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Abstract

Scenarios of future emissions and land use produced by integrated assessment models have tra-
ditionally been developed without accounting for how climate change impacts could affect the
emissions and land use trajectories themselves. This omission risks skewing our assessments of the
plausible range of future emission pathways and associated Earth system changes. Beyond the sali-
ence for emission scenario development, a better integrated representation of human and Earth
system changes and feedbacks would enable better anticipation of the implications of alternative
socio-economic development pathways. We use the Global Change Analysis Model to investig-

ate whether endogenizing several impacts when generating its baseline emission scenario is war-
ranted. We do so by comparing the emissions and land use change that result from the baseline
scenario with and without impacts, where impacts are implemented as exogenous changes to
water availability, crop and labor productivity, and energy demand and supply. Our results indic-
ate that the effect on global emissions leads to less than 0.1 °C increase in warming by 2100 and
therefore do not support endogenizing impacts. This conclusion is conditional on our modeling
framework and the specific impact channels represented but is consistent with other studies that
have addressed the magnitude of feedbacks by implementing a two-way coupling. However, we
do find regional impacts indicating that local economies and well-being measures may be affected

significantly.

1. Introduction

Traditionally, scenarios of future emissions and land
use changes produced by integrated assessment mod-
els (IAMs) have not accounted for geophysical
or socio-economic feedbacks from climate change
impacts. The omission of such feedbacks, the failure
of ‘closing the loop’ has the potential to skew our
assessments of the plausible range of future emission
pathways and Earth system changes. In fact, scen-
arios developed to force Earth system models’ future
climate simulations within the coupled model inter-
comparison project (CMIP) have recently been criti-
cized. High emission scenarios, for example SSP5-8.5
(O’Neill et al 2016, Riahi et al 2017), hypothesize high

© 2026 The Author(s). Published by IOP Publishing Ltd

economic growth with continued reliance on fossil
fuels, but that growth could be significantly hampered
by climate change impacts and damages. Low emis-
sion scenarios, for example SSP1-2.6, rely heavily
on land-based mitigation options like reforestation,
which could be made less effective by increases in
heat, dryness and wildfires (Jdger et al 2024). Thus,
scenarios at both ends of the emission spectrum have
had their plausibility questioned for not accounting
for climate impacts in their development (Hausfather
and Peters 2020, Natali et al 2021, Ripple et al 2023).

Our study aims to test the relevance of endogen-
izing climate impacts in IAM emission scenario mod-
eling. Recent studies investigate the significance of
individual climate impacts for scenario development.
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For example, Schultes et al (2021) use estimates of
GDP damages from climate change to show that when
accounted for, these would increase the cost of carbon
and therefore change mitigation costs. Colelli et al
(2022) show how accounting for adaptation (through
the use of air conditioning in a warming climate)
produces additional costs and emissions. Awais et al
(2024) focus on the role of water availability in cre-
ating interdependencies and constraints across sec-
tors, therefore influencing agriculture, land use, and
energy supply. Byers et al (2024) examine changes
in energy demand and therefore emissions caused by
increased demand for cooling in a warming climate.
However, these studies do not focus on the question of
whether endogenizing impacts is necessary when gen-
erating emission scenarios and consider single rather
than multiple impacts. We attempt a more compre-
hensive representation of different impact channels
(energy demand for cooling and heating; water avail-
ability; energy supply changes due to hydropower
generation changes and agriculture productivity of
land and labor) and focus on whether it is warran-
ted to fully couple the system. That is, do we need to
model emissions and land use changes, their effects
on climatic changes, the impacts of these changes
on human systems, and finally, the effects of those
impacts on emissions and land use changes (Van
Vuuren et al 2012)?

An additional key aspect of our research relates
to the type of IAMs we focus on. IAMs that model
linkages between human and earth systems allow-
ing representation of the feedbacks we are concerned
with belong to two categories: ‘benefit-cost’” mod-
els, and ‘process-based” models (Fisher-Vanden and
Weyant 2020). The former are highly aggregated, rep-
resent impacts in a reduced-form as damage func-
tions relating global average temperature directly
to economic growth, usually through extrapolation
of econometric estimates (see Howard and Sterner
2025), and are used to identify optimal emission
pathways balancing costs and benefits (e.g. Barrage
and Nordhaus 2024). We focus instead on process-
based IAMs, which generate scenarios of emissions
and land use driving Earth system model simula-
tions. These models are regionally resolved, including
a spatially detailed land surface representing different
land uses, and rather than using damage functions,
represent the specific processes through which cli-
mate affects socio-economic and natural systems. For
example, they represent the response of agricultural
productivity to changes in temperature, water avail-
ability or atmospheric CO, concentration, for indi-
vidual regions and individual crops; they model the
effects of heat and air pollution on human health, dif-
ferentiating regional and in some cases demographic
characteristics; they account for basin-scale changes
in runoff and their effects on water supply in gen-
eral, and hydropower production in particular, etc.
These changes can in turn affect the economy and
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therefore emissions and land use changes (Tachiiri
et al 2021). Other process models, besides the one
we use in this study, the Global Change Analysis
Model (GCAM, Calvin et al 2019), are MESSAGEix-
GLOBIOM (Fricko et al 2017); REMIND-MAgPIE
(Kriegler et al 2017); IMAGE (Stehfest et al 2014;
AIM (Fujimori et al 2017); and WITCH (Bosetti et al
2007).

A major justification for the exclusion of cli-
mate impacts in scenario development is the need to
avoid double counting, as these scenarios drive ESMs,
whose output is then used to drive impact models.
But fundamental challenges have also contributed to
this exclusion, linked to the current state of science
and modeling (Tebaldi et al 2026). IAMS’ structure
and process representation dictate which impacts can
be reflected in the model dynamics. There are often
mismatches of temporal and spatial scales between
impacts (often driven by high frequency events, at
fine regional scales) and the models’ scales of aggreg-
ation (working at yearly, or multi-year time steps
and resolving only large regional averages). The sci-
ence underpinning our understanding of the chan-
nels through which economy, society and natural
systems are affected by climatic changes, and the
monetary value of climate impacts, is also uncertain
(Chapagain et al 2022, Rising et al 2022, Srikrishnan
etal 2022, Morris et al 2025, Wang et al 2024, Reinecke
et al 2025).

Aware of these limitations, we do not claim
a comprehensive and robust representation of cli-
mate impacts in emission scenarios in this study.
Nonetheless, we investigate the potential urgency of
the issue by measuring the effects of including a set
of geophysical and economic impacts that our mod-
eling system can represent. Specifically, we investigate
whether accounting for these impacts alters GCAM’s
baseline scenario emission pathway enough to sub-
stantially affect the climate system evolution, which
would call for endogenizing them. In the absence
of such a finding, endogenization would not be
supported.

In the remainder of the paper, we describe our
experimental setup, outcomes, and interpretation,
and compare GCAM outcomes from scenarios that
incorporate all impact channels at once or a single
channel at a time, to understand the origin of the
changes we detect, for both global and regional scale
dynamics. We conclude by discussing the main les-
sons learned by this exercise, its limitations, and what
we consider the most promising and compelling ways
forward.

2. Experimental setup

Figure 1 offers a schematic of our experimental setup,
highlighting the components of our modeling chain.
Text in the SM expands on the individual modeling
components.
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We run GCAM according to its baseline scenario,
which covers the whole 21st century according to
SSP2, and does not include mitigation policies. In
its standard setup, the scenario is produced without
reflecting any climate change impact. Outcomes from

this scenario constitute the reference (labeled Bnl in
the following, i.e. Baseline with no Impacts).

To produce a version of the baseline scenario that
accounts for impacts, we first generate climate out-
comes consistent with the emissions and land use
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from the no-impacts baseline, then use these to drive
a set of off-line impact models. We then introduce
these impacts as exogenous forcers, or modifications,
to some of the quantities that GCAM assumes at
each time step, and regenerate the emission scenario,
this time with the effects of climate impacts included
(labeled BwI, Baseline with Impacts). Finally, we
compare the Bnl and BwlI scenarios, including their
implications for global mean temperature (GMT)
change, to evaluate the importance of incorporating
impacts in the baseline.

Generating climate outcomes consistent with the
Bnl scenario begins with translating the emissions
and land-use changes from that scenario into GMT
using Hector, a reduced complexity model (RCM;
Dorheim et al 2024. See SM). We do so by using
two parameterizations of the RCM: its default, hav-
ing an equilibrium climate sensitivity (ECS) of 3 K,
and a higher sensitivity version, with ECS of 5 K. The
two time series of GMT reach by the end of the cen-
tury a warming of 3.27 °C and 3.83 °C respectively
(with reference to the 1850-1900 period). These two
21st century trajectories of GMT are then translated
into time series of monthly and daily fields of several
atmospheric variables (surface temperature, precip-
itation, surface winds, relative humidity, solar radi-
ation) that are needed as input to a set of impact mod-
els. We do so by using STITCHES (Tebaldi et al 2022,
Snyder et al 2024, see SM), a climate model output
emulator, and by emulating two alternative Earth sys-
tem models, CanESM5 (Swart et al 2019) and MRI-
ESM2-0 (Yukimoto et al 2019). Together with the two
parameterizations of Hector this allows us to test the
sensitivity of our results to uncertainties in the climate
response. The atmospheric variables, which we refer
to as climatic impact-drivers (CIDs, Ruane et al 2022)
in figure 1, are all downscaled to a common grid (0.5°
in latitude/longitude) and bias-corrected, using the
method developed for ISIMIPv3 (Lange 2019, Frieler
et al 2024). With these four alternative realizations of
CIDs as input, fully consistent with the emission tra-
jectory of GCAM’s baseline scenario without impacts,
we proceed to model several climate impacts.

We use a set of impact models that are part of
the GCAM ecosystem and have been used for pre-
vious studies of impacts (Graham et al 2020, Zhang
et al 2023, Birnbaum et al 2024, Sampedro et al
2024, Sheng et al 2025a). In those cases, models relied
on ‘off the shelf” ESM output according to standard
CMIP scenario experiments, while in this study we
produce climate output by the Hector 4+ STITCHES
emulation. Also, those previous studies did not seek
to model feedbacks on emissions and land use in
the scenario development. We use the emulated cli-
mate variables to drive a hydrological model, Xanthos
(Vernon etal 2019, see SM), that produces runoff pro-
jections and estimates hydropower potential; a heat-
ing and cooling degree days’ emulator, Helios (Zhao
et al 2024, see SM), that informs energy demand
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for both residential and commercial buildings; an
econometric model, Gaia (Zhao et al 2025), estim-
ating impacts on crop yields from climatic changes
for the crops modeled in GCAM; and a physical work
capacity emulator, HELPS (Sheng et al 2025b, see
SM), that generates labor productivity shocks for crop
production based on human heat stress level. All these
models produce impacts at regional scales consistent
with the spatial units at which GCAM operates (32
geopolitical/market regions; 235 hydrological basins
and 396 land units resulting from the intersection of
the two).

When producing the Bwl scenario, we use the
output of these impact models to exogenously inform
the evolution of GCAM’s energy, land, and water sys-
tems at each time step of the model integration, thus
allowing the impacts to feedback on those activities
that may change emissions and land use.

Specifically, at each time step:

e Water availability in GCAM’s 235 hydrological
basins, which would be constant over the century
without climate impacts, is modified according to
Xanthos’ estimates of runoft.

e Hydropower capacity is changed consistently with
these changes in runoff (note however that climate
does not influence the opening of new plants, or
retirement of old plants). This can lead to changes
in the energy supply mix.

e Crop productivity of the various crops modeled
by GCAM is modified by temperature and precip-
itation changes at the specific location where the
crops are grown, thus affecting land use, emissions
from agriculture, and, through effects on bioen-
ergy feedstock production, emissions from energy
as well.

e Labor productivity in the agricultural sector is neg-
atively affected by heat stress, adding to the yield
impacts of climatic changes on agricultural mar-
kets and the labor allocation across the economy.

e Energy demand for cooling and heating residential
and commercial buildings is changed consistently
with changing temperatures.

(In the SM we add a further description of our exper-
iment rationale, step-by-step.)

In this version of the model, economic growth
is generated endogenously as a function of capital
accumulation, labor force (and productivity), and
energy, agriculture and materials inputs (Edmonds
et al 2025). Impacts on energy demand and supply
and on land and labor productivity will therefore be
reflected in changes in GDP as a bottom—up effect
(see figure 2, panels (d) and (h)). This distinguishes
our process-based approach from those studies that
apply a damage function to GDP, assuming a pri-
ori a certain magnitude of climate impacts on GDP
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as a function of global average temperature change
(see Morris et al 2025, Howard and Sterner 2025, and
references therein). We run four separate GCAM sim-
ulations that include all impact channels, according
to the four climate forcing alternatives. We expect the
overall strength of the impacts to be larger when using
the higher GMT trajectory (obtained by Hector para-
meterized by ECS = 5 K), and their geographic dis-
tribution to vary because the two ESMs have different
geographic patterns of changes for temperature, pre-
cipitation and other CIDs, for the same global warm-
ing level. We point out however that differences in
regional patterns may wash out because of the relat-
ively coarse spatial aggregation required by GCAM,
compared to an ESM grid resolution, and GCAM’s
low frequency time step (5 years). Furthermore, we
also run simulations where only one of the impact
channels is activated at a time, to help us attribute
the compound result to the individual sources, and
at least qualitatively assess the additivity of the indi-
vidual effects.

In the following, we describe results in terms of
time series of GMT, radiative forcing (RF), CO, emis-
sions from industry and land use combined and GDP
over the length of the GCAM simulation (the 21st
century). We also show maps of differences of sali-
ent quantities from GCAM output at 2100 between
the scenarios affected by impacts and the scenarios
that are not. We could plot these geographic differ-
ences at other times during the 21st century, but we
choose to display only the largest effects, at the time
of the largest cumulative GHG emissions (the end of
the century in this baseline scenario). In the SM we
add a set of figures that help trace the results shown
in the main text to individual impact channels.

3. Results

GCAM’s output database contains thousands of met-
rics of the model’s projections for all sectors, with
detailed representation of subsectors, technologies,
geographic units, and time steps. Our choice of out-
comes to describe here is informed by the principal
question we seek to answer, focusing on changes in
global scale metrics which would indicate, or be asso-
ciated with, a significant change in emissions (and
therefore climate) due to the incorporation of impacts
(GMT, RE CO; emissions, GDP). Additionally, even
if we do not see significant changes on emissions
at the global scale, we document effects at regional
scales related to changes in energy demand: we exam-
ine regional changes in demand for heating vs cool-
ing services, document if changes in the fuel mix
(hypothesized as possibly associated with a switch
from heating to cooling demand, the former usually
reliant on natural gas consumption, while the latter
usually provided by electricity) change emissions of
methane and sulfates significantly. We conclude with
an assessment of changes in the regional prices of
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agricultural products (crops and meat) and energy
sources, which are relevant to food and energy
security.

3.1. Global scales

As discussed, emission changes large enough to
change climate significantly in the BwI scenario (rel-
ative to Bnl) would call for endogenizing impacts
in emission scenario generation. Thus, we compare
the GMT trajectories that Hector produces based on
the Bwl and Bnl emission outcomes. As figure 2(a)
shows, the difference is positive (i.e. incorporating
impacts leads to more warming) but does not reach
a tenth of a degree at 2100 even when using the
stronger climate system response from Hector (we
recall that warming with respect to the 1850-1900
baseline under Bnlis 3.27 °C when Hector’s ECS is set
to its default value (3 K) and 3.83 °C if ECS is set to
5 K). This result suggests that in this modeling frame-
work, with the implementation as described of these
five impact channels, differences in emissions do not
amount to a magnitude that changes climate signific-
antly. Here we use the study of Tebaldi et al (2015) to
justify our use of ‘significant. The study, accounting
for uncertainties across climate models and the effects
of internal climate variability, demonstrates that with
a global warming difference of 0.1 °C, less than 10%
of land regions experience changes in temperature
that are larger than internal variability, and no signi-
ficant land fraction is affected by changes in precipit-
ation above internal variability.

The corresponding lower panel 2(e) distinguishes
the contribution of the individual impact channels
for the climate experiment setup having the largest
response (Hector with ECS = 5 K and STITCHES
using MRI, see panel 2(a), solid red line, correspond-
ing to the same line in the lower panel). The largest
(and positive) contribution comes from the repres-
entation of changes in energy demand (line labeled
HDCD) through changes in heating and cooling
degree days with climate change, with impacts from
changes in yields and hydropower capacity also con-
tributing to increased warming. The effects of changes
in runoff stay close to zero, while the effects of changes
in labor productivity are negative. The total (net)
effect seems consistent with an additive behavior of
the individual channels. Panels 2(b) and (f) show the
differences in RF between the various climate experi-
ments and the various impact channels, and are fully
consistent with the behavior of temperature, as expec-
ted. Differences in RF amount to at most 0.2 Wm ™2
by the end of the century. Two additional panels 2(c)
and (g), document one of the sources of these RF and
GMT changes, global CO, emission increases, which
amount to at most slightly over 1% increase com-
pared to the reference at some times during the cen-
tury, with the various impact channels offsetting one
another. The resulting changes in cumulative emis-
sions at the end of the century are only on the order
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Figure 2. Differences in global mean temperature (a), (e), radiative forcing (b), (f), CO, emissions (c), (g) and GDP (d), (h)
trajectories resulting from GCAM simulations with and without impacts. First row (panels (a)—(d)) shows a comparison among
the alternative climate drivers implemented, the second row (panels (e)—(h)) shows a comparison between the simulation with
the larger climate drivers (STITCHES emulating MRI—Hector using ECS = 5 K) and all impacts represented, and simulations
with the same climate drivers but each impact channel implemented in isolation. All time series are differences from the reference
scenario without impacts (Bnl), absolute differences in the case of GMT and RE, percent differences in the case of CO, emissions
and GDP. In each pair of plots for a given quantity, the solid red line (MRI highGMT/all impacts) is the same.

of 2.7 GtC in the experiment that includes all impacts
(not shown). The rank of the contributions of the
various channels is consistent between changes in RFs
and changes in GMT, but not between those and
changes in CO, emissions, suggesting the presence of
effects from other active gases on the total RF in these
experiments. In fact, an investigation of the individual
contributions to the total RF confirms that other gases
with positive or negative effects show disparate beha-
vior across the experiments, with methane forcing,
for example, increasing over the century in the yield-
only single impact experiments, but not in the hydro-
only impact experiment.

Last, we plot global GDP in panels 2(d) and (h).
To first order, in a baseline scenario without mit-
igation, the size of the economy will have a strong
imprint on emissions, and the results from our exper-
iments confirm that the overall impacts on GDP
amount to at most 1% by the end of the century when
using the stronger climate response. The evaluation
of these results suggests that a fully coupled repres-
entation of the Earth and human system components
with feedbacks implemented as the model integrates
forward would not be warranted, as those feedbacks
would not be large enough to alter the evolution of
the coupled system, compared to simply imposing the
effects of climate impacts exogenously onto GCAM as
we are doing in this exercise.

3.2. Regional scales

Even if the global scale response is not affected sig-
nificantly by the representation of these impacts, it
is still worth asking if interesting regional dynamics

emerge. Regional changes in GHG emissions can still
have relevance for regional climate policy targets and
carbon and other goods’ prices.

We consider absolute and percent differences in
2100 when comparing Bwl and Bnl for outcomes
of a number of metrics (related to energy, land and
water), focusing on those simulations that used the
largest climate forcings (Hector with ECS of 5 K,
STITCHES emulating the MRI model) to compute
impacts. We find that regional patterns are similar
when using GMT derived by the lower ECS of 3K, and
when using the alternative climate model (CanESM5)
in the emulation.

Figure 3 shows changes in emissions of CO,
from energy and industry production, and, sep-
arately, those from land use change, in absolute
and percentage difference from the Bnl baseline.
The units of the absolute differences (MtC, pan-
els (a) and (b)) make it clear that these values,
also considering the offsetting effects across regions
of changes opposite in sign, are a minuscule frac-
tion of annual global emissions (about 37GtCO,; in
2023 from energy and industry use, and increas-
ing thereafter in this baseline scenario without mit-
igation). Nevertheless, in terms of percent changes,
some regions experience large changes between Bwl
and Bnl, and these changes could mean more strain
in meeting mitigation targets. The Amazon region
stands out and invites an in-depth analysis to trace
the source of a sizeable increase of about 10% in
energy and industry emissions, which are not reflec-
ted in changes in energy demand for cooling (see
figure 4). A one-at-a-time-impact analysis that we
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Figure 3. Absolute (a), (b) and percent of Bnl (c), (d) changes at 2100 in regional emissions of CO, from energy and industry
(a), (c) and land use changes (b), (d) when comparing BwlI to Bnl.
uses an estimate of GMT by Hector parameterized by ECS = 5 K, and STITCHES emulating the MRI model. Results from those
experiments with other climate forcing implementation are qualitatively similar, if overall reduced in size.
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Figure 4. Percent changes at 2100 in final energy use for residential building cooling (left) and heating (right). See figure S3 for
absolute terms and the break-down among individual impact channels, showing that HDD/CDD implementation is sufficient
to explain these changes. The experiment showing the largest impacts is shown, which uses an estimate of GMT by Hector para-
meterized by ECS = 5 K, and STITCHES emulating the MRI model. Results from those experiments with other climate forcing

Residential Energy Demand for Heating
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conducted for this purpose (figure S1) identifies the
main source of increased emissions as a change in
hydropower production due to changes in runoff,
projected to decrease over the century because of
drier future climate conditions. This region, which

relies heavily on hydropower generation, would be
forced to adopt more carbon-intensive sources of
energy when the impacts of lower river flow on the
production of hydropower plants is represented in
GCAM.
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Figure 5. Percent changes at 2100 in non-CO2 emissions across scenarios. See figure S4 for absolute terms and the break-down
among individual impact channels. The experiment showing the largest impacts is shown, which uses an estimate of GMT by
Hector parameterized by ECS = 5 K, and STITCHES emulating the MRI model. Results from those experiments with other cli-
mate forcing implementation are qualitatively similar, if overall reduced in size.

Increases in LU emissions, largest in absolute
terms over Northern Eurasia, are attributable to the
effects of agricultural impacts through changes in
labor and crop productivity, inducing cultivated land
expansion and deforestation in this region as well as
in all other regions of the world. Figure S2 docu-
ments this effect, and a one-at-a-time implementa-
tion of these impacts confirms that it is attributable to
changes in labor productivity and the productivity of
land for the different crops that GCAM represents: as
climate diminishes yields per hectare across the globe,
more land is put to production to compensate for the
detrimental impact. The same figure also displays the
corresponding loss of forested land, responsible for
increased carbon emissions in figures 3(b) and (d).

Previous work has tested the effects in GCAM
of making energy demand endogenously driven by
changes in heating and cooling degree days consistent
with GCAM emissions (Hartin et al 2021). That work
found that, in a warming climate, the effects on emis-
sions of the increased demand for cooling was offset
by the lower demand for heating, so that the globally
aggregated emissions, and therefore climate itself, did
not change significantly by implementing this feed-
back. Our results confirm that finding: figure 4 shows
that there are changes, as expected, in the final energy
use for cooling and heating, significant (more than
doubling, in some cases) for some regions, but, as
we already discussed, the aggregated effect is not sig-
nificant (figure 2). Interestingly, the regional pattern
of differential energy use does not correspond to the
regional pattern of overall changes in regional CO,
emissions (figure 3), pointing at the compounding
effects of different impact channels. As we already
described, the largest changes in regional emissions
in figure 3, which express themselves in particu-
lar over South America, are attributable to changes

in runoff specifically through changes in capacity
for hydropower generation (figure S1), rather than
changes in energy demand. We also assessed changes
in methane and sulfate emissions, which could res-
ult from the new balance between heating demand
(predominantly for natural gas) and cooling demand
(predominantly for electricity). If we found large
changes at regional scales, implications for short lived
climate forcers could be significant and may affect
regional climate, even if the lack of robust signals
across different earth system models documented in
the literature (Westervelt et al 2020, Tebaldi et al 2023)
hampers our ability to quantify their feedback poten-
tial in a robust way. Figure 5, however, shows that
changes are small, and their patterns are not obviously
consistent with the patterns in figure 4.

GCAM is an economic model, whose dynam-
ics are driven by the need to balance, at each time
steps, supply and demand for hundreds of markets
across sectors and geographies. Thus, its output not
only includes hundreds of physical quantities related
to the energy, land and water sectors, but also their
prices. We can therefore explore if the changes at
the regional scale just described affect prices, par-
ticularly for energy and food. We focus on tenden-
cies and the order of magnitude of changes, and we
stress that ours is always a comparative perspective,
between outcomes under scenarios accounting for cli-
mate impacts and those that do not. While we do
not trace causes of price changes in detail, in general
terms, impacts either affect the cost of production of
goods (e.g. food production through yield impacts)
or affect demand (e.g. for cooling), either of which
will lead to a change in price.

We find that the price of fuels for primary energy
production do not show significant increases; the
difference at 2100 between Bwl and Bnl is within 1
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Figure 6. Percent changes at 2100 in prices of fuels used for primary energy production, comparing Bwl to Bnl. The experiment
showing the largest impacts are shown, which use an estimate of GMT by Hector parameterized by ECS = 5 K, and STITCHES
emulating the MRI model. Results from those experiments with other climate forcing implementation are qualitatively similar, if
overall reduced in size.
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Figure 7. Percent changes at 2100 in food prices (agricultural products), comparing Bwl to Bnl. The experiment showing the
largest impacts is shown, which uses an estimate of GMT by Hector parameterized by ECS = 5 K, and STITCHES emulating
the MRI model. Results from those experiments with other climate forcing implementation are qualitatively similar, if overall
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or 1.5% of one another for coal, oil, natural gas and
nuclear. The only source showing increases on the
order of 5%-10% is biomass (figure 6). The cost of
electricity also remains close between the two exper-
iments, with all regions experiencing increases less
than 4%.

The same behavior is found for other energy-
related prices, like those of fuels for final energy
use for buildings, transportation and industry.
All fuel price changes remain substantially below
5% (decreasing or increasing regionally), with the
exception of prices of biomass for building and
industry use, which are however not much larger
than 5%.

The price of food, however, changes significantly
between scenarios, with corn, rice and vegetables
becoming more costly by up to 50%—-60% in some
regions, wheat up to 30% and soybean up to 15%
(figure 7). These results are a reminder that even
though impacts may not substantially affect emis-
sions, they can still have important socio-economic
consequences.

Meat and dairy products as well show increasing
costs, but changes remain between 5% and 15% in
most regions (figure 8).

The analysis of single impact experiments (figures
S5 and S6) reveals that the larger changes can be
explained mainly by intra-sectoral impacts: as those
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Figure 8. Percent changes at 2100 in food prices (meat and dairy products), comparing Bwl to Bnl. The experiment showing
the largest impacts is shown, which uses an estimate of GMT by Hector parameterized by ECS = 5 K, and STITCHES emulating
the MRI model. Results from those experiments with other climate forcing implementation are qualitatively similar, if overall

reduced in size.

figures show, the compound change experienced by
the simulations that accounts for all impact channels
appears equivalent to the sum of the changes exper-
ienced when accounting individually for impacts on
yields and on agricultural labor productivity.

4. Conclusions

We examined how representing climate impacts in
GCAM’s baseline scenario affects emissions and cli-
mate outcomes. Our core question was whether IAMs
should include climate impacts when producing
emission and land-use scenarios, what error results if
they do not, and whether the size of the error indicates
the necessity of implementing a fully coupled, endo-
genized representation of climate impacts.

To test this, we translated GCAM’s baseline
emissions and land use into climate responses and
impacts, applied those impacts exogenously to pro-
duce a new GCAM baseline scenario, and compared
the results. If this approach had significantly altered
human-system dynamics and emissions—enough to
meaningfully change climate outcomes—it would
have indicated that impacts need to be modeled endo-
genously when emission scenarios are produced.

Our results, however, indicate that the effects on
the global economy and global emissions lead to less
than 0.1 °C difference in warming by 2100, from
a baseline scenario warming of almost 4 °C, and
therefore do not support endogenizing these impacts.
This conclusion is conditional on our modeling
framework and the specific impact channels repres-
ented but is consistent with other studies finding
modest-scale impacts on emissions (Hartin et al 2021;
Matsumoto et al 2021, both of which implemented
a two-way coupling but found only regionally sig-
nificant changes). Of course, the value of a better
integrated representation of human and Earth system
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changes and feedbacks goes beyond our focus, as
it could enable more accurate anticipation of the
consequences of alternative socio-economic develop-
ment pathways. In fact, we do see sizable regional out-
comes emerging in several metrics (emissions from
both industrial and land use activities, food prices)
which indicate that local economies and well-being
measures may be affected significantly.

We have addressed climate projection uncertainty
by using different global temperature responses to
the same scenario and two climate models’ regional
responses for the same level of global warming. But
many other sources of limitations and uncertainty call
for continued exploration of the issue, in order to
draw robust conclusions on the size of impacts and
therefore the potential need to endogenize them in
scenario development.

Studies similar to ours are needed across IAMs
given structural limitations, diversity in representa-
tion and assumptions, and a variety of approaches to
representing the dynamics and drivers of the human
system (e.g. partial vs general equilibrium, intertem-
poral optimization vs recursive-dynamics models,
different scales of regional disaggregation and tem-
poral steps, different sectoral details) (Tebaldi et al
2026). Studies should also include additional impact
channels, such as damages from a wider range of
extremes to productivity, infrastructure, and assets
which could affect GDP more significantly and even
cause persistent growth effects when accounted for;
the effects of wildfire on emissions and natural car-
bon sinks could strongly affect mitigation scenarios,
which we have not tackled in this investigation limited
to a baseline scenario without mitigation measures;
the interaction of air pollutants and heat on human
health could further affect labor productivity and
public health; and the encroaching sea level on coastal
settlements and populations could cause not only
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losses to assets and infrastructures but also redistrib-
ute population. Notably, however, labor-productivity
losses—represented here, albeit only in agriculture—
remain among the most significant impact channels
(Tachiiri et al 2021).

A more comprehensive exploration of uncertain-
ties is also needed. Any choice of impact model carries
with it uncertainties both within the model itself, and
in comparison to alternative models (a different para-
meterization of Xanthos would probably produce dif-
ferent estimates of runoff, but so would a different
hydrological model). Perhaps even more strikingly,
there is a wide range of estimates of damage func-
tions of the type typically used in benefit-cost models
(Morris et al 2025). The effect of climate impacts on
GDP in the kind of process-based models we focus on
here tends to align with the low end of the range of
damage function estimates (Piontek et al 2021). The
higher end of this range implies much larger potential
for climate change impacts to feed back on emissions.
Many of these damage functions are econometrically
derived from historical observations, but the validity
of high damage estimates is contested (Newell et al
2021). Nonetheless, a wider consideration of uncer-
tainties than is presented here is warranted.

A parallel track of research, modeling, and ana-
lysis in coupling human and earth systems has
approached the problem from the perspective of
Earth system modeling. In that framework, the rep-
resentation of human activities relevant to Earth
system dynamics (for example, water management
and agricultural land use, besides, of course, emis-
sions) are endogenized and the human compon-
ent is coupled on par with the other geophys-
ical components of the Earth system model (atmo-
sphere, ocean, land, cryosphere, biosphere) (Calvin
and Bond-Lamberty 2018, Tan et al 2023, Bjordal et al
2025, Di Vittorio et al 2025). At least a few exper-
iments documented in the literature have suggested
that the strength of socio-economic feedbacks justi-
fies the endogenization, as they affect the model evol-
ution. For example, Thornton et al (2017) document
feedbacks of climate on land productivity and ensuing
effects on decisions about land allocation to crops or
forest, on prices, and on emissions. More recently, it
has been shown that carbon prices necessary to meet a
steep decarbonization goal for China would increase
in a net-zero scenario if warming impacts on energy
demand were accounted for (Wang et al 2025).

The computational demands of Earth system
models, however, further increased by the addition
of human systems’ process representations, challenge
a full exploration of the uncertainties and sensitiv-
ities that the coupling introduces. In this work, we
take the alternative approach of representing a sim-
plified and computationally efficient Earth system
response (through emulation) and its translation in
impacts as external forcing to an IAM. This allowed
us to quantify how much these climatic changes affect
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the JAM dynamics, and therefore the potential to
alter its emissions and land use path if those for-
cings were endogenized. By choosing models—and
emulators—that preserve computational tractability,
we explored several dimensions of uncertainties and
variability affecting our results. We hope this work
informs both IAM development and decisions about
coupling human and Earth systems within ESMs.
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