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Abstract

Afforestation is of international interest for its positive benefits on carbon storage, ecology, and
society, but its impacts on terrestrial and atmospheric processes are still poorly understood. This
study presents the first use of a coupled land surface and convection permitting atmospheric model
(CPM) to quantify hydrometeorological effects of afforestation across the United Kingdom,
focusing on atmospheric processes often missing in hydrological models. Generating a scenario of
93 000 km? (40%) additional woodland across the UK, the periods of 2042-2052 and 20622072
are analysed. Simulated afforestation alters seasonal and regional UK hydrometeorology.
Countrywide runoff increases in all seasons (between 5.4-11 mm and 4.3-8.6% per season) due to
elevated subsurface flows from greater soil moisture. Evaporation decreases in summer

(—20.6 mm, —10%) but increases in winter (8.1 mm, 15%) whereas rainfall increases throughout
all seasons (between 2.2—6.86 mm and 0.9%-2.2% per season). Greater winter rainfall is detected
along Great Britain’s west coastline as increased surface roughness produces prolonged and heavier
rainfall. In the summer, lower albedo increases potential evapotranspiration and reduces near
surface specific humidity: water is locked in deeper soil layers as transpiration diminishes and the
topsoil dries out. However, the magnitude of hydrometeorological change due to altered land cover
is smaller than the uncertainty in local climate change projections. This work sets a precedent in
illustrating the impacts of afforestation on hydrology using a high-resolution CPM and highlights
the importance of coupled hydrometeorological processes when investigating land cover impacts

on hydrological processes.

1. Introduction

Widespread afforestation is receiving growing inter-
national interest and could substantially change
global land cover (Griscom et al 2017, Hawes 2018).
Its proposed societal benefits include reducing atmo-
spheric CO, and pollution (Bonan 2008, Forster
et al 2021), improving biodiversity (Vanessa et al
2018), and mitigating floods (Carrick et al 2019).
However, the ramifications of afforestation on the
Earth system at large spatial scales are not entirely
known related to their magnitude and direction of
change.

© 2024 The Author(s). Published by IOP Publishing Ltd

It is not fully understood how afforestation influ-
ences the water cycle (Wang-Erlandsson et al 2018).
Gaps exist between modelled and observed ter-
restrial impacts of afforestation (Andréassian 2004),
especially when considering the hydrological con-
sequences of using afforestation as natural flood
management (NFM) (Dadson et al 2017, Lane
2017). Whether the benefits of NFM outweigh the
water resource demand of widespread afforestation
is undetermined (David et al 2012). Direct measure-
ments of woodland on land surface processes (e.g.
evaporative fluxes and streamflow) continue to edu-
cate us on how afforestation could influence energy


https://doi.org/10.1088/1748-9326/ad4bf6
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/ad4bf6&domain=pdf&date_stamp=2024-5-31
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5047-1631
https://orcid.org/0000-0002-9164-0841
https://orcid.org/0000-0001-9416-488X
https://orcid.org/0000-0002-6144-4639
mailto:marcus.buechel@ouce.ox.ac.uk
mailto:marcus.buechel@guycarp.com
http://doi.org/10.1088/1748-9326/ad4bf6

10P Publishing

Environ. Res. Lett. 19 (2024) 064060

and water fluxes (Marc and Robinson 2007, Osborne
and Weedon 2021, Monger et al 2022). However,
studies often take place over relatively small spatial
scales (<50 km?) using a paired catchment approach
which compares process differences between affores-
ted and unaltered land cover in similar catchments
(Bosch and Hewlett 1982, Bathurst et al 2018). Many
observational studies suggest afforestation reduces
overall runoff, although its effects are more complex
at the highest flows (Do et al 2017, Bathurst et al
2020). However, data driven analysis of afforestation
consequences are difficult to extrapolate both in time
and space due to the number of interacting dependent
processes with nonstationary forcing, such as climate
change (Slater et al 2021, Anderson et al 2022).

Conceptual and simple process-based models,
used to explore larger spatial scales, broadly agree
that afforestation reduces overall and peak stream-
flow (Bulygina et al 2013, Stratford et al 2017). These
results however do not necessarily provide a full
physically-based understanding of afforestation on
hydrology, as observed (Soulsby et al 2017, Cooper
etal 2021). Recently, process-based land surface mod-
els have been used to explore terrestrial consequences
of countrywide land cover change (Blyth et al 2019,
Ritchie et al 2019), and show afforestation gener-
ates complex hydrological responses (Buechel et al
2022, Zhang et al 2022). Those studies only consider
terrestrial hydrology and thus intra-catchment affor-
estation impacts, consequently neglecting significant
atmospheric feedbacks (Lacombe et al 2016, Meier
et al 2021, Cui et al 2022). Therefore, it is essential
to look beyond individual catchment boundaries to
fully comprehend afforestation’s impact on the water
cycle.

Earth system models (ESMs) have illustrated the
far reaching consequences of afforestation on atmo-
spheric and ocean circulation (Breil et al 2020, Davin
et al 2020, De Hertog et al 2022) but are lim-
ited by their coarse grid spacing and provision of
continental-scale information, such as orography.
These studies have shown widespread afforestation
could alter precipitation patterns and energy parti-
tioning at the Earth’s surface. This work is the first
to use a high spatial resolution (2.2 km) regional
convection-permitting model (CPM), coupling the
land and atmosphere, to assess the potential hydro-
meteorological consequences of widespread afforest-
ation at a countrywide scale. We focus on the United
Kingdom, which plans widespread afforestation and
is considered an ideal location for European affor-
estation (Bastin et al 2019, Committee on Climate
Change 2019). We focus on three main questions.
Firstly, do the most extreme plausible afforestation
scenarios significantly change hydrometeorological
processes: rainfall, evaporation, and runoff? Existing
work suggests significant changes in hydrology with
widespread afforestation (e.g. Hoek van Dijke et al
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2022), however further work is required to determine
if this is reasonable. Secondly, we question whether
significant regional patterns in hydrometeorological
processes occur with afforestation, and whether ter-
restrial properties mediate this response. Previous
work has shown afforestation impacts on meteoro-
logical processes over continental scales (e.g. Teuling
et al 2017, Cerasoli et al 2021) but greater spatial
granularity and model diversity is needed. Finally,
we assess whether afforestation generates signific-
ant seasonal differences in hydrometeorological pro-
cesses with increased woodland. This study will assess
the hydrometeorological consequences of widespread
afforestation within the UK and model sensitivity to
land cover changes, whilst providing a base under-
standing of afforestation on the formation of con-
vective rainfall, something previously parameterized
in models (Fisher and Koven 2020, Blyth et al 2021).

2. Methods

2.1. Model

A CPM is run at a 2.2 km grid spacing and 60 s
timestep for a model domain centred over the UK.
The configuration is the same one used for the
local CPM projections in the UK Climate Projections
(UKCP18). Full details are provided by Kendon et al
(2019), Keat et al (2021). Two model ensembles are
used from the 12-model ensemble of UKCP18 in
this study. Running at kilometer-scale enables a more
detailed representation of the land surface than typ-
ically resolved in climate models, and convection is
explicitly simulated rather than parameterized, which
leads to significantly improved physical represent-
ation of precipitation extremes at an hourly scale
(Kendon et al 2014, Prein et al 2015). No prior work
investigating afforestation impact has used this model
type. Lateral boundaries are forced by a regional cli-
mate model (RCM; 12 km spatial resolution) which is
driven by a global climate model (GCM; 60 km spatial
resolution) (Murphy et al 2019). Both the RCM and
GCM are perturbed in their physical parameters. A
variable resolution grid allows showers to grow before
entering the CPM (Yongming et al 2013) and nesting
in the RCM reduces precipitation biases compared to
directly coupling with the GCM (Murphy et al 2019).
The model is run with a 360 d calendar for the periods
2040-2060 and 2060-2080 using the RCP 8.5 transi-
ent projection. Although this scenario is potentially
beyond what is considered plausible (Hausfather and
Peters 2020), it allows identification of hydrological
response to extreme climatological conditions.

The land surface scheme is JULES, the Joint UK
Land Environment Simulator (Best et al 2011, Clark
et al 2011a), in its regional land and atmospheric
science configuration (detailed in Bush et al (2020),
(2023)), but with three significant hydrological differ-
ences. One, Brooks and Corey (1964) soil hydraulics
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Figure 1. Maps illustrating the amount of land cover before (left) and after (right) afforestation. For the periods simulated, forest
cover is the only variable that changes between the model runs. Green represents both broadleaf and needleleaf woodland.
Disaggregation between the two species can be found in supplementary figure 1 and the areal increase in woodland in for each

region in supplementary table 1.

are used, two, excess moisture is moved downwards
in soil layers and finally, the rainfall-runoff model
TOPMODEL is used (Clark and Gedney 2008). Soil
hydraulic conductivity is derived from the fraction of
silt, sand and clay. Landscape heterogeneity is rep-
resented using a surface tiling scheme within each
grid box and independent water and energy fluxes
are calculated for each tile, or land cover type. There
are five plant functional types (PFTs): broadleaf and
needleleaf trees, C3 and C4 grasses and shrubs; and
four non-PFTs: urban, lake, bare soil, and ice. The
Met Office Reading Urban Surface Exchange Scheme
represents roofs and street canyons as two separ-
ate tiles (Porson et al 2010). Stomatal conductance
is dependent on the humidity deficit and CO, con-
centration, which is related to plant type, and the
availability of soil moisture (Cox et al 1998). If net
photosynthesis is less than zero, or stomatal con-
ductance is below a defined threshold, stomata close
and conductance is set to the threshold. The two-
stream radiation approach calculates direct and dif-
fuse Photosynthetically Available Radiation at each
of the ten layers specified within the canopy (Sellers
1985). Albedo is calculated for each PFT by using
transmission and reflection coefficients in the visible
and near-infrared regions for individual leaves and
the leaf area index (LAI). LAI for each month and PFT
is based on climatology between 2005-2009 and the
MODIS LAI product (Murphy et al 2019, Wiltshire
et al 2020). Although LAI is kept constant, stomatal
conductance varies according to atmospheric and
surface conditions. The surface has a sensible heat

capacity and evaporation from the soil, water and
transpiration combine to generate the surface lat-
ent heat fluxes. Energy and water fluxes are calcu-
lated in four soil layers with depths of 0.1, 0.25, 0.65
and 2 m. Underneath, there is a layer where drainage
slows to form groundwater. Information on precipit-
ation interaction with the canopy and soils is found
in Buechel et al (2022).

2.2. Land cover scenarios

Three approaches have been taken to predict affor-
estation influence: model all available land as affor-
ested (e.g. De Hertog et al 2022), use scenario-driven
afforestation with models (e.g. Hoek van Dijke et al
2022), or extrapolate woodland observations (e.g.
Schwaab et al 2020). To maximize the likelihood of
detecting a signal, we use maximal proposed afforest-
ation scenarios determined by the United Kingdom’s
individual nations: in England, the working with
natural processes Environment Agency afforestation
scenario (2018); in Wales, the woodland opportun-
ity map created by the Welsh Government (2021);
in Scotland, the land suitability map for wood-
land expansion (Sing and Aitkenhead 2020); and
for Northern Ireland, afforestation extent is created
using the method of Buechel et al (2024) (figure 1).
Landcover fractions are constant for the baseline and
afforestation scenarios.

Afforestation scenarios for continental Europe
and Ireland in the model domain are also created.
50% of the afforestation area proposed by Bastin
et al (2019) is randomly wooded for continental
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Europe, acknowledging its potential over-ambition.
In Ireland, an afforestation scenario is created based
on Farrelly and Gallagher (2015). In reality, tree
species planting is due to socio-economic, political
and landowner choices (Sing et al 2018, Sutherland
and Huttunen 2018, Brown 2020). Accurately mod-
elling these factors is impossible considering the
large uncertainty in future environmental and soci-
etal conditions. Only broadleaf and needleleaf wood-
land vegetation classifications are used and so nearest
neighbour interpolation is utilized to expand sim-
ilar species to those nearby, working on the prin-
ciple woodland is locally similar which is preferable
for ecological functioning (e.g. Hughes et al 2023).
Seventeen land cover types from the Climate Change
Initiative 2020 land cover map (ESA 2017) are conver-
ted to the nine modelled, and each land cover type is
calculated as a fraction of each grid cell (Bush er al
2020). A total of 93 290 km® (c. 40%) additional
woodland is generated across the UK (figure 1 and
supplementary table 1). To note, this is an unrealistic-
ally large afforestation extent and ignores the hydro-
logical effect of growing vegetation as all additional
woodland is mature within the model domain.

2.3. Analysis

Analysis is disaggregated into the 23 UKCP18 hydro-
regions and individual nations (figure 1) for two time
periods, 2042-2052 and 2062-2072, to identify the
response of individual hydrologically distinct areas to
afforestation (Murphy et al 2019). The period chosen
ensures water stores are equilibrated at the start of the
period and there is a long enough period for analysis
given computational resources. Each CPM period
is driven by the same perturbed climatology RCM
providing data for 40 years (two model ensembles of
20 years of data each).

Quantile regression (Koenker and Bassett 1978)
is used to ascertain direction and magnitude of rain-
fall, evaporation and runoff changes across regions
and countrywide for the overall time period, and
seasonally. Quantile regression is nonparametric and
minimally influenced by extreme outliers. Spearman’s
rank correlation coefficient quantifies the strength of
association between afforestation extent and hydro-
meteorological variable changes. Weaker correlations
(—0.5-0.5) indicate that regional properties have a
greater influence than afforestation extent on sim-
ulated changes in hydrometeorology. A full set of
the quantile regression and Spearman correlations
can be found in supplementary tables 2 and 3. To
determine if hydrometeorological alterations due to
afforestation are statistically significant in time and
space a Shapiro—Wilk test (Shapiro and Wilk 1965)
is applied; if the data are normally distributed, a two-
sided Student’s t test is used, and if not, a Wilcoxon
test.

M Buechel et al

3. Results

Afforesting the UK increases average rainfall between
2.19 and 6.86 mm (0.88%—2.24%) more per season
(supplementary table 4). Comparing across regions
the maximum average absolute rainfall increases by
approximately 7 mm in winter and fall (figure 2).
Rainfall increases along the west coast of Great
Britain, particularly in winter (figure 3). In spring
and winter, statistically significant increases in rain-
fall occur (p < 0.025, over 0.2 mm d~! | 0.9%), but
not for the rest of the year across the whole of the UK
(figure 3). Decreases in precipitation are simulated
in the east of Great Britain but are not statistically
significant (p > 0.025). An insignificant correlation
between afforestation and precipitation changes over
the period, and for seasons, suggests that precipita-
tion response to afforestation is not exactly co-located
(p=0.15, p > 0.1). Heavier rainfall occurs with affor-
estation as the western coastline of Great Britain has
over 3 d of additional heavy rain days over a 10 year
period (figure 4).

Afforestation substantially influences seasonal
evaporative processes (figure 2). In the winter and fall,
overall evaporation increases in the UK per season
on average by 8.1 mm (15.6%) and 5.6 mm (6.5%)
respectively, however in summer and spring it dra-
matically reduces by 20.6 mm (10%) and 4.9 mm
(3.2%) (supplementary table 4). Soil evaporation,
which includes transpiration, is the predominant
driver of seasonal changes in overall evaporation
(figure 5). Soil evaporation reduces by 0.11% for each
PPI of woodland and the pattern is strong (p = —0.75,
p < 0.001) across regions. Soil evaporation signific-
antly increases in almost all regions across the UK in
winter (p=0.91, p < 0.001, 0.53% PPI), but decreases
in summer (p = —0.94, p < 0.001, —0.28% PPI).
Afforestation broadly increases overall canopy evap-
oration over the period with a 0.08% increase with
each percentage point increase (PPI) of woodland
(p=0.48, p < 0.025). Winter has the largest increase
in canopy evaporation of 0.13% (p = 0.65, p < 0.01),
whereas spring has the least discernible trend with
afforestation. Potential evapotranspiration effectively
doubles with afforestation across all regions, all year
(p = 0.85, p < 0.001, 2.44% PPI), with the largest
absolute increase in summer (supplementary table 2).
Soil moisture changes are predominantly driven by
evaporation alterations with afforestation: decreased
summer and spring evaporation increases absolute
soil moisture, while winter and fall increases lead to
a reduction.

Surface runoff has a strong seasonal directional
change with afforestation (figure 5) but there are no
significant regional changes across regions (figure 3).
Surface runoff slightly increases in winter due to
rainfall, but not significantly (p = 0.4, p > 0.5,
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Figure 2. Average absolute change in rainfall, evaporation, runoff, and soil moisture following afforestation across the 23 regions
for each season. Error bars represent one standard deviation from the mean. A corresponding plot as percentage change can be
found as supplementary figure. These values are different to the averages reported for just the UK which can be found in

Summer Fall

Winter Spring

0.05% PPI), indicating strong regional variation in
the increase. In summer, a clear reduction in surface
runoff is attributable to afforestation with a drying
of the topsoil (p = —0.74, p < 0.001, —0.14% PPI),
however, changes are insignificant across regions.
Subsurface runoff increases across the entire period
and all regions with the most statistically signific-
ant increases observed on the western side of Great
Britain and in Anglia for all seasons (figure 3).
Opverall, subsurface runoff increases by 0.15% PPI of
afforestation (p = 0.75, p < 0.001) with the largest
increases observed in summer months (p = 0.87,
p < 0.001, 0.31% PPI) and the smallest in winter
(p=10.5, p <0.025, 0.08% PPI) due to soil moisture.

4. Discussion

Widespread afforestation alters hydrometeorological
processes across the UK. However, changes are

strongly regional with noteworthy nearfield effects as
a result of afforestation, unlike previous studies (e.g.
Yue et al 2018, Teuling et al 2019). Greater winter
rainfall in the west of Great Britain is simulated with
afforestation (figure 4), due to increased roughness
length, humidity, and temperature (figure 6). Indeed,
wind speeds predominantly decrease up to the first
3 km of the atmosphere with additional woodland
(supplementary figure 5). Winter fronts and con-
vective showers advect inland from the sea, and
the orography and roughness of the western coast-
line stalls their progress travelling along the wester-
lies within the CPM (Berthou et al 2020, Kendon
et al 2020). Woodland enhances the sea-land rough-
ness contrast further, likely slowing the progressing
systems (Belusi¢ et al 2019). Additional woodland
also decreases the land snow-free albedo, increasing
surface temperatures and potential evapotranspira-
tion (supplementary figures 6 and 7) (¢f Quentin

5
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Figure 3. Percentage change in rainfall, evaporation, surface and subsurface runoff following afforestation for each season. The
stars represent regions where the change is significant (p < 0.025). Supplementary figure 3 shows this as absolute changes. To
note, hydrometeorological changes at a gridcell level are more complex than illustrated above and can be seen with the online

et al 2017, Cerasoli et al 2021). Transpiration and
soil evaporation rise, enhancing atmospheric mois-
ture as tree roots access deeper soil moisture stores
compared to shorter vegetation. Larger soil moisture
stores are available from summer and fall periods

(discussed later) (figure 2). Canopy evaporation con-
tinues to be elevated providing further atmospheric
moisture (figure 5). Higher temperatures and humid-
ity provide conditions more favourable to intense and
larger rainfall events with increased air buoyancy and

6
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Figure 4. Average increase in the number of days where precipitation is greater than 20 mm for the 20 year period across all run
scenarios. Supplementary figure 4 indicates the average number of days with heavy precipitation disaggregated across regions.

instability (illustrated by moist static energy (supple-
mentary figure 8)). Higher winter humidity promotes
increased transpiration due to the reduced humid-
ity deficit (Cox et al 1998). These factors combine to
increase cloud cover (and total overall cloud liquid
volume) over afforested regions for the first few kilo-
metres (supplementary figure 9). A slight rain shadow
effect is detectable on the northeast side of the UK,
although not significant (figure 3), and so precip-
itation does not significantly increase downstream
of westerlies. Increases in winter turnover rate sug-
gest hydrological cycle intensification in afforested
regions (supplementary figure 10). Thus, although
afforestation is being used as a measure to mitigate
climate extremes, it could make rainfall-driven cli-
mate change impacts worse with increased flooding
events. Enhanced rainfall and antecedent soil mois-
ture (from the summer) elevates surface and subsur-
face runoff, which would increase streamflow. During
winter, absolute soil moisture reduces with increased
evaporation and runoff, providing the conditions for
hydrometeorological process changes which occur in
the summer (figure 2).

In summer, rainfall, evaporation, and runoff
function differently with afforestation compared to
winter (figure 6). Topsoil moisture decreases, whereas
the lower soil column becomes increasingly sat-
urated (aided by reduced drainage promoted to
form groundwater table) (supplementary figure 11).
Reduced topsoil moisture is likely due to over-drying,
caused by the large increase in potential evapotran-
spiration. An increase in the 1.5 m temperature
decreases relative humidity (supplementary figure
12), and combined with lowered soil evaporation,

reinforces the transpiration reduction by increasing
the humidity deficit (—1.64% in specific humidity
across the UK in summer) (Cox et al 1998). As
topsoil moisture decreases, surface runoff and soil
evaporation reduce. Reduced topsoil moisture further
decreases transpiration due to the soil root mechan-
ismsin JULES (Bestetal 2011), particularly with grass
roots accessing any available moisture in the topsoil.
As summer continues, subsurface runoff gradually
increases with rising absolute soil moisture lower in
the column (figure 5). In winter, overall soil mois-
ture stores are diminished as additional precipitation
saturates the soil which increases runoff (figure 5).
However, this UKCP18 RCP 8.5 scenario is at the
upper limit of temperature plausibility (Hausfather
and Peters 2020) and thus feedbacks may be over-
exaggerated. The distribution of soil moisture within
the soil column aids an increase in the Bowen Ratio
(supplementary figure 12). If this is the case, the
hydrological implementation is directly influencing
energy balances meaning greater attention is needed
to ensure accurate hydrological results (Clark et al
2011b, 2016). To note, the increase in soil mois-
ture could be due to the configuration of soil mois-
ture routing implemented in this model configura-
tion (Bush et al 2020, 2023). Formation of lower-
level clouds (supplementary figure 9) do not appear
to counteract the influence of decreased albedo with
afforestation on temperatures (e.g. Cerasoli et al
2021). In summer, RCMs exhibit divergent temper-
ature and evaporative fraction changes with afforesta-
tion, which has been attributed to land surface model
parameterizations (Quentin et al 2017, Davin et al
2020), such as root distributions and soil water uptake



I0OP Publishing

Environ. Res. Lett. 19 (2024) 064060

M Buechel et al

Precipitation

1] 18

Percentage
Change (%)

Canopy Evaporation

15
10 - T
0

Soil Evaporation

40

Percentage
Change (%)

o

ml“lml

Relative Humidity

I

4111,“ |

| ]

o

~

Percentage
Change (%)

Potential Evapotranspiration

Soil Moisture

g - T T b I

Surface Runoff

[1]] [ ]

Percentage
Change (%)
=)

-20

Subsurface Runoff

mIIIII] I

Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Date

absolute changes.

Figure 5. Percentage changes in hydrometeorological processes (precipitation, canopy and soil evaporation, potential
evapotranspiration, relative humidity, soil moisture, surface, and subsurface runoff) for the 20 year period for all regions with
afforestation. Error bars represent the 10th and 90th percentiles for the 23 regions. Supplementary figure 13 provides the figure as

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Date

formulas (Meier et al 2018). In this setup, stomatal
conductance is the primary driver of transpiration
change. Changing the root depth, and including lat-
eral subsurface flows, or including more accurate
plant hydraulics would enable more accurate calcu-
lation of evaporation (Chang et al 2018, Harper et al
2021, Picourlat et al 2022) and may alter our results by
enabling plants to access deeper and locally adjacent
soil moisture.

Compared to winter, there is not a similar
summer precipitation increase, and regional differ-
ences occur. Woodland reduces wind speed, how-
ever, humidity, soil evaporation and transpiration
decreases. The lessened atmospheric moisture con-
tributes to the reduced rainfall in summer and exem-
plified by the turnover ratio decline (supplementary
figure 10). Decreases in relative humidity are driven
by summer increases in temperature and reductions

in soil evaporation due to the reduced albedo and
greater sensible heat fluxes (supplementary figures 7
and 14). These temperature increases would also be
detrimental to human life, particularly in a climate
scenario where temperatures are expected to be elev-
ated. Summer temperatures increases are not seen
in winter due to larger latent and reduced sensible
heat fluxes. Some inland regions receive intense sum-
mer precipitation, and this leads to the divergence
in the mean precipitation across regions observed in
figure 5.

Despite the large areal coverage of afforestation
undertaken here, not all hydrometeorological pro-
cesses changed comparatively. For example, surface
runoff changes were minimal compared to land cover
changes. However, there were significant changes
in radiative fluxes, demonstrated by the signific-
ant decrease in albedo (supplementary figure 7)
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and increase in potential evapotranspiration for the
entire period (figure 5). When compared to projected
changes in climate, afforestation is of minor import-
ance. For the period 2060-2080 compared to 1981—
2000, precipitation is projected to decrease over the
entire UK between 46% and 16% in summer, whilst
increasing between 16% and 43% in winter across
the UKCP18 model ensemble. The relatively small
range of rainfall changes induced by widespread
afforestation in this study (—1%—4% across regions)
indicate the relatively minor role of significant land
cover changes in altering predominant climate atmo-
spheric signals. This emphasizes the potential diffi-
culty in attributing hydrometeorological changes to
land cover in a nonstationary climate. However weak
the signal may be, the afforestation response of rain-
fall, runoff and evaporation is the same across dif-
ferent model ensembles and periods (i.e. no statist-
ical difference based on ANOVA tests; p > 0.1), fur-
ther emphasizing these results are not an artefact of
model internal variability. While an estimate of the
model internal variability could better quantify this,
estimating it would require additional CPM simu-
lations given part of the variability in the UKC18

ensemble arises from perturbed parameters in its
driving models.

A coupled land-atmosphere model reveals the
noticeable feedback between vegetation and the
atmosphere. This approach dynamically calculates
evaporation and rainfall according to land sur-
face processes. Previous hydrological work eval-
uating afforestation impacts on terrestrial hydro-
logy with fixed forcing indicated that vegetation
parameterization generates similar responses where
increased LAI reduces throughfall, increases the
canopy store, and increased transpiration, reduces
streamflow (Stratford et al 2017, Buechel et al 2022).
However, in this study, afforestation, particularly
in western regions, increases throughfall because
of more intense winter precipitation. Thus, epi-
stemic uncertainty caused by not including relev-
ant processes within hydrological models completely
reverses intended benefits, particularly as increased
precipitation with afforestation (and decrease with
deforestation) has been observed before (Staal et al
2020, Cerasoli et al 2021). Furthermore, although
canopy evaporation was relatively heightened, with
increased surface temperatures and canopy store, the
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magnitude of change is so minimal it cannot coun-
teract precipitation and soil evaporation changes. The
clear impact on hydrological and atmospheric pro-
cesses with afforestation means continued effort is
required to improve ESM representation to ensure
hydrometeorological outputs are given for the right
reasons (Beven 2007).

This work has shown the novel application of
a CPM to determine the impact of afforestation
on hydrometeorological processes. However, future
work should explore and compare these results to
other CPMs to determine how land surface com-
ponents, such as the hydrological parameterizations,
alter hydrometeorology, similar to CMIP5 (Quentin
et al 2017). Radiative balance changes with affor-
estation are due to tree parameterizations and so
need to be accurate for predicting climate. Caveats
to note are excessive evaporation generated by JULES
(Blyth et al 2019), inaccurate rooting profile rep-
resentation (Harper et al 2021), and the lack of an
accurate representation of groundwater (Vine et al
2016). The limited number of tree species and stand
age would also significantly impact calculated evapo-
transpiration (Bentley and Coomes 2020). Using this
model from a hydrological perspective illustrates the
epistemic uncertainty of determining the impacts
of largescale land cover change when using simple
terrestrial hydrological models which lack critical
biophysical parameterizations. It also reveals that
the current practice of driving hydrological mod-
els with atmospheric outputs is a somewhat circu-
lar endeavour, as the hydrological models originally
embedded within RCMs will have left their mark
by imprinting processes into the energy and water
fluxes.

5. Conclusion

This work demonstrates the impacts afforestation
could have on hydrometeorology by using a novel
regional convective-permitting model. Seasonal and
regional differences exist in how afforestation alters
hydrometeorology within the UK, particularly in
western regions of Great Britain. In winter, the
increased roughness length of woodland stalls con-
vective cells and fronts from the sea, which are
then very slightly enhanced by increased moisture
and temperature inland (e.g. Belusi¢ et al 2019).
In summer, changes in precipitation are not sig-
nificant but reduced albedo diminishes transpira-
tion and elevates soil moisture in deeper soil lay-
ers. Greater soil moisture produces larger subsurface
runoff. Soil evaporation greatly varies with season
and is the predominant driver of hydrometeorolo-
gical changes. Broad increases in evaporation align
with other research investigating the hydrometeoro-
logical impact of afforestation in Europe (Meier et al
2021, van Dijke et al 2022) but contrast in spring
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and summer. Despite vast increases in woodland, the
impacts on hydrometeorology are insignificant when
compared to uncertainties in climate projections.
This work illustrates that although coupled systems
are not as sensitive to land cover changes as to driv-
ing atmospheric forces in this geographical setting,
they can produce very different results to uncoupled
systems. The partitioning of energy influences evap-
orative and precipitation rates induced by land cover
changes, and thus alternative model setups are likely
to produce differing results (Quentin et al 2017). Our
afforestation scenarios suggest the UK would become
a slightly wetter place and further work should com-
pare results with other modelling approaches.

Data availability statement

Due to model output size, requests must be made to
the Met Office to determine appropriate methods of
data sharing. Data can be accessed on the JASMIN
CEDA service from Met Office MASS archive:
https://help.jasmin.ac.uk/article/228-how-to-apply-
for-mass-access. Suite numbers for afforestation
scenarios are mi-bd601, mi-bd602, mi-bd603 and mi-
bd604. Unprocessed base gridcell maps of the simu-
lated hydrometeorological response can be found at:
https://doi.org/10.5281/zen0do.8402609 and some
are included as supplementary figures 16-18.

Acknowledgments

M B is funded by NERC (NE/L002612/1).
L J S is supported by UKRI (MR/V022008/1) and
NERC (NE/S015728/1). S D is funded by NERC
(NE/S017380/1 and NE/X019063/1). S B, W K
and HL were supported by the Met Office Hadley
Centre Climate Programme funded by DSIT. The
JASMIN CEDA service provided access to facilities
and resources. The Met Office provided computer
time to run simulations. We thank the anonymous
reviewers for their advice to improve the manuscript.

Author contributions

MB generated afforestation scenarios (with help from
SB), analyzed model output, and wrote the manu-
script. M B, S D, H L and S B conceived the project.
WK ran the model simulations. SB, L S, S D, HL and
W K all edited the manuscript.

Conflict of interest

The authors declare no conflict of interest.

ORCID iDs

Marcus Buechel
5047-1631

https://orcid.org/0000-0002-


https://help.jasmin.ac.uk/article/228-how-to-apply-for-mass-access
https://help.jasmin.ac.uk/article/228-how-to-apply-for-mass-access
https://doi.org/10.5281/zenodo.8402609
https://orcid.org/0000-0002-5047-1631
https://orcid.org/0000-0002-5047-1631
https://orcid.org/0000-0002-5047-1631

10P Publishing

Environ. Res. Lett. 19 (2024) 064060

Ségoléne Berthou
9164-0841
Louise Slater
488X

Simon Dadson
4639

https://orcid.org/0000-0002-
https://orcid.org/0000-0001-9416-

https://orcid.org/0000-0002-6144-

References

Anderson B J, Slater L J, Dadson S J, Blum A G and Prosdocimi I
2022 Statistical attribution of the influence of urban and tree
cover change on streamflow: a comparison of large sample
statistical approaches Water Resour. Res. 58 1-20

Andréassian V 2004 Waters and forests: from historical
controversy to scientific debate J. Hydrol. 291 1-27

Bastin J-F, Finegold Y, Garcia C, Mollicone D, Rezende M,

Routh D, Zohner C M and Crowther T W 2019 The global
tree restoration potential Science 365 76-79

Bathurst J C, Fahey B, Iroumé A and Jones J 2020 Forests and
floods: using field evidence to reconcile analysis methods
Hydrol. Process. 34 3295-310

Bathurst J, Birkinshaw S, Johnson H, Kenny A, Napier A, Raven S,
Robinson ] and Stroud R 2018 Runoff, flood peaks and
proportional response in a combined nested and paired
forest plantation/peat grassland catchment J. Hydrol.

564 916-27

Belusi¢ D, Fuentes-Franco R, Strandberg G and Jukimenko A 2019
Afforestation reduces cyclone intensity and precipitation
extremes over europe Environ. Res. Lett. 14 074009

Bentley L and Coomes D A 2020 Partial river flow recovery with
forest age is rare in the decades following establishment
Glob. Change Biol. 26 145873

Berthou S, Kendon E J, Chan S C, Ban N, Leutwyler D, Schir C
and Fosser G 2020 Pan-European climate at
convection-permitting scale: a model intercomparison study
Clim. Dyn. 55 35-59

Best M J et al 2011 The joint UK land environment simulator
(JULES), model description—Part 1: energy and water
fluxes Geosci. Model. Dev. 4 677-99

Beven K 2007 Towards integrated environmental models of
everywhere: uncertainty, data and modelling as a learning
process Hydrol. Earth Syst. Sci. 11 460-7

Blyth E M et al 2021 Advances in land surface modelling Curr.
Clim. Change Rep. 7 4571

Blyth E M, Martinez-de la Torre A and Robinson E L 2019 Trends
in evapotranspiration and its drivers in great britain:
1961-2015 Prog. Phys. Geogr. 43 666-93

Bonan G B 2008 Forests and climate change: forcings, feedbacks,
and the climate benefits of forests Science 320 1444-9

Bosch ] M and Hewlett ] D 1982 A review of catchment
experiments to determine the effect of vegetation changes
on water yield and evapotranspiration J. Hydrol. 55 3-23

Breil M et al 2020 The opposing effects of reforestation and
afforestation on the diurnal temperature cycle at the surface
and in the lowest atmospheric model level in the European
summer J. Clim. 33 9159-79

Brooks R and Corey A 1964 Hydraulic Properties of Porous Media
vol 3 (Hydrology Papers, Colorado State University) p 37

Brown I 2020 Challenges in delivering climate change policy
through land use targets for afforestation and peatland
restoration Environ. Sci. Policy 107 36—45

Buechel M, Slater L and Dadson S 2022 Hydrological impact of
widespread afforestation in great Britain using a large
ensemble of modelled scenarios Commun. Earth Environ.
31-10

Buechel M, Slater L and Dadson S 2024 Broadleaf afforestation
impacts on terrestrial hydrology insignificant compared to
climate change in Great Britain Hydrol. Earth Syst. Sci. 28
2081-105

Bulygina N, McIntyre N and Wheater H 2013 A comparison of
rainfall-runoff modelling approaches for estimating impacts

M Buechel et al

of rural land management on flood flows Hydrol. Res.
44 467-83

Bush M et al 2020 The first met office unified model-JULES
regional atmosphere and land configuration, RAL1 Geosci.
Model. Dev. 13 1999-2029

Bush M et al 2023 The second met office unified model-JULES
regional atmosphere and land configuration, RAL2 Geosci.
Model. Dev. 16 1713-34

Carrick J et al 2019 Is planting trees the solution to reducing flood
risks? J. Flood Risk Manage. 12 1-10

Cerasoli S, Yin J and Porporato A 2021 Cloud cooling effects of
afforestation and reforestation at midlatitudes Proc. Natl
Acad. Sci. USA 118 1-7

Chang L L, Dwivedi R, Knowles J F, Hao Fang Y, Yue Niu G,
Pelletier ] D, Rasmussen C, Durcik M, Barron-Gafford G A
and Meixner T 2018 Why do large-scale land surface models
produce a low ratio of transpiration to evapotranspiration?
J. Geophys. Res. Atmos. 123 9109-30

Clark D B et al 2011a The joint UK land environment simulator
(JULES), model description—Part 2: carbon fluxes and
vegetation dynamics Geosci. Model. Dev. 4 701-22

Clark D B and Gedney N 2008 Representing the effects of subgrid
variability of soil moisture on runoff generation in a land
surface model J. Geophys. Res. 113 D10111

Clark M P et al 2016 Improving the theoretical underpinnings of
process-based hydrologic models Water Resour. Res.

52 2350-65

Clark M P, Kavetski D and Fenicia F 2011b Pursuing the method
of multiple working hypotheses for hydrological modeling
Water Resour. Res. 47 W09301

Committee on Climate Change 2019 Net zero technical report
(available at: www.theccc.org.uk/publication/net-zero-
technical-report/)

Cooper M, Patil S D, Nisbet T R, Thomas H, Smith A R and
McDonald M A 2021 Role of forested land for natural flood
management in the UK: a review WIREs Water 8 1-16

Cox P M, Huntingford C and Harding R J 1998 A canopy
conductance and photosynthesis model for use in a GCM
land surface scheme J. Hydrol. 212-213 79-94

Cui J et al 2022 Global water availability boosted by
vegetation-driven changes in atmospheric moisture
transport Nat. Geosci. 15 982—8

Dadson SJ et al 2017 A restatement of the natural science
evidence concerning catchment-based ‘Natural’ flood
management in the UK Proc. R. Soc. A 473 20160706

David E, Futter M N and Bishop K 2012 On the forest cover-water
yield debate: from demand- to supply-side thinking Glob.
Change Biol. 18 80620

Davin E L et al 2020 Biogeophysical impacts of forestation in
Europe: first results from the LUCAS (Land Use and Climate
across Scales) regional climate model intercomparison Earth
Syst. Dyn. 11 183-200

De Hertog S J et al 2022 The biogeophysical effects of idealized
land cover and land management changes in earth system
models Earth Syst. Dyn. 13 1305-50

Do H X, Westra S and Leonard M 2017 A global-scale
investigation of trends in annual maximum streamflow J.
Hydrol. 552 28-43

Environment Agency 2018 Mapping the potential for working
with natural processes-technical report mapping the
potential for working with natural processes-technical
report SC150005 (available at: https://assets.publishing.
service.gov.uk/media/6036¢659d3bf7f0ab2f070c1/Working
_with_natural_processes_mapping_technical report.pdf)

ESA 2017 Land cover CCI product user guide Version 2. Tech.
Rep. 2017 (available at: maps.elie.ucl.ac.be/CCl/viewer/
download/ESACCI-LC-Ph2-PUGvV2_2.0.pdf)

Farrelly N and Gallagher G 2015 An analysis of the potential
availability of land for afforestation in the republic of
Ireland Irish For. 72 120-38

Fisher R A and Koven C D 2020 Perspectives on the future of land
surface models and the challenges of representing complex
terrestrial systems J. Adv. Modeling Earth Syst. 12 4

11


https://orcid.org/0000-0002-9164-0841
https://orcid.org/0000-0002-9164-0841
https://orcid.org/0000-0002-9164-0841
https://orcid.org/0000-0001-9416-488X
https://orcid.org/0000-0001-9416-488X
https://orcid.org/0000-0001-9416-488X
https://orcid.org/0000-0002-6144-4639
https://orcid.org/0000-0002-6144-4639
https://orcid.org/0000-0002-6144-4639
https://doi.org/10.1029/2021wr030742
https://doi.org/10.1029/2021wr030742
https://doi.org/10.1016/j.jhydrol.2003.12.015
https://doi.org/10.1016/j.jhydrol.2003.12.015
https://doi.org/10.1126/science.aax0848
https://doi.org/10.1126/science.aax0848
https://doi.org/10.1002/hyp.13802
https://doi.org/10.1002/hyp.13802
https://doi.org/10.1016/j.jhydrol.2018.07.039
https://doi.org/10.1016/j.jhydrol.2018.07.039
https://doi.org/10.1088/1748-9326/ab23b2
https://doi.org/10.1088/1748-9326/ab23b2
https://doi.org/10.1111/gcb.14954
https://doi.org/10.1111/gcb.14954
https://doi.org/10.1007/s00382-018-4114-6
https://doi.org/10.1007/s00382-018-4114-6
https://doi.org/10.5194/gmd-4-677-2011
https://doi.org/10.5194/gmd-4-677-2011
https://doi.org/10.5194/hess-11-460-2007
https://doi.org/10.5194/hess-11-460-2007
https://doi.org/10.1007/s40641-021-00171-5
https://doi.org/10.1007/s40641-021-00171-5
https://doi.org/10.1177/0309133319841891
https://doi.org/10.1177/0309133319841891
https://doi.org/10.1126/science.1155121
https://doi.org/10.1126/science.1155121
https://doi.org/10.1016/0022-1694(82)90117-2
https://doi.org/10.1016/0022-1694(82)90117-2
https://doi.org/10.1175/JCLI-D-19-0624.1
https://doi.org/10.1175/JCLI-D-19-0624.1
https://doi.org/10.1016/j.envsci.2020.02.013
https://doi.org/10.1016/j.envsci.2020.02.013
https://doi.org/10.1038/s43247-021-00334-0
https://doi.org/10.1038/s43247-021-00334-0
https://doi.org/10.2166/nh.2013.034
https://doi.org/10.2166/nh.2013.034
https://doi.org/10.5194/gmd-13-1999-2020
https://doi.org/10.5194/gmd-13-1999-2020
https://doi.org/10.5194/gmd-16-1713-2023
https://doi.org/10.5194/gmd-16-1713-2023
https://doi.org/10.1111/jfr3.12484
https://doi.org/10.1111/jfr3.12484
https://doi.org/10.1073/pnas.2026241118
https://doi.org/10.1073/pnas.2026241118
https://doi.org/10.1029/2018JD029159
https://doi.org/10.1029/2018JD029159
https://doi.org/10.5194/gmd-4-701-2011
https://doi.org/10.5194/gmd-4-701-2011
https://doi.org/10.1029/2007JD008940
https://doi.org/10.1029/2007JD008940
https://doi.org/10.1002/2015WR017910
https://doi.org/10.1002/2015WR017910
https://doi.org/10.1029/2010WR009827
https://doi.org/10.1029/2010WR009827
https://www.theccc.org.uk/publication/net-zero-technical-report/
https://www.theccc.org.uk/publication/net-zero-technical-report/
https://doi.org/10.1002/wat2.1541
https://doi.org/10.1002/wat2.1541
https://doi.org/10.1016/S0022-1694(98)00203-0
https://doi.org/10.1016/S0022-1694(98)00203-0
https://doi.org/10.1038/s41561-022-01061-7
https://doi.org/10.1038/s41561-022-01061-7
https://doi.org/10.1098/rspa.2016.0706
https://doi.org/10.1098/rspa.2016.0706
https://doi.org/10.1111/j.1365-2486.2011.02589.x
https://doi.org/10.1111/j.1365-2486.2011.02589.x
https://doi.org/10.5194/esd-11-183-2020
https://doi.org/10.5194/esd-11-183-2020
https://doi.org/10.5194/esd-13-1305-2022
https://doi.org/10.5194/esd-13-1305-2022
https://doi.org/10.1016/j.jhydrol.2017.06.015
https://doi.org/10.1016/j.jhydrol.2017.06.015
https://assets.publishing.service.gov.uk/media/6036c659d3bf7f0ab2f070c1/Working_with_natural_processes_mapping_technical_report.pdf
https://assets.publishing.service.gov.uk/media/6036c659d3bf7f0ab2f070c1/Working_with_natural_processes_mapping_technical_report.pdf
https://assets.publishing.service.gov.uk/media/6036c659d3bf7f0ab2f070c1/Working_with_natural_processes_mapping_technical_report.pdf
https://maps.elie.ucl.ac.be/CCI/viewer/download/ESACCI-LC-Ph2-PUGv2_2.0.pdf
https://maps.elie.ucl.ac.be/CCI/viewer/download/ESACCI-LC-Ph2-PUGv2_2.0.pdf
https://doi.org/10.1029/2018MS001453
https://doi.org/10.1029/2018MS001453

10P Publishing

Environ. Res. Lett. 19 (2024) 064060

Forster E ], Healey ] R, Dymond C and Styles D 2021 Commercial
afforestation can deliver effective climate change mitigation
under multiple decarbonisation pathways Nat. Commun.

12 1-12

Government W 2021 Woodland Opportunity Map 2021 |
dataMapWales DataMapWales (available at: https://
datamap.gov.wales/maps/woodland-opportunity-map-
2021/)

Griscom B W et al 2017 Natural climate solutions Proc. Natl Acad.
Sci. 114 11645-50

Harper A B et al 2021 Improvement of modeling plant responses
to low soil moisture in JULESvn4.9 and evaluation against
flux tower measurements Geosci. Model. Dev. 14 3269-94

Hausfather Z and Peters G P 2020 Emissions—the ‘Business as
Usual’ story is misleading Nature 577 618-20

Hawes M 2018 Planting carbon storage Nat. Clim. Change
85568

Hughes S, Kunin W, Watts K and Ziv G 2023 New woodlands
created adjacent to existing woodlands grow faster, taller
and have higher structural diversity than isolated
counterparts Restor. Ecol. 31 1-9

Keat W J, Kendon E J and Bohnenstengel S I 2021 Climate change
over UK cities: the urban influence on extreme temperatures
in the UK climate projections Clim. Dyn. 57 3583-97

Kendon E J, Fosser G, Murphy J, Chan S, Clark R, Harris G and
Lock A, 2019 UKCP convection-permitting model
projections: science report (Crown Copyright, Met Office)
(available at: www.metoffice.gov.uk/pub/data/weather/uk/
ukep18/science-reports/ UKCP-Convection-permitting-
model-projections-report.pdf)

Kendon E J, Roberts N M, Fosser G, Martin G M, Lock A P,
Murphy J M, Senior C A and Tucker S O 2020 Greater future
U.K. winter precipitation increase in new
convection-permitting scenarios J. Clim. 33 7303-18

Kendon E J, Roberts N M, Fowler H J, Roberts M J, Chan S C and
Senior C A 2014 Heavier summer downpours with climate
change revealed by weather forecast resolution model Nat.
Clim. Change 4 570—6

Koenker R and Bassett G 1978 Regression quantiles Econometrica
46 33

Lacombe G et al 2016 Contradictory hydrological impacts of
afforestation in the humid tropics evidenced by long-term
field monitoring and simulation modelling Hydrol. Earth
Syst. Sci. 20 2691-704

Lane S N 2017 Natural flood management WIREs Water
4el211

Marc V and Robinson M 2007 The long-term water balance
(1972-2004) of upland forestry and grassland at plynlimon,
mid-wales Hydrol. Earth Syst. Sci. 11 44-60

Meier R, Davin E L, Lejeune Q, Hauser M, Yan L, Martens B,
Schultz N M, Sterling S and Thiery W 2018 Evaluating and
improving the community land model’s sensitivity to land
cover Biogeosciences 15 473157

Meier R, Schwaab J, Seneviratne S I, Sprenger M, Lewis E and
Davin E L 2021 Empirical estimate of forestation-induced
precipitation changes in Europe Nat. Geosci. 14 473-8

Monger F, Spracklen D V, Kirkby M J and Schofield L 2022 The
impact of semi-natural broadleaf woodland and pasture on
soil properties and flood discharge Hydrol. Process. 36 1-14

Murphy ] M, Harris G R, Sexton D M, Kendon E J, Bett P E,
Clark R T and Eagle K E 2019 UKCP18 land report UKCPI8
Land Projections: Science Report 2018 (available at: www.
metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-
reports/UKCP18-Land-report.pdf)

Osborne S R and Weedon G P 2021 Observations and modeling
of evapotranspiration and dewfall during the 2018
meteorological drought in Southern England J.
Hydrometeorol. 22 279-95

Picourlat F, Mouche E and Miigler C 2022 Upscaling hydrological
processes for land surface models with a
two-hydrologic-variable model: application to the little
Washita Watershed Water Resour. Res. 58 1-19

M Buechel et al

Porson A, Clark P A, Harman I N, Best M ] and Belcher S E 2010
Implementation of a new urban energy budget scheme into
MetUM. Part II: validation against observations and
model intercomparison Q. J. R. Meteorol. Soc.

136 1530-42

Prein A F et al 2015 A review on regional convection-permitting
climate modeling: demonstrations, prospects, and
challenges Rev. Geophys. 53 32361

Quentin L, Seneviratne S I and Davin E L 2017 Historical
land-cover change impacts on climate: comparative
assessment of LUCID and CMIP5 multimodel experiments
J. Clim. 30 1439-59

Ritchie P D L et al 2019 Large changes in great Britain’s vegetation
and agricultural land-use predicted under unmitigated
climate change Environ. Res. Lett. 14 114012

Schwaab J, Davin E L, Bebi P, Duguay-Tetzlaff A, Waser L T,
Haeni M and Meier R 2020 Increasing the broad-leaved tree
fraction in European forests mitigates hot temperature
extremes Sci. Rep. 10 1-9

Sellers P J 1985 Canopy reflectance, photosynthesis and
transpiration Int. J. Remote Sens. 6 1335-72

Shapiro S S and Wilk M B 1965 An analysis of variance test for
normality (Complete Samples) Biometrika 52 591

Sing L and Aitkenhead M 2020 Analysis of land suitability for
woodland expansion in Scotland: update 2020 (https://doi.
org/10.7488/era/494)

Sing L, Metzger M J, Paterson ] S and Ray D 2018 A review of the
effects of forest management intensity on ecosystem services
for northern European temperate forests with a focus on the
UK Forestry 91 151-64

Slater L J et al 2021 Nonstationary weather and water extremes: a
review of methods for their detection, attribution, and
management Hydrol. Earth Syst. Sci. 25 3897-935

Soulsby C, Dick ], Scheliga B and Tetzlaff D 2017 Taming the
flood—how far can we go with trees? Hydrol. Process.
313122-6

Staal A, Flores B M, Aguiar A P D, Bosmans ] H C, Fetzer I
and Tuinenburg O A 2020 Feedback between drought
and deforestation in the amazon Environ. Res. Lett.

15 44024

Stratford C, Miller J, House A, Old G, Acreman M,
Duenas-Lopez M A and Nisbet T 2017 Do trees in the
UK-relevant river catchments influence fluvial flood
peaks? (available at: https://nora.nerc.ac.uk/id/eprint/
517804/)

Sutherland L-A and Huttunen S 2018 Linking practices of
multifunctional forestry to policy objectives: case studies in
finland and the UK For. Policy Econ. 86 35-44

Teuling A ], de Badts E A G, Jansen F A, Fuchs R, Buitink J, Hoek
van Dijke A J and Sterling S M 2019 Climate change,
reforestation/afforestation, and urbanization impacts on
evapotranspiration and streamflow in Europe Hydrol. Earth
Syst. Sci. 23 3631-52

Teuling A J, Taylor C M, Fokke Meirink J, Melsen L A,

Miralles D G, van Heerwaarden C C, Vautard R,

Stegehuis A I, Nabuurs G-J and Vila-guerau de Arellano J
2017 Observational evidence for cloud cover enhancement
over Western European forests Nat. Commun. 8 14065

van Dijke H et al 2022 Shifts in regional water availability due to
global tree restoration Nat. Geosci. 15 363—8

Vanessa B, Moseley D, Brown C, Metzger M ] and Bellamy P 2018
Reviewing the evidence base for the effects of woodland
expansion on biodiversity and ecosystem services in the
United Kingdom For. Ecol. Manage. 430 36679

Vine N, Le A B, McIntyre N and Jackson C 2016 Diagnosing
hydrological limitations of a land surface model: application
of JULES to a deep-groundwater chalk basin Hydrol. Earth
Syst. Sci. 20 143-59

Wang-Erlandsson L, Fetzer I, Keys P W, Van Der Ent R J,

Savenije H H G and Gordon L J 2018 Remote land use
impacts on river flows through atmospheric teleconnections
Hydrol. Earth Syst. Sci. 22 4311-28

12


https://doi.org/10.1038/s41467-021-24084-x
https://doi.org/10.1038/s41467-021-24084-x
https://datamap.gov.wales/maps/woodland-opportunity-map-2021/
https://datamap.gov.wales/maps/woodland-opportunity-map-2021/
https://datamap.gov.wales/maps/woodland-opportunity-map-2021/
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.5194/gmd-14-3269-2021
https://doi.org/10.5194/gmd-14-3269-2021
https://doi.org/10.1038/d41586-020-00177-3
https://doi.org/10.1038/d41586-020-00177-3
https://doi.org/10.1038/s41558-018-0214-x
https://doi.org/10.1038/s41558-018-0214-x
https://doi.org/10.1111/rec.13889
https://doi.org/10.1111/rec.13889
https://doi.org/10.1007/s00382-021-05883-w
https://doi.org/10.1007/s00382-021-05883-w
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP-Convection-permitting-model-projections-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP-Convection-permitting-model-projections-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP-Convection-permitting-model-projections-report.pdf
https://doi.org/10.1175/JCLI-D-20-0089.1
https://doi.org/10.1175/JCLI-D-20-0089.1
https://doi.org/10.1038/nclimate2258
https://doi.org/10.1038/nclimate2258
https://doi.org/10.2307/1913643
https://doi.org/10.2307/1913643
https://doi.org/10.5194/hess-20-2691-2016
https://doi.org/10.5194/hess-20-2691-2016
https://doi.org/10.1002/wat2.1211
https://doi.org/10.1002/wat2.1211
https://doi.org/10.5194/hess-11-44-2007
https://doi.org/10.5194/hess-11-44-2007
https://doi.org/10.5194/bg-15-4731-2018
https://doi.org/10.5194/bg-15-4731-2018
https://doi.org/10.1038/s41561-021-00773-6
https://doi.org/10.1038/s41561-021-00773-6
https://doi.org/10.1002/hyp.14453
https://doi.org/10.1002/hyp.14453
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://doi.org/10.1175/JHM-D-20-0148.1
https://doi.org/10.1175/JHM-D-20-0148.1
https://doi.org/10.1029/2021wr030997
https://doi.org/10.1029/2021wr030997
https://doi.org/10.1002/qj.572
https://doi.org/10.1002/qj.572
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1175/JCLI-D-16-0213.1
https://doi.org/10.1175/JCLI-D-16-0213.1
https://doi.org/10.1088/1748-9326/ab492b
https://doi.org/10.1088/1748-9326/ab492b
https://doi.org/10.1038/s41598-020-71055-1
https://doi.org/10.1038/s41598-020-71055-1
https://doi.org/10.1080/01431168508948283
https://doi.org/10.1080/01431168508948283
https://doi.org/10.1093/biomet/52.3-4.591
https://doi.org/10.1093/biomet/52.3-4.591
https://doi.org/10.7488/era/494
https://doi.org/10.7488/era/494
https://doi.org/10.1093/forestry/cpx042
https://doi.org/10.1093/forestry/cpx042
https://doi.org/10.5194/hess-25-3897-2021
https://doi.org/10.5194/hess-25-3897-2021
https://doi.org/10.1002/hyp.11226
https://doi.org/10.1002/hyp.11226
https://doi.org/10.1088/1748-9326/ab738e
https://doi.org/10.1088/1748-9326/ab738e
https://nora.nerc.ac.uk/id/eprint/517804/
https://nora.nerc.ac.uk/id/eprint/517804/
https://doi.org/10.1016/j.forpol.2017.10.019
https://doi.org/10.1016/j.forpol.2017.10.019
https://doi.org/10.5194/hess-23-3631-2019
https://doi.org/10.5194/hess-23-3631-2019
https://doi.org/10.1038/ncomms14065
https://doi.org/10.1038/ncomms14065
https://doi.org/10.1038/s41561-022-00935-0
https://doi.org/10.1038/s41561-022-00935-0
https://doi.org/10.1016/j.foreco.2018.08.003
https://doi.org/10.1016/j.foreco.2018.08.003
https://doi.org/10.5194/hess-20-143-2016
https://doi.org/10.5194/hess-20-143-2016
https://doi.org/10.5194/hess-22-4311-2018
https://doi.org/10.5194/hess-22-4311-2018

10P Publishing Environ. Res. Lett. 19 (2024) 064060 M Buechel et al

Wiltshire A ], Carolina Duran Rojas M, Edwards ] M, Gedney N, Yue L, Piao S, Li L Z X, Chen A, Wang X, Ciais P and Huang L

Harper A B, Hartley A J, Hendry M A, Robertson E and 2018 Divergent hydrological response to large-scale

Smout-Day K 2020 JULES-GL7: the global land afforestation and vegetation greening in China Sci. Adv.

configuration of the joint UK land environment simulator 41-10

version 7.0 and 7.2 Geosci. Model. Dev. 13 483—-505 Zhang X, Jin ], Zeng X, Hawkins C P, Neto A A M and Niu G 2022
Yongming T, Lean H W and Bornemann J 2013 The benefits of The compensatory CO; fertilization and stomatal closure

the met office variable resolution NWP model for effects on runoff projection from 2016-2099 in the Western

forecasting convection Meteorol. Appl. 20 417-26 United States Water Resour. Res. 58 €2021WR030046

13


https://doi.org/10.5194/gmd-13-483-2020
https://doi.org/10.5194/gmd-13-483-2020
https://doi.org/10.1002/met.1300
https://doi.org/10.1002/met.1300
https://doi.org/10.1126/sciadv.aar4182
https://doi.org/10.1126/sciadv.aar4182
https://doi.org/10.1029/2021wr030046
https://doi.org/10.1029/2021wr030046

	Hydrometeorological response to afforestation in the UK: findings from a kilometer-scale climate model
	1. Introduction
	2. Methods
	2.1. Model
	2.2. Land cover scenarios
	2.3. Analysis

	3. Results
	4. Discussion
	5. Conclusion
	References


