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Abstract The influence of continental configuration on the climate response to greenhouse‐gas forcing
remains poorly understood. Here, we use an idealized model with varying land‐ocean coverage to investigate
how the spatial distribution of land modulates the climate response to increased carbon‐dioxide concentrations.
When land is concentrated in tropical regions, equilibrium climate sensitivity is lower due to a weaker water‐
vapor feedback, land‐ocean warming contrasts are minimal, and global‐mean land relative humidity declines
only slightly. By contrast, when land is concentrated in polar regions, equilibrium climate sensitivity is higher,
land‐ocean warming contrasts are pronounced, and global‐mean land relative humidity declines substantially.
Large land‐ocean warming contrasts also occur when land is arranged in a continuous pole‐to‐pole meridional
band. Changes in near‐surface land relative humidity can be attributed to changes in land evaporation and
oceanic moisture transport. Together, these results highlight the critical role of continental configuration in
shaping Earth's climate response to greenhouse‐gas forcing.

Plain Language Summary The distribution of land across Earth's surface has varied dramatically
over geologic time, yet its influence on the climate system's response to greenhouse‐gas forcing remains poorly
understood. Using an idealized climate model, we show that the spatial distribution and orientation of land
strongly shape Earth's response to increased atmosphere carbon dioxide concentrations. When most land is
located in the tropics, higher carbon dioxide concentrations cause less overall warming, with land and ocean
temperatures increasing by similar amounts and little drying over the global average land surface. In contrast,
when most land is located outside of the tropics, higher carbon dioxide concentrations cause greater overall
warming with amplified land warming and more pronounced drying over the global average land surface. We
attribute these responses to distinct physical processes. These findings highlight the importance of continental
configuration in modulating climate feedbacks and atmospheric hydrological responses to increased carbon
dioxide concentrations, with implications for interpreting Earth's climate under different paleogeographic states.

1. Introduction
The distribution of land and ocean is a fundamental feature of Earth's present‐day climate. Although land covers
only about 30% of the Earth's surface, it is unevenly distributed: approximately 67% of the total landmass lies in
the Northern Hemisphere, compared with approximately 33% in the Southern Hemisphere. This hemispheric
asymmetry has long been recognized as an important factor influencing the climate system (e.g., Croll, 1870).
Early studies that laid the foundation for contemporary climate models suggested that the larger land area in the
Northern Hemisphere makes it more sensitive to increases in anthropogenic greenhouse gases (Manabe
et al., 1991; Schneider & Thompson, 1981; Stouffer et al., 1989). Beyond this broad hemispheric contrast,
however, it remains unclear how the geographic distribution of land more generally influences the sensitivity of
global and regional climate to changes in greenhouse‐gas concentrations.

Over the past billion years, Earth has experienced a wide range of continental configurations, from superconti-
nents near the equator to fragmented landmasses in the extratropics (Merdith et al., 2021; Müller et al., 2016;
Scotese et al., 1988; Seton et al., 2012; Straume et al., 2020). Continental configuration is argued to be a major
influence on the evolution of Earth's climate. For example, the opening of the Drake Passage (Barker & Bur-
rell, 1977; Scher & Martin, 2006) has been suggested to enhance the ocean's global overturning circulation (Sijp
& England, 2004; Toggweiler & Samuels, 1995), while the relative widths of the Atlantic and Pacific basins have
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been associated with asymmetries in deep water formation between the basins (Ferreira et al., 2018; Jones &
Cessi, 2017; Youngs et al., 2020). Yet the influence of continental configuration on the climate response to
greenhouse‐gas forcing remains relatively unexplored. Recent studies show that the extent of South America and
its position relative to Africa affect the decline in Amazon precipitation under warming (Pietschnig et al., 2019,
2021), suggesting that continental geometry may play a first‐order role in shaping the patterns of climate change.
A key open question is how the latitude and orientation of landmasses influence other aspects of the climate
response to elevated greenhouse‐gas concentrations.

Addressing this question is particularly important because recent work has shown that continental configuration
can strongly influence many aspects of the base climate state through atmospheric processes alone (Laguë
et al., 2023). This suggests that land geometry may also modulate the climate response to greenhouse‐gas forcing
via purely atmospheric mechanisms. Under warming, land surfaces exhibit distinct features, including amplified
warming relative to the ocean (Byrne & O’Gorman, 2013; Dong et al., 2009; Joshi et al., 2008; Manabe
et al., 1991; Stouffer & Manabe, 1999) and widespread declines in near‐surface relative humidity (Byrne &
O’Gorman, 2016; Fu & Feng, 2014; Laîné et al., 2014; O’Gorman & Muller, 2010). However, it remains unclear
whether the orientation of continents modulates these characteristic aspects of modern climate change. Because of
the complexity of fully coupled Earth system models, isolating the role of land geometry remains challenging. A
systematic evaluation of how differences in land configuration, including latitude and orientation, influence
climate sensitivity and hydrological responses under greenhouse gas forcing is still needed.

In this study, we use an idealized atmospheric general circulation model (GCM) to investigate how different
continental configurations shape Earth's climate response to increased greenhouse gases. When land is
concentrated in tropical regions, equilibrium climate sensitivity is smaller, land‐ocean warming contrasts are
weaker, and global‐mean near‐surface land relative humidity declines only modestly. In contrast, when land is
concentrated in polar regions, equilibrium climate sensitivity is larger, land‐ocean warming contrasts are stronger,
and global‐mean near‐surface land relative humidity decreases substantially. Large land‐ocean warming contrasts
also occur when land spans in a continuous meridional band from pole‐to‐pole. We interpret these responses using
diagnostic energy and moisture budgets, yielding mechanistic insight into how continental configuration mod-
ulates climate sensitivity and informing interpretations of Earth's climate in different paleogeographic states.

2. Materials and Methods
2.1. Idealized GCM

To investigate the impact of continental configuration on the climate response to increased greenhouse‐gas
concentrations, we use the Model of an Idealized Moist Atmosphere (MiMA; Jucker & Gerber, 2017), an
intermediate‐complexity GCM made accessible through the Isca framework (Vallis et al., 2018). Simulations are
performed at T42 horizontal resolution with 25 unequally spaced sigma levels, providing approximately 10 hPa
spacing near the surface that gradually coarsens with height. The model includes a seasonal cycle in insolation
(obliquity = 23.4398°, eccentricity = 0), a 360‐day year, and a solar constant of 1360 W m− 2.

The atmosphere of MiMA includes moist dynamics and produces precipitation (Jucker & Gerber, 2017), but
omits cloud radiative effects. MiMA is chosen because radiative transfer is computed using the Rapid Radiative
Transfer Model (Iacono et al., 2000; Mlawer et al., 1997; Vallis et al., 2018), rather than a gray radiation scheme
(e.g., Frierson, 2007), thereby permitting a water vapor feedback. Convection is represented using the simple
Betts‐Miller scheme (Betts, 1986; Frierson, 2007). The atmosphere is coupled to a 20 m slab ocean without heat
transport. Land grid cells differ from ocean by having higher surface albedo, lower heat capacity, a finite water‐
holding capacity, and enhanced resistance to evaporation under dry conditions. The surface albedo for the ocean is
0.25 and for the land is 0.33. These values are higher than typical land and ocean albedo values to produce a
reasonable planetary albedo in the absence of cloud radiative effects. The prescribed land heat capacity is 1/10
that of the ocean slab, equivalent to a 2 mmixed‐layer ocean. Note that this land heat capacity is larger than that of
modern land surfaces, but is used to simulate a realistic mean‐state climate (Vallis et al., 2018). Soil moisture
follows a bucket hydrology scheme (e.g., Manabe, 1969) with a capacity of 150 mm per grid cell and initial value
of 100 mm. When the bucket is less than three‐quarters full, evaporative resistance increases linearly with
dryness; above this threshold, evaporation proceeds as over open water. Excess water is treated as runoff and
returned to the ocean. In practice, the water budget remains closed because the ocean is an unlimited moisture
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source, and its physics in this model are unaffected by runoff. Because these configurations lack a river routing
scheme, runoff is simply discarded. Land and ocean aerodynamic roughness are set equal (0.2 mm). Snow, sea
ice, and soil‐moisture effects on albedo are not represented, so surface‐albedo feedbacks are absent. Unless
otherwise noted above, our model setup follows Isca's default template for the MiMA case of Jucker and
Gerber (2017).

2.2. Experiments

We conduct 16 simulations spanning 8 continental configurations. Following Laguë et al. (2023), we first
construct 6 configurations that contain 50% land and 50% ocean globally. These configurations are defined as
follows: land concentrated between 30°S and 30°N (“Tropics”); land confined to high latitudes between 30° and
90° in both hemispheres (“Polar”); land restricted to the eastern hemisphere between 0°E and 180°E (“East”);
land located in the Northern Hemisphere between 0° and 90°N (“North”); land distributed in two zonal bands
between 180°W and 180°E at selected latitudes (“Zonal”); and land distributed in two meridional bands between
90°S and 90°N at selected longitudes (“Meridional”). We also perform an “Aquaplanet” configuration that is
devoid of land and a “Realistic” configuration that closely matches today's continental geometry. For the
Aquaplanet configuration, the surface albedo is set to 0.29 to match the global‐mean albedo of the 50% land‐ocean
simulations. All simulations have no orography. For each configuration, we perform a control simulation with
atmospheric CO2 fixed at 300 ppmv, and a perturbed simulation with doubled CO2 (2 × CO2 = 600 ppmv),
branched from the control. Each simulation is integrated for 60 years. The final 50 years of each simulation are
used to estimate the climate state for each continental configuration. Figure 1 shows the spatial distribution of land
for each configuration (gray hatching).

3. Impact of Continental Configuration on the Climate Response
3.1. Changes in Near‐Surface Air Temperature

We begin by examining changes in near‐surface air temperature (δTs). Figure 1 shows the spatial patterns of δTs
for each continental configuration in response to 2 × CO2. The configurations exhibit a range of global‐mean
warming responses. The Aquaplanet configuration (Figure 1a) warms by δT̄s = 2.9 K (Table 1), where the
overbar denotes the global mean. The Tropics land configuration (Figure 1b) exhibits the smallest global‐mean
warming, with δT̄s = 2.4 K. In contrast, the Polar land configuration (Figure 1c) shows stronger warming than
the Aquaplanet configuration, with δT̄s = 3.1 K. Interestingly, the Realistic land configuration (Figure 1h),
characterized by greater ocean coverage than the idealized land configurations but less than the Aquaplanet
configuration, exhibits the largest global‐mean warming, δT̄s = 3.3 K. All remaining continental configurations
display comparable global‐mean warming of approximately δT̄s = 2.5 − 2.7 K (Figures 1d–1f; Table 1).

A robust feature of climate change is the amplification of warming over land relative to the ocean (e.g., Byrne &
O’Gorman, 2013; Dong et al., 2009; Joshi et al., 2008; Manabe et al., 1991; Stouffer &Manabe, 1999). Consistent
with this behavior, land generally warms more than the ocean across the continental configurations (Figure 1). In
the Tropics and Zonal land configurations, however, land and ocean warm by nearly the same amount
(Figures 1b–1f), whereas in the Polar and North land configurations, where land is primarily located at high
latitudes, land warming exceeds ocean warming (Figures 1c–1e). Similar behavior is seen when land extends
meridionally from pole to pole but lies zonally adjacent to the ocean, producing a pronounced land‐ocean
warming contrast (Figures 1d–1g). Polar amplification, which is present even in the Aquaplanet configuration
(Figure 1a), likely contributes to the enhanced warming over land when land is concentrated at high latitudes
(compare Figures 1a and 1c). In the Realistic land configuration, land warming is strongly amplified (Figure 1h)
and exhibits a pattern that reflects a combination of the Meridional and Polar land configurations (see Figures 1c
and 1g). Some spatial variability in δTs persists even without zonal asymmetries, likely due to mixed‐layer and
soil‐atmosphere coupling.

3.2. Mechanisms for Near‐Surface Warming

To investigate the processes controlling δT̄s, we employ a standard global energy balance model (Gregory
et al., 2004; Gregory & Forster, 2008; Raper et al., 2002):
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N̄ = F̄ + λ̄δ T̄s, (1)

where N̄ is the global‐mean energy imbalance (Wm− 2), F̄ is the global‐mean effective radiative forcing (Wm− 2),
and λ̄ is the global‐mean radiative feedback parameter (Wm− 2 K− 1). In this zero‐layer energy balance framework,
λ̄ governs the equilibrium response of δT̄s to F̄, representing the efficiency with which the climate system radiates
energy at the top‐of‐atmosphere per degree of global warming. At equilibrium, N̄ = 0, which gives

Figure 1. Continental configuration and near‐surface air temperature changes. Near‐surface air temperature change (δTs)
under 2 × CO2 forcing for the (a) Aquaplanet, (b) Tropics, (c) Polar, (d) East, (e) North, (f) Zonal, (g) Meridional, and
(h) Realistic land configurations. Gray hatching denotes land regions. Each land configuration contains 50% land and 50% ocean
globally except for the Aquaplanet and Realistic land configurations.
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ECS ≡ δT̄s = −
F̄
λ̄
. (2)

where ECS is the equilibrium climate sensitivity, defined as the equilibrium global‐mean near‐surface air tem-
perature change in response to 2 × CO2.

Table 1 shows the values of ECS, F̄, and λ̄ for each continental configuration. F̄ and λ̄ are estimated as the y‐
intercept and slope, respectively, of the linear relationship between δT̄s and N̄ over the first 10 years of the
2 × CO2 simulation. This regression period is shorter than that used in other studies (e.g., Gregory et al., 2004),
reflecting the faster equilibration timescale of our simulations. The configurations with land exhibit similar values
of F̄, ranging from 3.5 to 3.9 W m− 2, whereas λ̄ has a larger fractional variation. Note that the Aquaplanet
configuration has a larger value of F̄ = 4.4 W m− 2. The Tropics land configuration, which has the smallest ECS,
has the most negative λ̄, indicating strong radiative damping (Table 1). Conversely, the Polar land configuration,
which exhibits a large ECS, has a small negative λ̄, indicating weak radiative damping (Table 1). Notably, the
Realistic land configuration has the largest ECS and the least negative λ̄, even compared with the Aquaplanet
simulation, which has more extensive ocean coverage and thus a greater supply of moisture (Table 1).

Typically, λ̄ is partitioned into individual feedbacks (e.g., water vapor, lapse rate) using radiative kernels (e.
g., Shell et al., 2008; Soden et al., 2008). Kernels for the RRTM scheme in Isca exist (e.g., Chung & Feldl, 2024)
but depend on the base climate state, which varies across continental configurations (Laguë et al., 2023), and
applying them consistently is computationally prohibitive. Since these simulations exclude cloud and surface
albedo feedbacks, variations in λ̄ arise solely from the Planck, water vapor, and lapse rate feedbacks. We therefore
partition λ̄ into the Planck component (λ̄pl) and the combined water vapor plus lapse rate component (λ̄wv+ lr),
which covary strongly (Held & Shell, 2012; Po‐Chedley et al., 2018). The term λ̄pl is estimated via the Stefan‐
Boltzmann law (e.g., Bony et al., 2006; Cronin & Dutta, 2023):

λ̄pl = − 4σ T̄3
e , (3)

where σ is the Stefan‐Bolztmann constant and T̄e is the global‐mean effective emission temperature, estimated as

T̄e = (
F̄0
σ
)

1/4

, (4)

Table 1
Continental Configuration and Equilibrium Climate Sensitivity

Land configuration ECS ≡ δT̄s K F̄ W m− 2 λ̄ W m− 2 K− 1 λ̄pl W m− 2 K− 1 λ̄wv+ lr W m− 2 K− 1

Aquaplanet 2.9 4.4 − 1.5 − 3.8 2.3

Tropics 2.4 3.6 − 1.5 − 3.8 2.3

Polar 3.1 3.7 − 1.2 − 3.9 2.7

East 2.5 3.5 − 1.4 − 3.8 2.4

North 2.7 3.8 − 1.4 − 3.8 2.4

Zonal 2.6 3.9 − 1.5 − 3.8 2.3

Meridional 2.6 3.7 − 1.4 − 3.8 2.4

Realistic 3.3 3.6 − 1.1 − 3.9 2.8

Note. The equilibrium climate sensitivity (ECS), defined as the equilibrium global‐mean near‐surface air temperature change
(δT̄s) following a doubling of CO2, for each land configuration. The global‐mean radiative forcing ( F̄) and global‐mean net
radiative feedback (λ̄) are shown in the next two columns. The λ̄ term is further partitioned into a component due to the Planck
feedback (λ̄pl) and a component due to the combined water vapor and lapse rate feedbacks (λ̄wv+ lr). Each land configuration
contains 50% land and 50% ocean globally except for the Aquaplanet and Realistic land configurations.
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with F̄0 representing the global‐mean outgoing longwave radiation at the top‐of‐atmosphere in the control
simulation (i.e., atmospheric CO2 of 300 ppm). The value of λ̄wv+ lr for each simulation is then calculated as the
difference between the total λ̄ (estimated via regression) and λ̄pl.

In the Tropics land configuration, where λ̄ is most negative, λ̄wv+ lr is less positive. This likely reflects the fact that
land in the tropics reduces evaporation compared with the ocean in the base climate state, which limits atmo-
spheric water vapor and weakens the water vapor feedback. Conversely, in the Polar land configuration, where λ̄
is less negative, λ̄wv+ lr is more positive. This is likely due to a strong water vapor base state maintained by
enhanced evaporation over tropical oceans. In the Realistic land configuration, λ̄ is the least negative, likely
because of a strongly positive water vapor feedback associated with limited tropical land area and a less negative
lapse‐rate feedback over extratropical land surfaces.

To understand the differences in land‐ocean warming contrasts, we examine changes in the local atmospheric
energy budget (Crook et al., 2011; Feldl et al., 2017; Goosse et al., 2018; Hahn et al., 2021; Pithan & Maur-
itsen, 2014) and decompose δTs into contributions from F, λ, and changes in the atmospheric energy flux
convergence. In these equilibrium slab ocean model simulations, there is no change in the net surface energy flux.
Using λ̄pl and assuming a balanced atmospheric energy budget, the local δTs can thus be expressed as

δTs = −
1
λ̄pl

(F + λṕlδTs + λwv+lrδTs − δ(∇ ⋅Fdry) − δ(∇ ⋅Flatent) + ε), (5)

where λṕl = λpl − λ̄pl, δ(∇ ⋅Fdry) is the change in the dry‐static energy flux convergence, δ(∇ ⋅Flatent) is the
change in the latent energy flux convergence, and ε is small residual term accounting for nonlinearties in the
approximation of F and λ. Note that F and λ are computed as the y‐intercept and slope, respectively, of the
relationship between δTs and N over the first 10 years, calculated separately for the global average land and ocean
domains. We further partition λ into λpl and λwv+ lr following the procedure described above but over the global
average land and ocean domains. The term δ(∇ ⋅Flatent) is calculated from the change in evaporation minus

Figure 2. Mechanisms for land–ocean warming contrasts. Scatter plot showing the change in near‐surface air temperature (δTs) under 2 × CO2 over the ocean (x‐axis)
versus over the land (y‐axis) for the (a) Aquaplanet, (b) Tropics, (c) Polar, (d) East, (e) North, (f) Zonal, (g) Meridional, and (h) Realistic land configurations. Each
colored symbol represents a specific mechanism from Equation 5. The ratio of land warming to ocean warming is indicated by the black text adjacent to the black dot.
Each land configuration contains 50% land and 50% ocean globally except for the Aquaplanet and Realistic land configurations.
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precipitation times the latent heat of vapourization, while δ(∇ ⋅Fdry) is calculated as the difference between the
change in net top‐of‐atmosphere energy flux and δ(∇ ⋅Flatent).

Figure 2 shows δTs averaged over the ocean (x‐axis) versus δTs averaged over the land (y‐axis) as black dots,
along with the contributions of each term in Equation 5, shown as colored dots, for each continental configuration.
In the Tropics land configuration, land and ocean temperatures increase by the same amount, indicating no
amplification of warming over land (black dot, Figure 2b). All other continental configurations exhibit some
degree of land amplification, with the largest land‐ocean warming contrast occurring in the East land configu-
ration (black dot, Figure 2d) and the smallest in the Zonal land configuration (black dot, Figure 2f), corresponding
to amplification factors of 1.4× and 1.1×, respectively. The Realistic land configuration also exhibits a moderate
land–ocean warming contrast, with an amplification factor of 1.2× (Figure 2h).

Although most continental configurations exhibit amplified land warming, the mechanisms driving this ampli-
fication differ. In the East and Meridional land configurations, which have the largest amplification factors, the
combined water vapor and lapse‐rate feedback accounts for nearly all of the land‐ocean warming contrast (orange
squares; Figures 2d and 2g), consistent with previous studies examining land warming in more realistic simu-
lations (e.g., Sejas et al., 2014). Over land, the lapse‐rate feedback is weaker (less negative) because limited
moisture keeps the temperature profile closer to the dry adiabat, reducing upper‐tropospheric warming and
radiative damping compared to the moist‐adiabatic ocean (Byrne & O’Gorman, 2013; Joshi et al., 2008). In
contrast, in the Polar and North land configurations, land‐ocean warming amplification is driven primarily by
increased latent energy flux convergence (green dots; Figures 2c–2e), a well‐known consequence of global
warming (Bonan et al., 2023; Held & Soden, 2006; Siler et al., 2018). This enhanced flux convergence likely
reflects the polar placement of land and the associated increase in meridional latent energy transport that also
contributes to polar amplification (Armour et al., 2019; Bonan et al., 2018; Merlis & Henry, 2018). In the Polar
land configuration, the Planck feedback further amplifies land warming because colder land in the control state
reduces radiative emission, weakening stabilizing damping (orange dot; Figure 2c). In the Tropics land config-
uration, which shows little‐to‐no land‐ocean warming contrast, the combined water vapor and lapse‐rate feedback
is largely offset by the Planck response, yielding minimal net amplification (orange symbols, Figure 2b). Land‐
ocean warming in the Realistic land configuration reflects a combination of the Polar and Meridional land
configurations, with both increased latent energy flux convergence and a weaker lapse‐rate feedback over land
contributing (green dot and orange square, Figure 1h).

3.3. Changes in Near‐Surface Relative Humidity

Another prominent aspect of the land response to climate change is a decline in near‐surface relative humidity (H;
Byrne & O’Gorman, 2016; Fu & Feng, 2014; O’Gorman & Muller, 2010; Laîné et al., 2014). Figure 3 shows the
fractional change in near‐surface relative humidity (δH/H), normalized by δTs, for each continental configu-
ration. Across all configurations, land generally exhibits a decline in H, although substantial spatial variability
exists and some regions experience increases. In the Tropics land configuration, H decreases strongly in the
continental interior (20°S–20°N) but increases along the poleward edges of the continent (20°–30°N/S;
Figure 3b). The Polar land configuration shows drying primarily confined to subtropical zonal bands (30°–45°N/
S; Figure 3c). In the East and Meridional land configurations, where land extends meridionally from pole to pole
but remains zonally adjacent to the ocean,H increases along the western continental margins in the tropics (20°S–
20°N), with weaker decreases elsewhere (Figures 3d and 3g). The North land configuration exhibits the strongest
drying, with pronounced reductions in H across the extratropical continental interior (20°–60°N) and localized
increases near coastal regions (0°–10°N; Figure 3e). The Zonal land configuration shows a relatively uniform
decline in H (Figure 3f). Finally, the Realistic land configuration exhibits widespread drying over subtropical
land areas, accompanied by moderate increases in H over tropical regions, including equatorial Africa, South
America, southern India, and Indonesia (Figure 3h).

3.4. Mechanisms for Near‐Surface Relative Humidity Changes Over Land

To understand the mechanisms contributing to δH, we follow Byrne and O’Gorman (2016) by using a conceptual
box model that approximates near‐surface land specific humidity (ql) as a function of atmospheric moisture
transport between land and ocean, and land surface evaporation. We begin by defining near‐surface land relative
humidity, Hl, as
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Hl =
ql
q∗
l
, (6)

where q∗
l is the near‐surface land specific humidity at saturation. The fractional change inHl can be expressed in

terms of the fractional changes of two components:

Figure 3. Continental configuration and near‐surface relative humidity changes. The fractional change in near‐surface
relative humidity (δH/H) normalized by change in near‐surface air temperature (δTs) under 2 × CO2 forcing for the
(a) Aquaplanet, (b) Tropics, (c) Polar, (d) East, (e) North, (f) Zonal, (g) Meridional, and (h) Realistic land configurations. Gray
hatching denotes land regions. Each land configuration contains 50% land and 50% ocean globally except for the Aquaplanet
and Realistic land configurations. The green boxes in panels (d, g) denote the regional domains used in Figure 4.

Geophysical Research Letters 10.1029/2025GL120128

BONAN ET AL. 8 of 13

 19448007, 2026, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
120128 by D

avid B
onan - U

niversity O
f W

ashington L
ib , W

iley O
nline L

ibrary on [06/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



δHl

Hl
≈

δql
ql

−
δq∗

l
q∗
l
. (7)

The term δq∗
l /q∗

l can be expressed as αl δTl, so that, when normalized by δTl, Equation 7 becomes

1
δTl

δHl

Hl
≈

1
δTl

δql
ql

− αl, (8)

where αl is the Clausius‐Clapeyron scaling factor, defined as

αl =
Lv

RvT2
l
, (9)

with Lv denoting the latent heat of vapourization, Rv the gas constant for water vapor, and Tl the near‐surface air
temperature over land in the control simulation. Equation 8 indicates that fractional changes inHl can be largely
attributed to fractional changes in ql, since αl varies little when averaged globally over land (shown below). To
further investigate the factors contributing to δql, we follow Byrne and O’Gorman (2016) and approximate ql as

ql ≈ γqo + βEl, (10)

where qo is the near‐surface ocean specific humidity, γ is a coupling coefficient representing the influence of
atmospheric moisture transport from ocean to land, El is the local land surface evaporation, and β is a coupling
coefficient describing the sensitivity of local evaporation to near‐surface land humidity. Linearizing Equation 10
gives

δql ≈ γδqo⏟⏞⏞⏟
(A)

+ δγqo⏟⏞⏞⏟
(B)

+ βδEl⏟⏞⏞⏟
(C)

+ δβEl⏟⏞⏞⏟
(D)

, (11)

where (A‐B) represent changes in ql due to atmospheric moisture transport from the ocean, either from (A) in-
creases in ocean humidity (δqo) or (B) changes in mixing efficiency (δγ), and (C‐D) represent changes in ql due to
land surface evaporation, either from (C) changes in surface evaporation (δEl) or (D) changes in the coupling
coefficient relating local evaporation to near‐surface land humidity (δβ). Together, Equations 8 and 11 provide a
framework for attributing δHl to distinct mechanisms.We calibrate the conceptual box model for each continental
configuration using multiple linear regression, with global‐mean ocean specific humidity (qo) and global‐mean
land evaporation (El) as predictors of ql. This calibration uses 50‐year annual‐mean time series from both the
control and 2× CO2 simulations, allowing us to estimate γ and β for each climate state via Equation 10. The
multiple linear regression model explains over 90% of the interannual variance in both the equilibrated control and
perturbed simulations (not shown).

Figure 4 shows (δH/H)/δTs over the global‐mean land surface for each continental configuration (Figure 4a).
The largest global‐mean declines occur when land is located mainly in the extratropics, with the Polar, North, and
Zonal land configurations exhibiting the strongest decreases. In contrast, the Tropics and East land configurations
show smaller declines, the Meridional land configuration exhibits a slight increase, and the Realistic land
configuration shows a moderate decline.

Differences in (δH/H)/δTs across the continental configurations are largely driven by variations in δql, as all
configurations display similar values of αl, close to the canonical value of 7% K− 1 (purple dashed line, Figure 4b).
For instance, the North land configuration shows a smaller increase in ql compared with the East or Tropics land
configurations (Figure 4b), resulting in a larger decline in (δH/H)/δTs. In the North land configuration, the
relatively weak increase in ql is linked to smaller increases in oceanic moisture transport compared to most of the
other configurations (blue bars, Figure 4c). By contrast, the increase in ql in the East land configuration is pri-
marily due to a large increase in land evaporation (orange bar, Figure 4c). Further partitioning of these terms into
contributions from changes in atmospheric mixing efficiency versus boundary‐layer properties reveals additional
configuration‐specific differences. For example, in the North and Polar land configurations, limited zonal
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moisture transport in the control climate—which is typically larger than meridional moisture transport—results in
essentially no oceanic moisture transport via atmospheric mixing (i.e., γ = 0). Consequently, increases in oceanic
moisture transport under warming are instead tied to δγ (blue hatched bars, Figure 4d). The absence of atmo-
spheric mixing with ocean regions in the control climate for these configurations also limits the increase in δql
compared with other configurations, resulting in stronger drying. The Realistic land configuration exhibits
moderate drying of global land that is consistent with a combination of the Meridional and Polar land configu-
rations (Figures 4a–4d). More generally, these results suggest that, under warming, continental configuration
shapes both the spatial pattern and magnitude of δH, though the precise mechanisms are distinct.

The conceptual box model can also be used to explore regional features, such as the pronounced increase in
(δH/H)/δTs along the western tropical margins of the continents in the East and Meridional land configurations
(green boxes in Figures 3c and 3e), which is also present, though weaker, in the Realistic land configuration

Figure 4. Mechanisms for relative humidity changes over land. (a) The fractional change in near‐surface relative humidity
over land (δHl/Hl) normalized by change in near‐surface air temperature over land (δTl). (b) Decomposition of
(δHl/Hl)/δTl into contributions from fractional increases in near‐surface land specific humidity (δql/ql)/δTl and saturation
land component (αl). The purple dashed line denotes the canonical value of α = 7% K− 1. Panel (c) As in panel (b), but the filled
Gy bar decomposed into contributions from the oceanic moisture transport term (blue bar) and the land surface evaporation term
(orange bar). (d) Further decomposition of the blue and orange bars in panel (c) into contributions from changes in ocean
specific humidity (δqo, blue open bar), changes in the atmospheric mixing efficiency (δγ, blue hatched bar), changes in land
surface evaporation (δEl, orange open bar), and changes in the coupling coefficient relating evaporation to land specific
humidity (δβ, orange hatched bar). The left panels show the global land average and the right panels show the green box average
shown in Figures 3d and 3g.
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(Figure 3h). We calibrate the model using the same procedure described above, but restricted to the green‐box
domains. Within these domains, Hl increases by 2.6% K− 1 and 2% K− 1 in the East and Meridional land con-
figurations, respectively. This increase is linked to a substantial increase in δql, which is driven primarily by the
oceanic moisture transport term, with a smaller contribution from the evaporation term (Figures 4b and 4c).
Notably, the influence of oceanic moisture transport on δql reflects changes in atmospheric mixing efficiency (i.e.,
δγ) with some contribution from δqo (compare blue bars, Figure 4d). These results suggest that, under warming,
meridionally oriented land adjacent to the ocean enhances Hl along the tropical western flanks of continents
primarily by modifying the transport of humidity from adjacent ocean. We note that the local low‐level zonal
winds strengthen (not shown), perhaps because these regions also exhibit strong local land‐ocean warming
contrasts (Figures 1d–1g), suggesting that enhanced land warming may drive a stronger near‐surface pressure
gradient and shallow onshore flow, thereby increasing γ.

4. Discussion and Conclusions
The distribution of continents fundamentally shapes Earth's climate, yet its role in the climate response to
increased greenhouse‐gas concentrations remains poorly understood. In this study, we use an idealized GCM to
explore how different continental configurations affect the climate response to elevated greenhouse gases. Our
results show that when land is concentrated in the tropics, equilibrium climate sensitivity is lower, land‐ocean
warming contrasts are minimal, and global‐mean land relative humidity declines only slightly. By contrast,
when land is concentrated at high latitudes, equilibrium climate sensitivity increases, land‐ocean warming
contrasts become pronounced, and global‐mean land relative humidity declines substantially. The largest land‐
ocean warming contrasts arise when land is located in the polar regions or extends in a continuous meridional
band zonally adjacent to the ocean. Interestingly, simulations with a realistic land distribution exhibit the largest
ECS, even compared to an aquaplanet simulation with greater ocean coverage.

While these results provide a first‐order picture, several caveats should be noted. Most importantly, these sim-
ulations do not include clouds, which remain one of the most uncertain aspects of climate change (e.g., Zelinka
et al., 2017). Similarly, we do not account for changes in ocean circulation, which are likely to differ substantially
under these continental configurations and could lead to different patterns of ocean heat transport and base climate
states. For example, Ladant et al. (2020) showed that when land is concentrated into a single large mass, the
general ocean circulation simulated by a climate model becomes much weaker. Another limitation arises from the
relatively simple land‐surface model used in this study. We assumed a uniform “bucket depth,” effectively
implying the same soil type everywhere. In reality, such drastically different continental configurations would
likely imply different soil properties, manifesting as variations in bucket depth and in the capacity to redistribute
moisture across the land surface (e.g., via rivers and lakes). More sophisticated land surface models that include
active vegetation (e.g., Bonan et al., 2024; Fisher &Koven, 2020) could also substantially alter these results. Each
of these caveats could be addressed in future work.

Overall, despite their idealized nature, these simulations provide insight into modern‐day climate change. For
example, observations and climate model simulations show that India, East Africa, and parts of Australia have
experienced, or are projected to experience, increases in near‐surface relative humidity, whereas most other land
regions exhibit decreases (e.g., Byrne & O’Gorman, 2016; Siler et al., 2023; Vicente‐Serrano et al., 2018). Our
results suggest that these increases may be linked to changes in atmospheric mixing between the ocean and land
driven by continental geometry. In the Realistic land configuration, these land areas exhibit a moderate increase in
near‐surface relative humidity under warming, a feature that is even more pronounced in tropical regions of
idealized continents that extend meridionally in a manner similar to modern‐day Earth. This contrasts with
previous work that attributed the increase in near‐surface relative humidity over India specifically to enhanced
local evaporation associated with increased irrigation (Mishra et al., 2020). More broadly, these results offer a
first‐order perspective on how continental configuration can modulate Earth's climate response to external
forcing, with potential implications for interpreting paleogeographic climate records. Future studies should
consider the impact of more realistic continental configurations (e.g., Li et al., 2022) on the climate response to
greenhouse‐gas forcing.
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Data Availability Statement
Model output from this study can be found at Zenodo (Bonan, 2026). Information about the Isca framework,
including the MiMA configuration, is available here: http://www.exeter.ac.uk/isca.
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