pre-industrial forcings. Only the ocean model of NESM3.0 was inte-
grated for 4000 years with atmospheric forcings to elucidate the stable
initial conditions of the upper and deep oceans. Second, NESM3.0 was
integrated for 500 years, with an initial condition that 4000 years of
ocean simulation would be performed with preindustrial forcings based
on the CMIP6 protocol, to obtain an initial condition with a stable
equilibrium state between the atmosphere and ocean, and the last 50
years of data are used for reference (“TIO + 0 °C”). In TIO + 0.5 °C, the
model was simulated with the tropical Indian Ocean SST climatology
warmer than in the pre-industrial control run by 0.5°C. Similarly,
sensitivity simulations “TIO 4 1 °C”, “TTIO + 1.5°C”, and “TIO — 0.5
°C” represent a TIO warming of 1°C, 1.5°C, and cooling of 0.5 °C,
respectively.

To estimate the effect of greenhouse warming on North America’s
GPP-TIO interaction, we conducted four additional experiments. In PD, we
used the present CO, concentration. PD+TIOclim is the same as PD, but
TIO SST employed the pre-industrial climatology. In 4xCO,, we abruptly
quadrupled CO, concentrations from TIO 4+ 0°C (preindustrial CO,
concentration). 4xCO, + TIOclim is the same as 4xCQO,, but TIO SST
employed the pre-industrial climatology.

To further assess the influence of the Pacific SST anomalies on the
North American GPP-TIO interaction, we conducted two additional
simulations. In TIO 4 OBS, the models were forced with observed SST
anomalies in the tropical Indian Ocean. In TIO + OBS + PA, observed SST
anomalies were prescribed over the Indian Ocean, while climatological SSTs
were imposed over the Pacific. The significance of differences between the
TIO+0.5°C and TIO-0.5°C conditions was evaluated using a
Kolmogorov-Smirnov two-sample test. All simulations were integrated for
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50 years, and the experimental designs are summarized in Supplementary
Table S1.

Bootstrap methods

A bootstrap resampling approach was employed to assess the robustness of
the composite crop yield anomalies associated with TIO warming and
cooling events. Years with TIO indices exceeding +1 standard deviation
(s.d.) were classified as warming years, and those below -1 s.d. as cooling
years. The crop yield anomalies during these years were randomly resam-
pled, with replacement, to generate 10,000 realizations of the mean
response. This procedure was repeated for both the corn and wheat crop
yields. The standard deviation of the 10,000 bootstrap realizations was then
used to estimate the uncertainty of the composite mean response. Similarly,
we performed a bootstrap resampling test using a 200-year pre-industrial
control simulation from CESM1.2 (10,000 resamples) to evaluate whether
the simulated correlation between TIO and North American climate
exceeds the range of unforced internal variability. For each resampling,
monthly anomalies were randomly drawn with replacement to compute the
partial correlation between the TIO index and North American hydro-
climate variables, both with and without controlling for ENSO. The
resulting distribution of partial correlation coefficients provides a quanti-
tative measure of the statistical significance and robustness of the modeled
TIO-North America linkage.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All observed data used in this study are publicly available (https://psl.
noaa.gov/data/gridded/ data.20thC_ReanV3.html; https://psl.noaa.gov/
data/gridded/data.noaa.ersst.v5.html). The data can be downloaded from
https://doi.org/10.6084/m9.figshare.30813968.

Code availability
The codes used in this study can be downloaded here: https://doi.org/10.

6084/m9 figshare.30813968.
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