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Abstract. Reforestation is a crucial component of climate change mitigation scenarios due to its potential to sequester CO2
from the atmosphere. In addition to its effect on atmospheric CO2, reforestation affects climate through changes in the
surface energy and water balance. While the effects of large-scale reforestation on surface air temperature are well

15 documented, its impact on the hydrological cycle remains underexplored. This study examines the global and regional
hydrological consequences of two reforestation scenarios utilizing the CanESMS5.1 Earth System Model: sustainable
reforestation and a reversal of historical deforestation since 1850. Both scenarios are compared to a fixed land-cover
baseline. We examine the components of the hydrologic cycle, cloud cover, and surface air temperature through simulations
conducted from 2015 to 2200. Reforestation drives substantial regional variation in hydroclimatic responses. Higher

20 latitudes experience warming in response to reforestation, whereas cooling dominates in low latitudes. Reforestation
increases evapotranspiration in all regions, while precipitation and runoff responses vary by region. The results show that
the hydrologic cycle continues to change in most regions long after tree cover has been restored, modulated by century-scale
changes in large-scale atmosphere and ocean circulation. Our findings underscore the importance of reforestation strategies
that jointly consider carbon sequestration and their effects on the water cycle.

25

1. Introduction

Reforestation and ecosystem restoration are increasingly promoted as nature-based solutions to help achieve net-zero

emissions and the climate goal of the Paris Agreement (UNFCCC, 2015; IPCC, 2021). Reforestation offers co-benefits for
30 Dbiodiversity, land stewardship, and climate resilience in addition to its well-established role in carbon dioxide removal from

the atmosphere (CDR) (Griscom et al., 2017). Beyond their carbon role, forest-cover changes also alter the water and energy

cycles through variations in albedo, evapotranspiration (ET), surface roughness, and cloud formation (Mahmood et al.,

2014; Devaraju et al., 2015; Duveiller et al., 2021).

Although the carbon benefits of reforestation are well documented (Robinson et al., 2025; Daley, 2024; Busch et al., 2024),
35 its hydroclimatic consequences remain less certain and appear to be region and scale-dependent (Schwérzel et al., 2020;

Buechel et al., 2024b). Global syntheses indicate that reforestation often exerts disproportionately bigger impacts on
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streamflow compared to deforestation, highlighting the hydrological sensitivity to reforestation (Li et al., 2022). Recent
modelling studies of the Earth system have begun to explore these hydroclimatic effects in greater depth.
Across multiple models, a consistent picture emerges of competing mechanisms. For example, simulations with CESM2

40 under SSP1-2.6 forcing show that afforestation/reforestation in the tropics yields cooling driven by heightened
evapotranspiration. This increase in evapotranspiration can concurrently yield a decline in regional soil moisture and a
decrease in water availability in certain forested regions (King et al., 2024). Similarly, European afforestation studies have
demonstrated that forest expansion can moderate summer heat extremes while simultaneously reducing runoft or
exacerbating water scarcity in certain dry regions (Asselin et al., 2024). Multi-model intercomparisons confirm that the sign

45 and magnitude of these responses vary with local climate and geography, and tree-cover increases can either amplify or
mitigate climate-driven runoff anomalies (Engel et al., 2025). These findings demonstrate the conflicting effects of
increasing canopy water demand, referring to the enhanced transpiration and evaporative fluxes driven by vegetation under
warmer or drier conditions, or decreased albedo, which can exacerbate drying, and increased ET and cloud feedback, which
encourage cooling.

50 Model and satellite evidence further reveal the complexity of cloud responses. In some European regions, afforestation
enhances low-cloud cover and surface reflectivity, producing a net cooling feedback (Caporaso et al., 2024), whereas other
regional climate-model experiments show decreased cloud cover and a strengthening of albedo-driven warming,
emphasizing model and region dependence (Breil et al., 2020).

At the global scale, reforestation influences atmospheric circulation beyond the reforested areas. Multi-model ensemble

55 experiments indicate that tropical reforestation increases ET and local rainfall but frequently decreases net precipitation (P-
E), particularly in western and southern Africa, where enhanced surface roughness from reforestation increases aerodynamic
drag, weakening low-level convergence and thus offsetting the convective rainfall feedback from higher evapotranspiration
(Fahrenbach et al., 2025). Similarly, Portmann et al. (2022) demonstrated that afforestation outside of the tropics can shift
the Intertropical Convergence Zone (ITCZ), which in turn can change the distribution of rainfall patterns worldwide. Yet,

60 multi-model intercomparison projects continue to reveal substantial structural uncertainty, differences arising from model
formulations and parameterizations, in how land-use forcing translates into atmospheric and hydrological responses (De
Hertog et al., 2022; Amali et al., 2025), while some studies report limited large-scale circulation responses (King et al.,
2024). These disparities highlight the need for a deeper comprehension of regional effects as well as model sensitivity.
Regional and high-resolution analyses further emphasize spatial contrasts. Regional studies in humid regions such as the

65 UK show that ET increases associated with reforestation/afforestation frequently outstrip precipitation gains, lowering
streamflow (Buechel et al., 2022; 2024b). Conversely, a greater summer precipitation in reforested portions of continental
Europe, ascribed to enhanced evapotranspiration and moisture recycling (Meier et al., 2021), implies that local hydrological
feedbacks can partially offset water losses in some regions. Although the long-standing discussion over whether forests
increase or decrease water yield remains unresolved, it is well understood that forests contribute to hydrological regulation

70 by improving infiltration, stabilizing soils, and reducing rapid overland runoff (van Meerveld, 2025; Bruijnzeel, 2025). In
their absence, more rainfall is lost as quick surface flow, which can heighten flood risks and limit groundwater
replenishment. Forested landscapes, in contrast, facilitate slower infiltration and more sustained streamflow. However,

recent global assessments show that reforestation can, in certain settings, lead to reduced groundwater recharge and lower
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dry-season flows. Thus, while forests generally offer important hydrological benefits, reforestation efforts may also carry

75  distinct hydrological implications in specific regions that merit careful consideration (van Meerveld, 2025; Bruijnzeel,
2025). Overall, these findings support the idea that forest-water interactions vary across spatial and temporal scales (Creed
et al., 2019).
Finally, while afforestation-based CO, removal scales linearly with carbon uptake, its influences on the water and energy
cycles are nonlinear and model-dependent (Moustakis et al., 2025). This emphasizes the importance of considering

80 reforestation as a driver of hydrological and physical climate changes in addition to its potential as a climate change
mitigation strategy. Collectively, the literature reveals persistent uncertainties in the magnitude and direction of
hydroclimatic feedbacks to reforestation, especially beyond the 21st century and across contrasting land-cover strategies. To
address these gaps, the present study employs the Canadian Earth System Model version 5.1 (CanESMS5.1) to examine two
different reforestation scenarios under SSP1-2.6 forcing: a “reversed” scenario that restores all of the forest that has been

85 lost since 1850, and a “‘sustainable” scenario that emphasizes ecologically guided restoration in line with Natural Climate
Solutions principles (Griscom et al., 2017; Cook-Patton et al., 2021). We assess long-term impacts of reforestation on
temperature and water availability (defined here as the net balance between precipitation and evapotranspiration (P-ET))
through simulations extended to 2200, analyzing annual and seasonal timescales as well as zonal and regional spatial
patterns to determine how the location of reforestation influences hydroclimatic outcomes.

90

2. Methods

2.1 Model Description
We use the Canadian Earth System Model version 5.1 (CanESMS5.1; Arora et al., 2020; Swart et al., 2019) to assess the
long-term climate and hydrologic impacts of large-scale reforestation. CanESMS5.1 couples a ~2.8° atmosphere, a ~1°

95 NEMO ocean, and interactive sea-ice, carbon cycle, and land surface components. The land surface is represented by the
Canadian Land Surface Scheme (CLASS; Verseghy, 1991 and 2000; Verseghy et al., 1993), which simulates soil heat and
moisture, snow accumulation and melt, and canopy-atmosphere fluxes. CLASS is coupled to the Canadian Terrestrial
Ecosystem Model (CTEM; Arora, 2003; Arora and Boer, 2003 and 2005), which represents terrestrial carbon cycling and
vegetation dynamics, including photosynthesis, respiration, phenology, and allocation across nine plant functional types.

100 Vegetation physiology responds dynamically to changes in climate conditions (e.g., leaf area index, evapotranspiration,

carbon fluxes), but the geographic distribution of the model’s plant functional types (PFTs) is prescribed.

2.2 Experimental design
a) Reforestation scenarios

105 Three different land-use scenarios are used to investigate the effects of reforestation: (a) a reference scenario (“Baseline”),
where land cover is specified at its year 2015 configuration and held fixed for the duration of the simulation; (b) a
sustainable reforestation scenario (“sustainable”), which follows the global reforestation opportunity map developed by
Griscom et al. (2017), which identifies areas suitable for restoration under natural climate solutions while accounting for
biodiversity conservation and food-production safeguards; and (c) a reversed historical deforestation scenario (“reversed”),

110  which restores forest cover to its year 1850 extent, replanting trees in areas where historical deforestation occurred. Changes

3
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in historical land cover are guided by the changes in crop area from the Land Use Harmonization version 2 (LUH) dataset
(Hurtt et al., 2020). LUH provides globally gridded, annually resolved land-use states and transitions from 1850 to 2015. It
harmonizes historical reconstructions of cropland, pasture, forest, and urban land with future scenarios, ensuring continuity
across the historical-future boundary. In our experiments, we used LUH data to represent the historical evolution of

115 cropland expansion and associated forest loss. These cropland-driven changes served as the basis for defining the ‘reversed’
reforestation scenario, in which forest cover is restored on lands that were converted to cropland after 1850. In both cases,
tree cover is prescribed to increase linearly between 2015 and 2070 (Fig. S1). Both reforestation scenarios expand global
tree cover by roughly 7 Mkm? (Reversed: 6.6 Mkm?; Sustainable: 6.3 Mkm?), consistent with the observed decline in forest
area from 75 Mkm? in 1850 to 68 Mkm? in 2015. While the extent of tree cover changes in the two reforestation scenarios is

120 similar, the specific locations of reforestation differ (Fig.1), which allows us to investigate the sensitivity of the

hydroclimate response to changes in the spatial pattern of reforestation.
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Figure 1. Percentage increase in forest cover from 2015 to 2070, with boxes indicating the different regional domains, for two
land-cover scenarios: sustainable and reversed historical reforestation.

125

b) Model experiments
The historical simulation was initialized from a pre-industrial control run, ensuring equilibrium conditions prior to the onset
of anthropogenic forcing. The historical period covers 1850-2014, following CMIP6 protocols, and is seamlessly extended
by scenario simulations from 2015 to 2200. All scenario simulations follow the SSP1-2.6 pathway and its extension for CO:
130 concentrations (Meinshausen et al., 2020), non-CO, greenhouse gas and aerosol forcings. Because atmospheric CO:
concentrations are prescribed rather than responding to the respective land-cover scenario, any changes in hydroclimate in
the reforestation relative to the baseline simulations arise solely from biogeophysical effects of land-cover changes. For
each land-use scenario (baseline, sustainable, and reversed), we performed simulations for five ensemble members (n = 5).
Ensemble members were generated by applying small perturbations to ocean initial states at the end of the historical
135 simulation, which preserves consistency in external forcing while sampling internal variability. This ensemble design allows

us to isolate the forced hydroclimatic response of land-use change from background variability.

2.3 Model data analysis



https://doi.org/10.5194/egusphere-2026-2620
Preprint. Discussion started: 20 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

To quantify the effects of land-cover change on the hydroclimate, we analyze differences in key hydroclimatic variables
140 between the reforestation and baseline simulations. The variables are grouped into (i) surface energy balance components
(surface temperature, albedo, radiation fluxes, cloud fraction), (ii) hydrological components (precipitation,
evapotranspiration, runoff, soil moisture, and P-E), and (iii) large-scale circulation diagnostics (Hadley circulation, the
Atlantic Meridional Overturning Circulation: AMOC). Regional means are calculated for seven domains: North America,
Central America, South America, Europe, Central Africa, South Asia, and East Asia (Fig.1). Zonal and global diagnostics
145 are also investigated. Variables are analyzed on annual and seasonal timescales. Statistical significance of anomalies relative
to the baseline is assessed using a Wilcoxon signed-rank test at 0=0.05. All results are presented as ensemble means, with
variability across members providing a measure of robustness in the simulated signals.
Analysis is focused on three periods: near term (2025; 2015-2035), end of century (2100; 2090-2110), and long term (2190;
2180-2200). Most differences are evaluated relative to the baseline simulation. Temporal changes are expressed relative to

150 the 2025 climatology and normalized by reforested area (Mkm?) where relevant.

3. Results
3.1. Temperature Response
To evaluate the climatic effects of reforestation, we analyzed variations in surface air temperature between the sustainable
155 and reversed reforestation scenarios relative to the baseline with constant year-2015 land cover using ensemble averaged
results. Both reforestation scenarios produce broadly consistent spatial patterns in near surface (2m) air temperature relative
to the fixed land cover baseline. In the tropics, increased tree cover yields widespread cooling and higher cloudiness across
South America, Central Africa, and Southeast Asia. At mid- and high latitudes, particularly in the Northern Hemisphere,
new forest cover in snow affected regions reduces albedo, resulting in surface warming that is often accompanied by slight
160 reductions in total cloud fraction. These similarities highlight the dominant biophysical mechanisms of reforestation:
evaporative and cloud mediated cooling in low latitudes and albedo driven warming in high latitude regions.
While the broad patterns of cooling in low latitudes and warming in high latitudes are consistent across both scenarios, the
magnitude and spatial extent of these anomalies differ between sustainable and reversed reforestation scenarios, with the
reversed scenario exhibiting both amplified warming in high latitude zones and cooling or wetting signals in the tropics
165 compared to the sustainable scenario (Fig.2). In the sustainable reforestation scenario, local responses are strongest within
reforested tropical and subtropical regions. South America, Central Africa, and both Southeast Asia exhibit cooling of -0.5
to -1.0 °C, coinciding with statistically significant increases in total cloud fraction over the same regions. This suggests that
enhanced evapotranspiration promotes both evaporative cooling and greater cloudiness, which in turn reduces incoming
shortwave radiation and reinforces the surface cooling (Fig. S3). Remote effects are weaker but detectable relative to the
170 Dbaseline scenario: high latitudes show small positive anomalies (<+0.3 °C), largely confined to North America and Eurasia.
The cloud anomalies in remote areas are minimal or insignificant. Although equatorial regions cool locally, the zonal mean

reveals that warming at higher latitudes outweighs tropical cooling, giving a net poleward amplified warming pattern.
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Figure 2. Top) 2m Air temperature (°C) and bottom) cloud fraction (%) differences at year 2100 (2090-2110) for two land cover
175 scenarios (sustainable and reversed historical reforestation) compared to the baseline with fixed year 2015 land cover. Gray dots
indicate statistically significant differences at p < 0.05 based on a Wilcoxon signed rank test. Zonal means are calculated over land
only grid cells using 10° latitude bands. The purple contour lines delineate regions where the change in tree cover exceeds 10%.
The reversed reforestation scenario shows stronger and more spatially extensive anomalies. In tropical reforested zones,
cooling persists in equatorial regions (-0.5 to -1.0 °C), while increases in cloud fraction are more spatially variable and often
180 not statistically significant, reducing the robustness of the signal compared to the sustainable case. In contrast, mid and high
latitude reforestation produces robust warming: North America, Europe, and Eurasia warm by +0.5 to +1.0 °C, with winter
and spring peaks exceeding +1.2 to +1.5 °C (Fig. S2). These signals are statistically significant across large areas, reflecting
strong albedo feedbacks from new forests established on snow covered ground. The pronounced warming observed at mid
and high latitudes, particularly in regions of newly established forest, aligns with established biophysical feedback
185 mechanisms: when forests decrease the albedo of snow reflective surfaces, leading to more solar energy being absorbed,
triggering a positive albedo-snow feedback that amplifies warming in high latitude zones (Abe et al., 2017; Bright et al.,
2017). Remote effects include modest but widespread reductions in total cloud fraction across the Northern Hemisphere
extratropics through adjustments in circulation and energy transport (Portmann et al., 2022), which allow more incoming
solar radiation to reach the surface and reinforce the warming (Cho et al., 2018; Luo et al., 2024). In the tropics, by contrast,
190 enhanced latent heat flux and cloud shading counter albedo induced surface warming, driving the observed cooling signal in

reforested areas.

3.2. Hydrological Cycle Response
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The hydrological cycle shows broadly consistent features across both sustainable and reversed reforestation scenarios, with

195 reforested tropical regions generally experiencing increases in precipitation and evapotranspiration (Fig.3).

a) Local responses in reforested regions

In both scenarios, enhanced vegetation with greater canopy interception and transpiration promotes higher
evapotranspiration fluxes over reforested areas. These responses align with observed and modelled effects of forest

200 recovery, where canopy interception, leaf area expansion, and root mediated access to soil moisture jointly contribute to
elevated evapotranspiration (e.g., Bonan, 2008; Ellison et al., 2012; Zhang et al., 2017). These changes are consistent with
statistically significant anomalies in evapotranspiration in many tropical land areas. Outside the tropics, anomalies remain
generally weak, including over reforested areas, highlighting the considerable geographic dependency of hydrological
changes. In both land cover scenarios, evapotranspiration increases over areas of forest expansion, but the distribution

205  differs. The sustainable scenario shows broadly distributed yet moderate ET gains of about +0.1-0.3 mm day ! across
tropical regions, whereas the reversed scenario produces stronger and more localized ET increases (up to +0.4-0.6 mm
day™), especially over the Southern America and Congo basins. This intense regional feedback suggests that most of the
added rainfall is recycled through evapotranspiration.
Despite consistent spatial patterns, the magnitude, spatial extent, and regional balance of responses in precipitation differ

210 between scenarios. Sustainable reforestation causes moderate increases in precipitation in tropical regions with slight to
moderate increases of up to +0.3-0.5 mm day ' across reforested tropical regions such as South America and central Africa.
Outside the tropics, changes remain minimal (<+0.1 mm day'). This enhancement coincides spatially with areas of elevated
evapotranspiration and is accompanied by increases in near surface specific humidity (not shown), suggesting that local
moisture recycling contributes to the precipitation response. While this spatial coherence supports a recycling driven

215 mechanism, we cannot fully exclude a role for large scale circulation changes. The reversed reforestation scenario, on the
other hand, results in more diverse precipitation responses: localized increases exceed +0.5 mm day ' in South and East
Asia, especially during JJA, while reductions of -0.2 to -0.3 mm day™' occur in southern America and West Africa up to -0.6
to -0.8 mm day ' in DJF and MAM (Fig. S4).
Runoff responses diverge strongly between regions: decreases of -0.2 to -0.3 mm day ! in subtropical South America and

220 West Africa reflect greater canopy water demand, while increases of +0.3-0.5 mm day ! occur in Southern America and
parts of Asia. These anomalies are statistically significant in several regions, particularly the drying in West Africa and the

wetting in East Asia, indicating robust regional hydroclimatic contrasts.
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Figure 3. From top to bottom: precipitation, evapotranspiration, runoff changes in (mm day™), and soil moisture difference in
225 (mm) at 2100 (2090-2110) for two land cover scenarios (sustainable and reversed historical reforestation) compared to the baseline
with fixed year 2015 land cover. Gray dots indicate statistical significance of differences assessed using a Wilcoxon test at p < 0.05;

Land only zonal 10 degree means of the differences are shown on the right. The purple contour lines delineate regions where the

change in tree cover exceeds 10%.

230 Both scenarios show a common pattern of modest reduction in soil moisture in subtropical regions reflecting increased
evaporative demand under warmer conditions (Fig.2). While both scenarios show moisture deficit during JJA and SON, the
8
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magnitude and spatial extent differ strongly. Under the sustainable scenario, soil moisture anomalies remain relatively small
across most regions (generally within +£10 mm), with localized increases in tropical South America and Central Africa
during DJF and MAM, consistent with enhanced precipitation. In contrast, the reversed scenario produces much stronger
235 and more widespread drying signals, particularly in South America, West Africa, and South Asia, where deficits reach -20 to
-40 mm, especially in DJF and MAM. High latitude North America and Eurasia show opposite behaviour, with seasonal soil
water gains of +20 to +30 mm linked to remote climate driven changes in snow accumulation and melt, which enhance

infiltration and reduce runoff (Fig. S5).

240 b) Remote and non-local responses
Outside the tropics, precipitation changes remain generally weak, with high latitude responses showing only small and
mostly insignificant anomalies (Fig.3). Remote effects are therefore limited in the sustainable scenario, although the zonal
mean reveals a narrow tropical precipitation increase between ~10°S-10°N (Fig. S4).
There is little evidence of ITCZ displacement or hemispheric asymmetry in the precipitation field (Fig. S4). Remote effects
245 are more evident in the reversed scenario, where the zonal mean indicates a dipole pattern, with enhanced precipitation in
the Southern Hemisphere tropics and reduced rainfall across 0-10°N (Fig. S4), suggesting ITCZ-related adjustments. High
latitude regions also exhibit small positive runoff anomalies (+0.1-0.2 mm day ™), likely linked to snowmelt and earlier
spring discharge (Fig. S5). Latitudinal differences have also been shown in the hydrologic response: recent global analyses
indicate that decreases in runoff primarily occur in water limited or seasonally dry tropical regions, while increases in

250 evapotranspiration are more pronounced in humid regions (De Hertog et al., 2022; Hou et al., 2023).

3.3. Regional Surface Water Budget Changes
Reforestation modifies regional water budgets through combined changes in precipitation (P), evapotranspiration (ET),
runoff (R), and soil moisture (SM). These hydrological changes can be interpreted using the terrestrial water budget

255 equation,

S/, =P—ET—R

In which S denotes the combined storage of soil moisture and snow. Because the extent of reforested land varies across
regions and scenarios, hydrological anomalies are normalized by the reforested area (Mkm?; defined as grid cells with >10%
tree cover increase). This normalization expresses changes per unit reforested land, allowing consistent comparison of

260 hydrological responses across regions with different levels of reforestation. The fluxes are evaluated for 2100 (2090-2110)
relative to the fixed land cover baseline (Figs.4, S5, S6). In nearly all regions, ET increases following forest expansion.
Precipitation also rises modestly in most regions (<+0.2 mm day ' per Mkm? of reforested area), except Central Africa,
where both scenarios show persistent declines of up to -0.1 mm day™' per Mkm? of reforested area. Changes in precipitation
in South Asia remain largely neutral. Despite similar broad patterns of increasing P-ET in all regions except in South

265 America and Central Africa, the magnitude and distribution of P-ET changes diverge between scenarios. Central America
shows particularly strong precipitation gains (+0.2 to +0.3 mm day ' per Mkm? of reforested area), coupled with enhanced

P-ET under the reversed scenario. South America emerges as the region of greatest contrast between scenarios: while
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sustainable reforestation produces near neutral anomalies, the reversed case shows significant runoff and P-ET deficits of -

0.2 to -0.3 mm day ' per Mkm?, indicating reduced P-ET, despite higher rainfall.

270
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Figure 4. Top) Hydrological flux changes (mm day™) and bottom) Soil moisture changes (mm) for seven regions normalized by

reforested area in km? in 2100 (2090-2110) compared to the baseline scenario with fixed land cover.

275  Consistent with runoff responses, soil moisture responses further emphasize this contrast. Both scenarios produce

widespread drying in tropical and subtropical regions, with anomalies of -5 to -10 mm per Mkm? of reforested area, but the
10
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largest deficits occur under reversed reforestation, reaching -15 mm per Mkm? in South America and Central Africa,
particularly during DJF and MAM (Figs. S5, S6). In contrast, Central America exhibits small soil moisture gains, and North
America shows slight increases under the reversed scenario (+2 to +3 mm per Mkm? of reforested area), likely linked to

280 cooler, wetter conditions in high latitude regions. The reversed reforestation scenario produces more heterogeneous seasonal
responses: South America shows wetter conditions in SON and drier conditions in DJF, while Central Africa and South Asia
experience increased precipitation during winter and spring but reduced runoft overall (Figs. S5, S6). East Asia exhibits
strong increases in both precipitation and ET during MAM, whereas Europe remains consistently near neutral in terms of
precipitation and hydrological fluxes. These values represent changes integrated over the CLASS soil column, which spans

285 approximately 4 m. Although the soil moisture anomalies represent a relatively small fraction of the total soil water column,
they are large enough to influence surface fluxes and land-atmosphere coupling and are therefore climatologically

meaningful.

3.4. Long term Effects

290 In both scenarios, hydroclimatic anomalies continue to evolve after 2100, with several common large scale features
emerging (Figs. 5 and 6). Zonal means reveal reduced warming at high latitudes, with temperature increases tapering down
to below +0.1 °C at 70-80°N by 2200. Precipitation consistently decreases north of the equator (0-10°N, -2 to -4%) while
increasing across the Southern Hemisphere tropics and subtropics (0-30°S, +1 to +3%), indicating a southward
displacement of the ITCZ (Fig. S7). These precipitation patterns are accompanied by modest but sustained anomalies in

295 evapotranspiration (+1-2% in the tropics) and runoff (-0.5 to -1% north of the equator), while soil moisture shows opposing
tendencies, with declines of -2 to -5 mm (0.8-1.5%) in the Northern Hemisphere tropics and gains of up to +2 mm (0.5-1%)

in the Southern Hemisphere.
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Figure 5. Zonal mean changes (10 degree mean) in hydroclimatic variables in the reforested area for the two reforestation
300 scenarios. The changes are calculated as the difference between 2100 (2090-2110 mean; blue line) and 2190 (2180-2200 mean;

dashed red line) for each scenario and the baseline simulation over land regions. Note that the scale differs between plots.

11
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Although the area weighted mean values (Fig.6) show that both scenarios alter global hydroclimate in similar ways, the
reversed reforestation pathway produces a substantially stronger and more spatially uneven response. By 2200, precipitation
305 declines of more than -4% north of the equator coincide with intensified Southern Hemisphere wetting (+3-4%), reflecting a
strengthened meridional moisture gradient. These shifts translate into larger land-surface impacts: soil moisture deficits in
Southern America, West Africa, and South Asia reach -5 mm, more than double those under the Sustainable scenario. In
contrast, the Sustainable pathway generates smaller anomalies and more even latitudinal distribution across hemispheres,
with modest tropical increases in precipitation and evapotranspiration (+1-2%) largely balancing each other, resulting in
310 little net change in P-ET at the global scale. This contrast indicates that the Reversed case amplifies hemispheric
asymmetries in hydroclimatic responses to reforestation, whereas the Sustainable case maintains a near zero net water
balance by 2200.
The persistence and amplification of these patterns beyond 2100 underscore the increasing role of large scale atmosphere-
ocean circulation in shaping the long term hydroclimatic response. After 2100, the hydrological components continue to
315 evolve, driven primarily by changes in the Hadley circulation and the Atlantic Meridional Overturning Circulation
(AMOC). As shown in Figure S7, a weakened AMOC reduces northward ocean heat transport, leading to cooling of the
Northern Hemisphere and a compensatory southward shift of the Intertropical Convergence Zone (ITCZ). This
thermodynamic adjustment, consistent with energy balance considerations and supported by prior modelling studies
(Frierson et al., 2013; Green & Marshall, 2017), is accompanied by a broadening and southward displacement of the Hadley
320 cell by approximately 5-10° latitude. These circulation changes reinforce a meridional precipitation dipole, suppressing
moisture convergence in the subtropical Northern Hemisphere and enhancing it in the Southern Hemisphere, which
increasingly dominates the late century hydrological response and exceeds the direct biophysical impacts of land cover

change alone.
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Figure 6. Area weighted mean values for 2m air temperature, precipitation, evapotranspiration, and P-ET, for grid cells where the

increase in tree cover between 2015 and 2070 exceeds 10 %, expressed as percentage differences from 2025 mean for the baseline

with fixed land cover globally and for 7 regions: North America, Central America, South America, Europe, Central Africa, South

Asia, and East Asia. For each land cover scenario, the left point indicates the 2100 (2090-2110) mean and the right point the 2190
(2080-2200) mean. Note that each plot has a different scale.

4. Discussion
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This study used simulations with CanESMS5.1 to examine how two reforestation pathways, a sustainable reforestation
pathway and a pathway that reverses historical deforestation, modify surface energy balance, clouds, and the water cycle

335 from 2015 to 2200 relative to a fixed land cover baseline.

4.1. Energy balance and temperature responses
Across scenarios, expansion in tree cover increases evapotranspiration and latent cooling in the tropics, while albedo
reductions in snow affected regions enhance net downward short wave radiation and, as a consequence, result in warming at
340 high latitudes. The net outcome is a robust regional contrast: cooling in low latitude reforested areas and warming in mid to
high latitude Northern Hemisphere regions. This pattern reflects the latitudinal placement of forest expansion rather than
differences in total restored areas, which are similar between scenarios.
Beyond the direct local cooling over newly forested tropical land, both scenarios also generate remote temperature
responses, most notably enhanced warming over the Arctic and northern mid latitudes, consistent with previous studies
345 showing that land surface changes can modify large scale energy transport and circulation patterns (Brovkin et al., 2006;
Swann et al., 2010; Winckler et al., 2019; Davin and de Noblet-Ducoudré, 2010). These remote responses reflect coupled
atmosphere-ocean adjustments that extend beyond local land-surface biogeophysical effects. In particular, warming in
Northern Hemisphere extratropical regions reflects the combined influence of land-atmosphere feedbacks and large scale
energy redistribution, whereas temperature anomalies over the Southern Hemisphere extratropics remain comparatively

350 weak, consistent with the smaller land fraction and more efficient ocean heat uptake.

4.2. Cloud responses
Cloud responses exhibit distinct regional patterns that mirror the temperature anomalies in both scenarios. In the tropics,
reforested areas show small but consistent increases in cloud fraction, especially over Southern America, Congo Basin, and

355 Southeast Asia, associated with enhanced evapotranspiration and boundary layer moisture. In contrast, at mid and high
latitudes, cloud fraction anomalies remain weak and spatially heterogeneous with little sustained increase over mid and high
latitude reforestation regions. Rather, cloud formation is suppressed by drying and subsidence in subtropical regions,
especially in North Africa, where the greatest cloud reductions take place. In general, cloud feedbacks reinforce cooling in
the tropics and have less effect in high latitudes, amplifying but not dominating the surface temperature response.

360 Previous modelling and observational studies showed that the biogeophysical response to reforestation is strongly latitude
dependent: tropical forests generally enhance cloud formation through increased evapotranspiration and moisture
convergence, whereas mid and high latitude forests exert a weaker or even opposite effect because surface albedo changes
dominate the radiative balance. This pattern is consistent with our findings (Cerasoli et al., 2021; Xu et al., 2022; Portmann
et al., 2022).

365
4.3. Hydrological responses and regional contrasts
Hydrological responses under both scenarios share some common features. In nearly all regions, evapotranspiration
increases, reflecting enhanced canopy transpiration, while precipitation also tends to rise moderately, except in Central

Africa. Despite these similarities, the balance between fluxes differs by location, producing regionally distinct outcomes.
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370  Although modest in absolute magnitude relative to climatology, these anomalies are hydrologically significant because they
persist over large areas and multiple decades. A range of recent studies (Hoek van Dijke et al., 2022; Zan et al., 2024;
Dubois et al., 2023; Li et al., 2024) similarly show that the hydrological effects of reforestation depend strongly on where
forests are restored.

Reforestation can lead to contrasting hydrological responses across regions. In some water limited or seasonally dry

375  settings, enhanced evapotranspiration may reduce mean runoff, whereas in humid and cooler climates, forests often increase
soil moisture and water availability. At the same time, forests can support local and regional precipitation through
precipitation recycling, enhance subsurface water storage, and dampen streamflow seasonality by releasing water more
gradually. As a result, the hydrological impacts of reforestation are spatially heterogeneous and may appear as regional
“winners” and “losers,” reflecting differences in climate regime, scale, and hydrological metrics rather than an overall

380 negative effect of forest expansion.

4.4. Drivers of remote effects (ITCZ and circulation)
Our results confirm our hypothesis that variations in the geographic location of forest expansion are the main cause of the
different hydrological responses under the sustainable and reversed reforestation approaches. A modest southward shift of
385 the Intertropical Convergence Zone (ITCZ) emerges after 2100, indicating basin scale adjustments in the large scale
circulation. Hadley cell differences show a broader ascent footprint into the Southern Hemisphere with slightly stronger
subsidence north of the equator. In the reversed case, the spatial extent of the ascent anomaly grows, but the peak vertical
velocity anomaly is not stronger than at 2100, suggesting a lateral shift or expansion rather than intensification. Concurrent
AMOC diagnostics point to a small weakening in the reversed scenario by 2200, consistent with reduced northward ocean
390 heat transport and compensating southward atmospheric energy transport, which would favour a southward shifted ITCZ.
While these dynamical anomalies are modest in amplitude, their hydrological imprint is appreciable because even small
ITCZ shifts reorganize basin scale rainfall.
These patterns are consistent with previous studies. Portmann et al. (2022) showed that large scale land cover change can
shift the ITCZ through coupled atmosphere-ocean energy exchanges, and Fahrenbach et al. (2025) demonstrated that
395 tropical afforestation can induce remote hydroclimatic responses through changes in cross equatorial energy transport. More
broadly, these patterns are consistent with multi model studies (Hoek van Dijke et al., 2022; Dubois et al., 2023; Zan et al.,
2024) and align with King et al. (2024), who highlighted persistent regional hydrological trade offs.

4.5. Limitations
400 Several limitations frame the interpretation of our results. Although we use five ensemble members, many regional changes
remain statistically insignificant. The analysis relies on a single Earth System Model configuration and does not account for
structural uncertainty (Amali et al., 2025; De Hertog et al., 2022). Vegetation physiology responds dynamically, but
geographic distribution is prescribed, and disturbances are not included (Hou et al., 2023). Finally, we assess two end
member pathways that differ in spatial distribution rather than total area, which may miss intermediate or regionally specific
405 variants. These limitations suggest that our results should be interpreted as process level insights rather than precise regional

projections.
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4.6. Policy implications
The policy relevance of these findings lies in the sensitivity of biogeophysical outcomes to where forests are restored.
410 Reforestation in snow covered northern regions contributes to high latitude warming through albedo effects, while
reforestation in water limited or convection sensitive regions can reduce water availability. In contrast, reforestation in
humid regions results in smaller hydrological and thermal anomalies. These results reflect long term mean states and do not
account for processes such as reduced streamflow seasonality, flood attenuation, and enhanced soil stability. Reforestation
also provides ecological co-benefits, including biodiversity enhancement, improved soil functioning, and ecosystem
415 services (Poorter et al., 2016; IPBES, 2019; Lal, 2018; FAO, 2020; Bonan, 2008; Griscom et al., 2017).
These findings are consistent with global assessments showing that tree restoration can enhance water supply in some
regions while reducing it in others (Hoek van Dijke et al., 2022; Zan et al., 2024). This has direct implications for climate
policies: carbon gain alone is not sufficient to ensure co-benefits for water resources. Reforestation planning must account
for spatial context, and future research should prioritize multi model comparisons and basin scale assessments to better

420 quantify these impacts.

5. Conclusions
Using CanESMS5. 1, we evaluated the long term hydroclimatic consequences of two reforestation scenarios under SSP1-2.6
forcing: a sustainable pathway and a pathway with “reversed” reconstruction of historical deforestation. Across both

425 scenarios, tree cover expansion enhances evaporative cooling in the Tropics and produces surface warming at high latitudes
due to reduced albedo over snow affected regions. This latitudinal contrast, tropical cooling and high latitude warming,
emerges consistently across both pathways and reflect the geographic sensitivity of biogeophysical feedbacks rather than
differences in total restored forest area.

Hydrological responses to reforestation show consistent large scale patterns across both pathways. Tropical regions exhibit

430 slight increases in precipitation and evapotranspiration, while high latitude regions tend to experience warming associated
declines in soil moisture. Seasonal analyses indicate that the most pronounced hydrological shifts occur during high latitude
winter and spring, when land-atmosphere coupling is strongest and background climate gradients are steepest. Although
global mean anomalies in P-ET and runoff remain small, regional impacts on water availability can be significant,
particularly in areas where reforestation intersects with existing hydroclimatic stress.

435 Beyond 2100, both scenarios continue to evolve, highlighting the need to examine timescales beyond the 21st century.
Sustainable reforestation stabilizes, with anomalies remaining small and balanced, whereas reversed reforestation sharpens
regional inequalities, notably long term reductions in Central African P-E. Zonal means reveal a dipole of drying across 0-
10°N and wetting across 0-30°S by 2200, consistent with a modest southward ITCZ shift supported by Hadley cell and
AMOC anomalies. While these circulation changes are limited in amplitude, they nevertheless reorganize rainfall over basin

440 scales, underscoring the capacity of reforestation to influence large scale climate dynamics on centennial horizons.

Overall, our results show that the spatial distribution of reforestation plays a central role in shaping its hydroclimatic effects.
Across both pathways, reforestation enhances evaporative cooling in the tropics and increases surface warming in snow

affected northern regions, while global mean hydrological changes remain relatively small. However, regional outcomes
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vary depending on background climate conditions and existing water stress. In some humid regions, increased

445  evapotranspiration is offset by sufficient precipitation, maintaining stable water availability. In contrast, reforestation in
already water limited areas, such as parts of Central Africa and Central America, can exacerbate dry season soil moisture
deficits and reduce runoff, raising potential concerns for downstream water users. These spatial nuances highlight that the
benefits and impact of reforestation extend beyond carbon uptake, underscoring the importance of integrating hydrological
and socio-environmental considerations into land based climate mitigation strategies.

450
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