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Abstract

Land cover and land management changes can alter local, regional, and global climate.
This can be by altering the biogeochemical fluxes due to a change in carbon sequestra-
tion potential which can alter global greenhouse gas concentrations and therefore global
climate. However, it can also be through changes in the physical properties of the surface
which in turn alter the energy and water balance and thereby affect regional to local cli-
mate. These effects are called the biogeophysical effects and remain poorly constrained,
with high uncertainties about both their sign and magnitude. Land cover and land manage-
ment changes are likely needed towards the future to achieve low-warming future scenarios
through land-based mitigation. Therefore, it is of importance that land cover and land man-
agement induced climate effects are better understood in order to fully grasp their potential
within the context of future mitigation and adaptation. This thesis aims to better constrain
the effects of land cover and land management on climate and to illustrate their importance
for future mitigation and adaptation potential. To this end, we use Earth System Mod-
els that fully asses the climate feedbacks arising from land cover and land management
changes.

In the first study, we perform highly idealised simulations of four different types of land
cover and land management conversions, (i) cropland expansion, (ii) afforestation, (iii) irri-
gation expansion and (iv) wood harvesting. These simulations are performed with three dif-
ferent Earth System Models to grasp the inter model uncertainty. The land cover and man-
agement changes are performed in a checkerboard pattern (alternating patches of change
with patches of no change) to disentangle local from non-local biogeophysical effects. The
effects of land cover changes on surface temperature are consistent with observational stud-
ies except over certain regions for some Earth System Models. Cropland expansion gen-
erally causes a local warming in the tropics and a cooling in boreal latitudes which are
consistent across the earth System Models. This pattern was similar but of opposite sign
for the local effects of afforestation. The non-local effects, in contrast, are not consistent
across the models for cropland expansion (ranging from global cooling to regional warm-
ing) while these are consistently a non-local warming for afforestation. Irrigation generally
causes a cooling, although the Earth System Models disagree whether this cooling is local
or non-local. Wood harvesting was not found to have any clear effects on grid-scale surface
temperature. The local surface temperature responses were mostly dominated by changes
in turbulent heat fluxes. This analysis overall highlights the importance of separating local

vii



viii

and non-local biogeophysical effects to better understand inter-model differences.

In the second study, we further analyse the idealised Earth System Model simulations for
effects on evaporation, precipitation, and vertically integrated moisture flux convergence.
We apply a moisture tracking algorithm to assess the effects of land cover and land manage-
ment on both continental and local moisture recycling. The effects of land cover and land
management changes over land are generally consistent across the different Earth System
Models. Cropland expansion reduces evaporation, precipitation, and local moisture recy-
cling, while afforestation and irrigation expansion cause the opposite effect. However, the
signal does vary strongly in time and space and different patterns emerge within different
Earth System Models, which relates to mechanisms dominating the overall change (from
global circulation changes to more localised effects). Our results underline the impor-
tance of land cover and land management induced effects on moisture fluxes and moisture
recycling and highlight some differences across Earth System Models which need to be
considered before they can be applied to inform land-based adaptation strategies.

In the third study, we perform future simulations under a 1.5°C-compatible future scenario
with one Earth System Model. These simulations are performed under different land cover
and land management scenarios which represent two strongly different worlds. The sustain-
ability scenario represents a world which converges socioeconomically and where green-
house gas pricing and environmental protection is implemented globally. In the inequality
scenario, in contrast, such degree of sustainability is only achieved in the wealthier coun-
tries while the rest of the world continues under current trends. The results were analysed
for global mean temperature, heat stress and downstream socioeconomic impacts such as
changes in labour capacity and temperature-related mortality. Achieving a sustainable land
cover compared to the inequality scenario is shown to cause a global cooling of ca. 0.3 °C
and a clear reduction in heat stress over land. Adverse impacts on humans generally de-
crease in a world with sustainable land cover change instead of inequality, with notably
higher labour capacity and lower heat-related mortality over the tropics. Cold-related mor-
tality, in contrast, rises in some locations such as Northwestern Europe. The adopted land
cover and management scenario is crucial for assessing future climate change and should
not be neglected within future mitigation and adaptation strategies.

Overall, this thesis advances the current understanding of the effects of land cover and
land management changes on climate. We provide an improved understanding of bio-
geophysical effects by consistently separating local and non-local effects across different
Earth System Models and land cover and management conversions specifically for surface
temperature. Our results also highlight some remaining uncertainties related to specific
Earth System Models, but also to the signal separation approach used which warrant more
research. Finally, a second group of simulations illustrates the importance for including
land cover and land management change induced climate effects within future land cover
scenarios for temperature but also impacts on humans. Land cover and land management
induced climate effects should therefore be carefully considered within the design of future
land-based mitigation and adaptation pathways.
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Samenvatting

Veranderingen in landgebruik en landbeheer kunnen het lokale, regionale en mondiale kli-
maat veranderen. Dit kan gebeuren door wijziging van de biogeochemische stromen als
gevolg van een verandering in het koolstofvastleggingspotentieel, waardoor de mondiale
broeikasgasconcentraties en derhalve het mondiale klimaat kunnen veranderen. Maar het
kan ook gebeuren via veranderingen in de fysische eigenschappen van het oppervlak die
op hun beurt de energie- en waterbalans wijzigen en daardoor het regionale en lokale kli-
maat beïnvloeden. Deze effecten worden de biogeofysische effecten genoemd en blijven
slecht gekarakteriseerd, met grote onzekerheden over zowel het teken als de omvang ervan.
Veranderingen in landgebruik en landbeheer zijn in de toekomst waarschijnlijk nodig om
scenario’s met een lage opwarming te behalen. Daarom is het van belang dat er meer inzicht
komt in de door landgebruik en landbeheer veroorzaakte klimaateffecten om hun potentieel
in het kader van toekomstige mitigatie en adaptatie volledig te begrijpen. Deze thesis heeft
tot doel de effecten van landgebruik en landbeheer op het klimaat beter te begrijpen en
te beperken en het belang ervan voor toekomstige mitigatie- en adaptatiemogelijkheden te
illustreren. Daartoe gebruiken we aardsysteemmodellen die de klimaat effecten van veran-
deringen in landgebruik en landbeheer volledig in kaart brengen.

In de eerste studie voeren we sterk geïdealiseerde simulaties uit van vier verschillende
soorten veranderingen in landgebruik en landbeheer, (i) uitbreiding van akkerland, (ii) be-
bossing, (iii) uitbreiding van irrigatie en (iv) houtoogst. Deze simulaties worden uitgevo-
erd met drie verschillende aardsysteemmodellen om de onzekerheid tussen de modellen
te begrijpen. De veranderingen in bodembedekking en beheer worden uitgevoerd in een
dambordpatroon (afwisselend veranderde en ongewijzigde gebieden) om lokale en niet-
lokale biogeofysische effecten van elkaar te scheiden. De effecten van veranderingen in
bodembedekking op de oppervlaktetemperatuur komen overeen met waarnemingsstudies,
behalve in bepaalde regio’s voor sommige aardsysteemmodellen. De uitbreiding van akker-
land veroorzaakt over het algemeen een lokale opwarming in de tropen en een afkoeling op
boreale breedtegraden, die consistent zijn voor alle aardsysteemmodellen. Voor de lokale
effecten van bebossing was dit patroon vergelijkbaar, maar van tegengestelde betekenis.
De niet-lokale effecten zijn daarentegen niet consistent in alle modellen voor de uitbreiding
van akkerland (variërend van wereldwijde afkoeling tot regionale opwarming), terwijl deze
voor bebossing consistent een niet-lokale opwarming zijn. Irrigatie veroorzaakt over het
algemeen een afkoeling, hoewel de aardsysteemmodellen het er niet over eens zijn of deze
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afkoeling lokaal of niet-lokaal is. Houtoogst bleek geen duidelijke effecten te hebben op
de oppervlaktetemperatuu. De lokale respons op de oppervlaktetemperatuur werd meestal
gedomineerd door veranderingen in de turbulente warmtefluxen. Uit deze analyse blijkt
hoe belangrijk het is lokale en niet-lokale biogeofysische effecten van elkaar te scheiden
om de verschillen tussen de modellen beter te begrijpen.

In de tweede studie analyseren we deze geïdealiseerde simulaties van aardsysteemmod-
ellen verder op hun effecten op verdamping, neerslag en verticaal geïntegreerde vocht-
fluxconvergentie. We passen een vochttraceringsalgoritme toe om de effecten van landge-
bruik en landbeheer op zowel continentale als lokale vochtrecyclage te beoordelen. De
effecten van veranderingen in landgebruik en landbeheer zijn over het algemeen consistent
in de verschillende aardsysteemmodellen. Uitbreiding van akkerland vermindert verdamp-
ing, neerslag en lokale vochtrecyclage, terwijl bebossing en uitbreiding van irrigatie het
tegenovergestelde effect veroorzaken. Het signaal varieert echter sterk in tijd en ruimte en
binnen de verschillende aardsysteemmodellen komen verschillende patronen naar voren,
die verband houden met mechanismen die de algemene verandering domineren (van ve-
randeringen in de mondiale circulatie tot meer gelocaliseerde effecten). Onze resultaten
onderstrepen het belang van door landgebruik en landbeheer geïnduceerde effecten op
vochtstromen en vochtrecyclage en wijzen op enkele duidelijke verschillen tussen aardsys-
teemmodellen waarmee rekening moet worden gehouden voordat deze kunnen worden
toegepast om effectief informatie te verstrekken over aanpassingsstrategieën voor toekom-
stige klimaatverandering.

In de derde studie voeren we met één aardsysteemmodel toekomstsimulaties uit onder een
1,5°-compatibel toekomstscenario. Deze simulaties worden uitgevoerd onder verschillende
scenario’s voor landgebruik en landbeheer die twee sterk verschillende werelden vertegen-
woordigen in termen van sociaal-economische ontwikkeling, niveaus van milieubescherming
en omvang van landgebaseerde mitigatie. Het duurzaamheidsscenario vertegenwoordigt
een wereld dat sociaal-economisch convergeert en waarin de prijsstelling voor broeikas-
gassen en milieubescherming wereldwijd worden doorgevoerd. In het ongelijkheidssce-
nario daarentegen wordt een dergelijke mate van duurzaamheid alleen bereikt in de ri-
jkere landen, terwijl de rest van de wereld de huidige trends blijft volgen. De resul-
taten werden geanalyseerd voor de wereldgemiddelde temperatuur, hittestress en sociaale-
conomische gevolgen zoals veranderingen in arbeidsproductiviteit en temperatuurgerela-
teerde sterfte. Het verschil tussen een wereld van ongelijkheid en duurzaamheid blijkt
een wereldwijde afkoeling van ca. 0,3° en een duidelijke vermindering van de hittestress
boven land te veroorzaken. Nadelige gevolgen voor de mens nemen over het algemeen
af in een wereld met duurzame veranderingen in landgebruik in plaats van ongelijkheid,
met een aanzienlijk hogere arbeidsproductiviteit en een lagere hittegerelateerde sterfte in
de tropen. De koudegerelateerde sterfte daarentegen stijgt op sommige plaatsen en vooral
boven Noordwest-Europa. Deze resultaten illustreren duidelijk dat het gekozen scenario
voor bodembedekking en beheer cruciaal is voor de beoordeling van toekomstige kli-
maatverandering en niet mag worden verwaarloosd in toekomstige mitigatie- en aanpass-
ingsstrategieën.



xiii

In het algemeen bevordert deze thesis het huidige begrip van de effecten van veranderingen
in landbedekking en landbeheer op het klimaat. We bieden een beter begrip van bioge-
ofysische effecten door consequente scheiding van lokale en niet-lokale effecten in ver-
schillende aardsysteemmodellen en veranderingen in bodembedekking en beheer, speci-
fiek voor oppervlaktetemperatuur. Onze resultaten brengen ook enkele resterende onzek-
erheden aan het licht die verband houden met specifieke aardsysteemmodellen, maar ook
met de gebruikte methode voor signaalscheiding, dat meer onderzoek rechtvaardigen. Ten
slotte illustreert een tweede groep simulaties hoe belangrijk het is om klimaateffecten door
veranderingen in landgebruik en landbeheer op te nemen in toekomstige landgebruiksce-
nario’s voor de temperatuur, maar ook voor de gevolgen voor de mens. Bij het ontwerp van
toekomstige mitigatie- en adaptatiestrategiën op land moet daarom zorgvuldig rekening
worden gehouden met de effecten van landgebruik en landbeheer op het klimaat.
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Chapter 1

Introduction

1.1 The role of land in the climate system
Humans have left their mark on the landscape since the Mesopotamian times, when the
first humans started settling and farming, converting land to fields to grow crops. The
conversion of land from one cover to another (e.g. forest to cropland) or the application
of certain management techniques without the change in cover (e.g. irrigation or wood
harvesting) have allowed the human species to grow and develop societies encompassing
billions of people nowadays (Harari, 2014). Together, these Land Cover and Land Manage-
ment Changes (LCLMC) are a crucial pathway in which humans affect the Earth system,
both throughout human history but also towards the future (Pongratz et al., 2021). His-
torically, three quarters of the ice-free land has already been exploited by human activities
(Luyssaert et al., 2014). Of this, a complete conversion through deforestation, agriculture
and urbanization has affected a quarter of the area, while about half of the land has been
under some kind of land management (Luyssaert et al., 2014).

The land is interrelated with the atmosphere by exchanging fluxes of energy, water, and
chemical compounds including greenhouse gases (GHGs), and therefore plays an impor-
tant role in the global carbon cycle. Land can act both as a source of carbon (e.g. during
forest fires or deforestation) or as a sink of carbon (e.g., tropical forests or permafrost stor-
ing and retaining carbon). The potential of the land sink is driven by the uptake of carbon
within the biosphere (net biome production) which depends on land storing carbon through
plant photosynthesis and releasing carbon through respiration and other losses, such as for-
est fires (Kirschbaum et al., 2001). Land also plays a crucial role for the emission of other
GHGs such as N2O and CH4 through agricultural practices (e.g. fertilisation for N2O and
rice paddies or livestock for CH4). Land cover plays a role in the existence and distri-
bution of aerosols compounds (e.g. mineral dust, black carbon, biogenic volatile organic
compounds) which can modulate climate by, for example, changing cloudiness and rainfall
patterns (Teuling et al., 2017). The most important processes for land-atmosphere interac-
tions are summarised in Figure 1.1.

1
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Figure 1.1: Important process for land-atmosphere interactions are shown here. The inter-
action is determined by surface properties such as albedo and emissivity, which determine
longwave and shortwave radiation fluxes, as well as surface roughness, which influences
turbulent exchanges of momentum, water and energy. Land also plays a key role in emit-
ting and removing several greenhouse gases but also other components (e.g. aerosols),
which can modulate the climate indirectly through changing atmospheric radiation prop-
erties or by affecting cloud formation and eventual precipitation. Figure was taken from
Chapter 2 of the Intergovernmental Panel on Climate Change (IPCC) Special Report on
Climate Change and Land (Jia et al., 2019).

The surface energy balance is a crucial framework for understanding land-atmosphere in-
teractions, and is shown in Equation 1.1. When incoming solar radiation (shortwave SWin)
reaches the surface, part of this will be reflected back to the atmosphere (SWout ) and the
remainder will be absorbed at the surface. This heat can be transferred back to the atmo-
sphere through sensible heat flux (SHF) and – if water is available – latent heat flux (LHF),
which is the energy needed for water to evaporate. The remaining heat in the surface can
be conducted into the soil through the ground heat flux (G). The surface also radiates long-
wave outgoing radiation (LWout ) depending on its temperature, part of which is reflected
back from the atmosphere and returns to the surface (LWin). If the outgoing energy terms
are less than incoming radiation terms then the surface will warm leading to an increase
in surface temperature, which then causes an increase of LWout . These processes together
ensure that energy is conserved at the surface (meaning that the sum of all components is
zero).

SWin−SWout +LWin−LWout −LHF−SHF−G = 0 (1.1)

These energy interactions between the atmosphere and the land are modulated by land sur-
face properties. The reflectivity of a surface (i.e. the proportion of shortwave radiation
reflected, also called the albedo) changes strongly depending on its properties. For exam-
ple, a dark surface like a forest has an albedo between 0.05-0.20 while a bright surface like
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fresh snow has albedo values ranging between 0.80-0.95 (Oke, 1987). Surface roughness
is another important land surface property as both latent and sensible heat fluxes are tur-
bulent fluxes, meaning they depend on turbulent heat transfer. Hence, land surfaces that
are smoother, like grasslands and croplands, will exchange less heat through turbulent en-
ergy transfer compared to rougher surfaces, like forests. As the magnitude of the latent
heat flux directly determines the amount of evaporation, the energy and water cycles are
linked. The surface properties thus modulate how much water can evaporate, which affects
atmospheric water vapour content and therefore also cloud formation and rainfall patterns
(Bonan, 2015).

All these processes relevant at the land-atmosphere interface also interact with each other
causing a variety of feedbacks within the climate system. To fully grasp these effects and
the importance and role of the land surface for the climate, it is crucial that these processes
and their interactions are represented in models. Earth System Models (ESMs) are a useful
tool to grasp these interactions and perform counterfactual simulations to asses the impor-
tance or effects of certain changes. In the next section, we review the current knowledge
of the effects of land cover and land management changes on the climate using both mod-
elling and observational studies.

1.2 LCLMC-induced climate effects

Over the historic period, LCLMC have been estimated to reduce the global carbon stocks
by 116 PgC based on global compilations of carbon stocks for soils (Sanderman et al.,
2017) and 447 PgC for vegetation (Erb et al., 2018), which in total accounts for a loss
of about half of the world’s terrestrial biomass. Large shares of these losses occurred in
the pre-industrial period (Canadell et al., 2021) but still remain an important factor to this
day (Friedlingstein et al., 2022). These exchanges of chemical fluxes (mostly CO2, N2O
and CH4) are called the biogeochemical effects of LCLMC. These biogeochemical effects
are generally deemed the most important effects of LCLMC as they affect climate on the
global scale by contributing to anthropogenic climate change (Pongratz et al., 2010), with
LCLMC being responsible for about 21% of present-day (2010-2019) net anthropogenic
GHG (IPCC, 2022). CO2 emissions are generally caused by agricultural expansion and the
consequent deforestation, but can also be through peat drainage or wood harvesting. Erb
et al. (2018) showed that over the historical period, land management contributed 42-47%
to the reduction of terrestrial carbon stocks with the remaining loss being caused by land
cover changes. Emissions of N2O generally originate from agricultural practices such as
nitrogen fertiliser or manure management while CH4 emissions originate mostly from live-
stock fermentation or rice cultivation.

LCLMC can also affect the climate through biogeophysical effects which encompasses the
effects on water and energy fluxes. These effects can occur when LCLMC affect surface
properties, such as albedo or surface roughness, and therefore the exchange of momen-
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tum, mass, and energy with the atmosphere (Bonan, 2008; Winckler et al., 2017a; Pongratz
et al., 2021). These changes are spatially distinct and depend strongly on the type of con-
version (Duveiller et al., 2018). They can play a role locally but can also cause large-scale
climate effects when considering LCLMC of sufficient magnitude (e.g. shifting intertrop-
ical convergence zone Portmann et al., 2022). Changes in surface albedo, for example
after deforestation, can cool the climate as forests (albedo 0.05-0.20) have a lower albedo
compared to croplands and grasslands (0.25-0.3 Gao et al., 2005). This increase in albedo
causes less shortwave incoming radiation to be absorbed and therefore reduces the sur-
face temperature. This albedo-induced cooling effect is enhanced in boreal latitudes where
forests mask snow cover and thus have an additional seasonal cooling effect on the cli-
mate. Secondly, evaporative efficiency of different vegetation types has been highlighted
as important as some types of land cover, such as forest, have a higher evaporative capac-
ity than other cover types, such as crop- and grasslands (Davin and de Noblet-Ducoudre,
2010). This is due to the deeper roots and higher leaf area of forests compared to crops
(Boisier et al., 2012). LCLMC can also affect the roughness, whereby a rougher surface
can enhance thermodynamic exchange between the surface and atmosphere and therewith
change the partitioning of turbulent heat fluxes compared to a smoother surface. Given the
example of deforestation, a forest cover is rougher than grass or cropland and will therefore
have larger turbulent heat fluxes (Figure 1.2). Due to the combined effects of evaporative
efficiency and roughness changes, evaporation generally decreases as a consequence of de-
forestation (Duveiller et al., 2018).

These local LCLMC effects can also affect climate elsewhere through advection or large-
scale circulation changes (Figure 1.2). In this thesis, we define local biogeophysical effects
as the effects induced by LCLMC within the location where LCLMC occurred, while ef-
fects occurring over areas where no LCLMC occurred are non-local effects. These local
and non-local biogeophysical effects can then cause cascading effects in other components
of the climate system. For instance, deforestation-induced warming in the tropics and con-
sequent decreases in evaporation can cause a drying and decrease in precipitation down-
wind (Spracklen et al., 2018). Consequently, LCLMC can affect the degree of moisture
recycling, whereby local evaporation feeds nearby precipitation. This moisture recycling
process is important for sustaining tropical forests, especially in Latin-America (Spracklen
et al., 2018; Zemp et al., 2014; Staal et al., 2018). Recent observational studies have shown
that reforestation can be an effective measure to increase precipitation over Europe (Meier
et al., 2021). Over the tropics the amount of in-situ data is limited. However, satellite data
suggests that deforestation causes a general decrease in precipitation (Smith et al., 2023).

Modelling studies have also highlighted that LCLMC-induced climatic changes are not lim-
ited to lower atmospheric levels and affect the entire atmospheric column via convection
and subsidence which can trigger large-scale changes in rainfall and temperature patterns
worldwide (Laguë and Swann, 2016; Devaraju et al., 2018; Quesada et al., 2017). For
example, Portmann et al. (2022) found that non-local biogeophysical effects of a global af-
forestation from pre-industrial land cover warms the climate enough to affect global merid-
ional heat transport and global circulation in both oceans and atmosphere.
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Figure 1.2: Schematic highlighting conceptual framework of local and non-local biogeo-
physical effects along with the most important processes explained in the text above. Fig-
ure was taken from Pongratz et al. (2021).

The effects of LCLMC have been studied through global modelling studies using ESMs.
These studies initially focused mainly on deforestation and highlighted an important role
of albedo and radiative properties (e.g. Davin and de Noblet-Ducoudre, 2010). However as
global observational datasets became available based on in-situ observations (Bright et al.,
2017) and remote sensing data (Li et al., 2015; Alkama and Cescatti, 2016; Duveiller et al.,
2018), these original model-based findings were challenged. The observational studies
highlighted a larger role of roughness-induced changes with less cooling in boreal and in-
termediate latitudes compared to modelling studies. This discrepancy has been resolved
by creating consistent methods for signal separation of local and non-local biogeophysi-
cal effects (Winckler et al., 2017a; Chen and Dirmeyer, 2019). Winckler et al. (2019b)
showed that when separating local from non-local effects in an ESM, the local effects were
consistent with observations. Observational studies often assume a ’space for time’ ap-
proach which involves comparisons of nearby patches of land with different land cover
and assuming the climate effects are similar to a land cover change occurring over time.
These approaches typically cancel out any possible non-local effects as the background cli-
mate in nearby locations is assumed to average out (Lee et al., 2011). Current consensus
on observational data regarding local biogeophysical effects of deforestation encompasses
a warming effect in the tropics and most mid-latitude regions dominated by the changes
in turbulent heat fluxes, and a cooling in boreal latitudes which is dominated by albedo
changes (Duveiller et al., 2018; Pongratz et al., 2021).

Most modelling studies only apply a single ESM, even though early multi-model compar-
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isons showed that there is a large spread in the effects of land cover changes within different
ESMs (Pitman et al., 2009; De Noblet-Ducoudré et al., 2012; Brovkin et al., 2013). The first
model intercomparison project relating to the effects of land cover changes on the climate,
the Land Use and Climate, IDentification of robust impacts (LUCID) project, compared
present-day to pre-industrial land cover change scenarios but struggled to find clear con-
sistent patterns due to the inter model uncertainties and the differences in implementation
of land cover across ESMs (Pitman et al., 2009). Despite improvements in land cover
representations, a second model intercomparison focusing on future simulations faced sim-
ilar issues (Brovkin et al., 2013). To alleviate this, the Land Use Model Intercomparison
Project (LUMIP Lawrence et al., 2016) also included a global deforestation experiment
which showed a general agreement across ESMs in terms of changes in global mean tem-
peratures (a deforestation-induced global biogeophysical cooling) but also showed strong
inconsistencies in regional patterns and energy fluxes (Boysen et al., 2020). As these sim-
ulations were fully idealised, non-local effects induced by albedo changes especially over
boreal latitudes dominated the global patterns. However, using a single ESM Winckler et al.
(2019a) found that local effects could also be strong over certain regions and sometimes
even dominate over the non-local signals (e.g. tropics). However, a consistent separation
of local and non-local effects within idealised ESM simulations has not yet been performed
across multiple ESMs.

Land management change is a relatively new addition to ESMs and therefore studies re-
garding the effects of management changes on climate are scarce. For example within
the phase six of the Coupled Model Intercomparison Project (CMIP6) only three ESMs
included a representation of irrigation, which is crucial for modelling climate in heavily
irrigated regions such as India (Al-Yaari et al., 2022). Modelling studies have shown that
irrigation has a regional cooling effect on climate, especially during heat extremes (Thiery
et al., 2017, 2020). However, as irrigation also increases humidity it may effectively in-
crease heat stress despite this cooling effect (Mishra et al., 2020), although the importance
of irrigation for heat stress has been questioned recently (Jha et al., 2022). Several studies
have suggested remote effects of land management through teleconnections. For example
de Vrese et al. (2016) found that Indian irrigation feeds rainfall in Eastern Africa. While ir-
rigation in the Chinese Tarim basin has been linked to the positive mass balance of glaciers
within the Karakoram mountain chain in contrast to the blobal trends of negative mass bal-
ances due to climate change (de Kok et al., 2018, 2020). Other management practices such
as cropland albedo management (Hirsch et al., 2017; Seneviratne et al., 2018; Davin et al.,
2014; Lombardozzi et al., 2018) and wood harvesting (Erb et al., 2018) have also been
studied for their effects on climate but are generally not fully implemented in ESMs and
their climatic effects are therefore less well constrained.
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1.3 The role of land in climate change mitigation and adap-
tation

Land can play a crucial role for both mitigating climate change (i.e. reducing GHGs con-
centrations) and helping populations adapt to climate change (e.g. through additional cool-
ing from trees). Land especially plays an important role in low-warming scenarios, such as
the 1.5 K-compatible scenarios from the Paris Agreement (Roe et al., 2019; Rogelj et al.,
2018). Within the 2015 Paris Agreement the ambition was set to limit global warming to
“well below 2 K” and additionally to “pursue efforts to limit temperature increase to 1.5 K
above pre-industrial levels.” (UNFCCC, 2015). However, up until now the submitted Na-
tionally Determined Contributions (NDCs) are falling short of these goals (Meinshausen
et al., 2022).

Within this context, land is often considered as a possible avenue of achieving these low-
warming targets. The land sector is responsible for 10-12 GtCO2 emissions which amounts
to 21% of present-day (2010-2019) net anthropogenic GHG (IPCC, 2022). This contri-
bution represents the net balance between emissions due to land use changes and carbon
sequestered through vegetation growth. As the land sink currently stores up to 30% of
anthropogenic emissions since 1850 (Friedlingstein et al., 2022), it is essential to achieve
1.5 K warming goals. In this sense it is not only important to reduce emissions from land
use change but also to enhance the land sink which could allow for reaching ’negative
emissions’ past net zero in the second half of the century (Minx et al., 2018). Approaches
to enhance land carbon uptake, such as Bio-Energy Carbon Capture and Storage (BECCS)
or afforestation are heavily dependent on land availability and would require large-scale
LCLMC, potentially even compromising food production and biosphere functioning (Boy-
sen et al., 2017; Séférian et al., 2018; Heck et al., 2018; Stokstad, 2019; Reid et al., 2020).
Despite these issues, large-scale deployments of carbon dioxide removals were included
in all but one of the 2 K compatible scenarios and in all 1.5 K scenarios produced by the
Integrated Assessment Modelling community (Rogelj et al., 2018). Therefore, substantial
LCLMC are deemed likely towards the future. However, in contrast to GHG emissions
which generally originate from the Global North, the land use emissions more often orig-
inate from the Global South with a large importance of retaining tropical forests and their
associated carbon sinks (Humpenöder et al., 2022).

Generally, policies regarding future land-based mitigation only include the biogeochemical
effects of LCLMC, with no consideration of their biogeophysical influence. If considered,
only local effects are currently facilitated to be included, with no clear pathway on how
to consider non-local biogeophysical effects (Pongratz et al., 2021; Duveiller et al., 2020).
Moreover, both the magnitude and potential of the biogeochemical effects as the perma-
nence of new forest in a warmer climate are highly uncertain and topics of active research
(Fuss et al., 2018; Popp et al., 2017; Curtis et al., 2018). Recent research shows a de-
creased resilience of forest under climate change (Hartmann et al., 2022; Forzieri et al.,
2022) which further constrains the feasibility of future climate pathways that rely heavily
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on land-based mitigation.

LCLMC provides potential synergies for both climate mitigation and adaptation, for exam-
ple a local biogeophysical cooling effect through afforestation added upon the global car-
bon effects (Jia et al., 2019). Another potential land-based adaptation strategy is through
a combined application of small-scale afforestation and irrigation to enhance precipitation
recycling locally, which has been shown to be effective over semi-arid regions (Layton and
Ellison, 2016; Ellison et al., 2017). At this stage, most research regarding moisture recy-
cling is focused on specific regions while neglecting global feedbacks. As a consequence,
there remains a large uncertainty related to the viability of these adaptation approaches and
their full climate implications.

Currently, only few ESM studies exist that explicitly assess the effects of LCLMC within
future climates (Brovkin et al., 2013; Boysen et al., 2014; Hirsch et al., 2018a) – most ESM
studies focus on historical (Pongratz et al., 2010; Pitman et al., 2009; De Noblet-Ducoudré
et al., 2012; Boisier et al., 2012) or idealised simulations (Davin and de Noblet-Ducoudre,
2010; Winckler et al., 2017a, 2019a; Boysen et al., 2020; Portmann et al., 2022). Conse-
quently, there exists a large uncertainty regarding the strength of future land-based miti-
gation potential as well as regarding potential local and non-local biogeophysical effects.
The LCLMC-induced climate effects can also lead to further downstream impacts such as
effects on human health or economic productivity. However, these impacts are only rarely
studied within dedicated LCLMC simulations in ESMs even though they are crucial to un-
derstand future adaptation potential of LCLMC.

1.4 Modelling land cover in Earth System Models
In this thesis, we use Earth System Models (ESM) to investigate the effects of LCLMC
on the climate. This approach allows to understand the importance of different processes
and feedbacks. The key building blocks for this work therefore consist of (i) the ESM sim-
ulations, and (ii) the LCLMC information they ingest. First, we introduce the Land Use
Harmonisation Project, in which land cover maps are developed for use in ESMs. Second,
we provide a general description of ESMs with a focus on their land components. We dis-
cuss the three ESMs used in this thesis: the Community Earth System Model (CESM), the
Max Planck Institute Earth System Model (MPI-ESM) and the European Consortium Earth
System Model (EC-EARTH). We highlight how these different ESMs resolve LCLMC and
relevant processes or model structural differences.

1.4.1 Land Use Harmonisation Project

There was a push to harmonise the representation of land cover in a consistent way across
different ESMs within the large cycles of simulations (CMIP) prepared for the Intergov-
ernmental Panel on Climate Change (IPCC) reports. This eventually led to the Land Use
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Figure 1.3: Shown are time series of different land cover states included in LUH2 dataset
from 850-2015 (left). Fraction of grid cell irrigated in the year 2015 (top right) and
amount of fertilizer applied in 2015 (bottom right). Figure was taken from Lawrence et al.
(2016).

Harmonisation Project which was first established for CMIP5 (Hurtt et al., 2011) and is
currently in its second phase (LUH2) with an updated dataset and higher resolution for
CMIP6 (Hurtt et al., 2020). The existence of a harmonised land use dataset across ESMs
serves two primary goals: (i) it allows for a more consistent modelling framework between
ESMs as all use the same input data and (ii) it minimizes differences at the transitions
between historical land use reconstructions and future land use projections (Hurtt et al.,
2020). These future land use projections are generally derived from Integrated Assessment
Models (IAMs) which are models that based on socioeconomic assumptions can provide
policy relevant information. These IAMs can be applied under the different Shared Socioe-
conomic Pathways (SSPs) to assess what implications certain socioeconomic choices have
on a.o. future emissions and land use. The different SSP scenarios used within the latest
IPCC reports are each derived within different IAMs (Popp et al., 2017), hence the har-
monisation of resulting land use data through LUH2 is crucial as it could lead to artefacts
if not harmonised properly.

The LUH2 dataset contains land cover data at 0.25°x0.25° resolution from the time period
850-2100. The land cover data covering the historical period is illustrated in Figure 1.3. It
contains fractional land cover descriptions per grid cell for five land use states: cropland,
pasture, urban, primary and secondary land. Primary and secondary land are natural areas
with the difference that primary land has been unaffected by human disturbances while sec-
ondary land is recovering from human disturbances, both can be forest but can also be other
natural land (Hurtt et al., 2020). Cropland is disaggregated into five different crop types
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based on data from the United Nations Food and Agriculture Organisation as reported in
Monfreda et al. (2008). Several land management practices are included in the dataset such
as grazing, fertiliser application, and irrigation (Hurtt et al., 2020).

The LUH2 data has been created within the framework of CMIP6 and is an open and ac-
cessible tool for the entire community to use both for historical land cover data as well
as for future SSP scenarios (Popp et al., 2017). The data can be accessed freely online
(https://luh.umd.edu/index.shtml). Each ESM has their own ESM-specific
tools to translate these LUH2 datasets and its land cover categories into their respective
land cover structures.

1.4.2 Earth System Models
ESMs are important tools to help us understand global climate and its response to anthro-
pogenic forcings. They combine a multitude of physical, chemical, and biological pro-
cesses to simulate both past and future climate. ESMs generally contain submodels for
the atmosphere, ocean, land, sea ice, and ice sheets which allows them to simulate im-
portant inter linkages and feedback processes. Therefore, they offer a suitable tool to asses
human influences on global climate (such as LCLMC). Because of the large amount of pro-
cesses and interactions between subcomponents, these models tend to be computationally
expensive. Therefore, they are generally applied at a relatively coarse spatial resolution of
± 100 km.

Land surface models represent the land component in ESMs. They represent energy, water,
and biogeochemical exchanges between the land and atmosphere and simulate biogeophys-
ical as well as biogeochemical effects due to LCLMC (Figure 1.4). Within early climate
models, the land components represented a boundary layer for the atmosphere with no
interaction components and no explicit representation of vegetation. The approaches to
model vegetation in land surface models remain generally relatively simple, with the in-
clusion of vegetation being limited to one single exchange layer for vegetation canopy (the
so-called big leaf approach) and no vertical structure. Land surface models are able to
simulate transfer of radiation, momentum, and turbulent exchanges of water and energy
(Bonan, 2019). These approaches evolved over time and land surface models started to
become increasingly realistic, for instance by including biogeochemical modules that sim-
ulate the transfer of carbon and other nutrients (see Figure 1.4C). As the representation
of vegetation becomes more realistic, models started to include dynamic vegetation which
allows the land surface model to simulate vegetation growth based on the available phys-
ical resources (Figure 1.4D), this allows land surface models to move beyond simplified
assumptions for key ecosystem processes such as leaf phenology, mortality, and vegetation
growth (Bonan, 2019).

To represent land cover within a land surface model, a subgrid land cover hierarchy is de-
fined. A single grid cell is divided in different tiles which can represent various vegetation

https://luh.umd.edu/index.shtml
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Figure 1.4: Overview of processes resolved within most land surface models, including
the surface energy balance (panel A), the terrestrial hydrological cycle (panel B) and
the terrestrial carbon cycle (panel C). Some more advanced land surface models also in-
clude vegetation dynamics (panel D). land use changes can then be prescribed or dynamic
(panel E) and urban areas can also be included (panel F). Figure was taken from Bonan
(2008).
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types or land cover types (such as bare soil or lakes). This allows for land surface models to
represent heterogeneity of land cover types at a finer scale than their native resolution. Dif-
ferent vegetation types can be resolved through Plant Functional Types (PFTs) which are
defined as different vegetation types based on functional similarities (e.g. evergreen versus
deciduous trees). Not all ESMs explicitly model subgrid heterogeneity and include some
assumptions to postprocess subgrid level effects in an implicit way. Each ESM starts from
the LUH2 dataset and applies ESM-specific translations to achieve their individual land
cover maps in their respective subgrid definitions and on their native spatial grid (Section
1.4.1). Land management representation is still a work in progress in many ESMs and is
therefore more often than not excluded from this translation process, despite data on certain
management types (such as irrigation and fertilisation) being available in the LUH2 dataset.

Land surface models can be applied within simulations along with the other sub models of
ESMs (such as atmosphere and ocean models), in this setup they communicate informa-
tion (simulated variables such as evaporation or surface runoff) to the other sub models.
When all sub components within an ESM are run together the simulations are referred to
as fully-coupled simulations. Alternatively, land surface models can also be run separately
from the other sub models of an ESM, making the simulations computationally much less
expensive. These simulations are then referred to as land-only simulations as they are not
coupled to an atmosphere or ocean model, the information that is generally provided from
the other submodels then comes from observational data sources or reconstructions (e.g.
reanalysis data to replace atmosphere model).

In this thesis, the outputs from three different ESMs are analysed: (i) the Community Earth
System Model, (ii) the Max-Planck Institute Earth System Model and (iii) the European
Consortium Earth System Model. Below we summarise the structure of these ESMs and
highlight important differences in their respective land surface model schemes related to
the representation of land cover and land management.

CESM

The Community Earth System Model version 2 (CESM2) is an open-source model hosted
and mostly developed at the National Centre for Atmospheric Research but has a large in-
ternational user base. It simulates the atmosphere, ocean, sea-ice, ice sheets and land and
all associated interactions through fluxes and states which are communicated via a coupler
(Danabasoglu et al., 2020).

CESM has two atmospheric models, of which the Community Atmosphere Model (CAM)
is used within the default configuration. It is often applied at a horizontal resolution of 1°
and has 32 levels extending up to 40 km into the atmosphere, which makes that it is not able
to fully resolve the stratospheric processes. The second model is the Whole Atmosphere
Community Climate Model (WACCM) which uses 70 vertical levels extending up to about
130 km and thus resolves the stratosphere better with more comprehensive atmospheric



1.4. MODELLING LAND COVER IN EARTH SYSTEM MODELS 13

chemistry (Danabasoglu et al., 2020). However, as it is more extensive it is also more com-
putationally expensive and therefore less often used in fully-coupled CESM simulations.

The ocean is modelled through the Parallel Ocean Program (POP) which handles the physi-
cal ocean flows and processes. It has a horizontal resolution of 1°, similar to the atmosphere
model. and up to 60 levels in the vertical going down to depths of 5500 m. The bio-
geochemical ocean processes are modelled through the Marine Biogeochemistry Library
(MARBL) and the ocean waves are modelled through the NOAA WaveWatch-III ocean
surface wave prediction model. Sea ice is modelled using CICE while land ice is modelled
through the Community Ice Sheet Model (CISM). All these components share fluxes and
states with each other though the Common infrastructure for Modelling the Earth (CIME)
which serves as a coupler but also as the infrastructure to build and run the model (Dan-
abasoglu et al., 2020).

The Community Land Model (CLM) is used as a land surface scheme within CESM, mod-
elling the terrestrial fluxes and states related to energy, water, and biogeochemical fluxes
(Lawrence et al., 2019). River routing is represented through the MOdel for Scale Adaptive
River Transport (MOSART). CLM includes an explicit description of sub-grid heterogene-
ity which is implemented using a nested hierarchy with an individual grid cell constituting
of different land units such as vegetated, urban, lake, glacier, and crop fractions. The land
cover is prescribed through land cover maps derived from LUH2 and is thus not explicitly
modelled within CLM. CLM includes 14 natural PFTs, of which 10 describe forests, 3
describe grasslands and 1 describes bare soil. The crop land unit can be subdivided in up
to 8 different crop types. These crop types can exist either on a rainfed patch or an irri-
gated patch and thus a distinction is made within the crop land unit between different crop
types and whether they are irrigated or not, resulting in a total of 16 Crop Functional Types
(CFTs) within the model. The grid-scale fluxes are computed through a weighted average
of all subgrid specific fluxes per grid cell (Lawrence et al., 2019). Irrigation is explicitly
modelled using an irrigation parameterisation, which irrigates depending on water stress of
crops. Hence, the model only uses the areal extent of irrigation from LUH2 but computes
irrigation amounts itself. Other management practices such as wood harvesting and nitro-
gen fertilisation are prescribed through the land cover maps.

MPI-ESM

The Max Planck Institute for Meteorology Earth System Model version 1.2 with low
resolution configuration (MPI-ESM1.2-LR; hereafter referred to as MPI-ESM) is a fully
coupled state-of-the-art ESM that uses the atmospheric component ECHAM6.3 (around
200 km horizontal resolution and 47 atmospheric vertical levels). The atmosphere is cou-
pled via OASIS3-MCT to the ocean dynamic (MPIOM1.6) and ocean biogeochemistry
(HAMOCC6) models (around 150 km grid spacing and 40 vertical levels) (Mauritsen et al.,
2019).
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The land surface model is the Jena Scheme for Biosphere-Atmosphere Coupling in Ham-
burg (JSBACH3.2), which simulates a total of 12 different PFTs, with 4 forest PFTs (trop-
ical broadleaf evergreen and deciduous trees, extra-tropical evergreen and deciduous trees)
and two cropland CFTs (C3 and C4 crops). The spatial fractions are defined by aggregating
all natural and crop types from LUH2 and distributing these totals among the different PFTs
and CFTs within JSBACH. The pasture and urban categories from LUH2 are aggregated
into a pasture land cover type within JSBACH. The model is a dynamic vegetation model
but can be constrained to work in a similar way as CLM by prescribing land cover maps.
Within the model, subgrid heterogeneity is resolved through the definition of tiles which
contain the various PFTs and CFTs. Wood harvesting is implemented within the model but
only effects on the biogeochemical fluxes are included with no feedbacks on the modelled
water and energy cycles. Irrigation was not yet included in the latest CMIP6 simulations
of MPI-ESM but parameterisations for this form of land management have been developed
and are included in this thesis (e.g de Vrese et al., 2016; de Vrese and Hagemann, 2018;
de Vrese and Stacke, 2020).

EC-EARTH

EC-EARTH is a state-of-the-art Earth system model developed by the EC-Earth consortium
(Döscher et al., 2022). Here we use the released version EC-Earth3-Veg (v3.3.3.1). The at-
mospheric component is the Integrated Forecast System (IFS) developed by the European
Centre for Medium-Range Weather Forecasts (ECMWF) that uses the TL255 horizontal
grid (± 80 km) and 91 vertical model levels with the top level at 80 km which covers a
large range of atmospheric and stratospheric processes. The oceanic component is the Nu-
cleus for European Modelling of the Ocean (NEMO) model (v3.6).

The vegetation model is the Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-GUESS).
This model, in contrast to the land surface models in the previous two ESMs, is a dynamic
vegetation model which models vegetation extent explicitly. Therefore, only natural land
and managed land fractions can be prescribed in LPJ-GUESS. This model computes veg-
etation dynamics and soil and carbon processes but does not handle the land-atmosphere
interactions of water and energy fluxes: this is done within the atmosphere model IFS by
a dedicated land surface component, the Hydrology Tiled ECMWF Scheme for Surface
Exchanges over Land (HTESSEL) (Döscher et al., 2022).

In LPJ-GUESS, the vegetation dynamics for the land are simulated on 6 stand types,
namely Natural, Pasture, Urban, Crop, Irrigated Crop and Peatland. In the Natural stand
10 woody and 2 herbaceous PFTs compete (Smith et al., 2014). On Pasture, Urban, and
Peatland fractions, 2 herbaceous species are simulated, conforming to the C3 and C4 pho-
tosynthetic pathways. The Crop stands have 5 CFTs, both annual and perennial C3 and C4
crops, and C3 N fixers which is in line with the LUH2 crop categories (Lindeskog et al.,
2013). Irrigation is included within LPJ-GUESS but is not yet implemented in IFS and
HTESSEL, which implies that irrigation will affect the growth of crops but will not change
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water and energy fluxes in this ESM.

Within HTESSEL, land cover is discretised into six different tiles (bare ground, low and
high vegetation, intercepted water by vegetation, shaded vegetation, and exposed snow),
creating a subgrid hierarchy which is strongly different from the two previous ESMs. The
grid-scale fluxes are computed as weighted averages of the different tiles existing in a given
grid cell. The subgrid hierarchy defined in HTESSEL allows for only one type of high and
low vegetation (forest and crop/shrubs/grasslands, respectively) to exist per grid cell, which
is determined by the high and low vegetation type which corresponds to the most dominant
fraction within that grid cell as modelled by LPJ-GUESS (Döscher et al., 2022). Due to
different processes represented in two separate land surface models in EC-EARTH, some
degree of detail is lost in the translation from LPJ-GUESS to HTESSEL. Hence, the atmo-
sphere will interact with a more crude representation of vegetation than what is modelled
within LPJ-GUESS.

1.5 Research aims

This thesis aims to advance our understanding of the role of LCLMC on present and future
climate conditions. To constrain the uncertainty related to LCLMC-induced climate effects
in ESMs, we initially analyse idealised simulations performed with CESM, MPI-ESM, and
EC-EARTH. We analyse the climate effects across three ESMs to asses robust patterns
for temperature which can be evaluated against observational datasets, but also for mois-
ture fluxes and moisture recycling. Next, we simulate future low-warming scenarios using
land cover maps derived from IAMs representing strongly different socio-economic worlds.
These simulations are analysed for their effects of LCLMC on the climate to constrain the
potential of future land use for future adaptation and mitigation. These overarching re-
search objectives are translated into three separate research goals:

1. Uncover robust patterns across ESMs for local and non-local biogeophysical
effects of LCLMC on temperature [Chapter 2].This is done for the biogeophysical
effects of idealised changes in afforestation, cropland expansion, irrigation and wood
harvesting in three different ESMs. By applying these idealised LCLMC scenarios
within several ESMs, we are able to constrain and evaluate their responses to develop
a better understanding of the local and non-local biogeophysiscal effects related to
different LCLMC practices.

2. Constrain the response of the atmospheric water cycle to LCLMC in three
ESMs [Chapter 3]. The idealised simulations are analysed with a focus on wa-
ter fluxes (evaporation and precipitation) and how LCLMC can affect their magni-
tude. We apply a moisture tracking algorithm to further constrain the implications of
LCLMC on both continental and local moisture recycling and to quantify the impli-
cations for global water availability.
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3. Assess the impacts of LCLMC in a future low-warming world [Chapter 4]. We
simulate realistic future land use scenarios in a low-warming (Paris Agreement com-
patible) world under different socioeconomic narratives (Inequality versus sustain-
ability). We analyse the ESM simulations for temperature and humidity changes and
investigate how these translate into effects on heat stress. Furthermore, we quan-
tify the economic impacts of LCLMC through changes in labour capacity and health
impacts through changes in temperature-related mortality.



1.6. OUTLINE OF THE THESIS 17

1.6 Outline of the thesis
This doctoral thesis is organized based on a series of analyses meant for international peer-
reviewed journal articles, either published, in review or in preparation (see page 161 for an
overview). The thesis is structured as follows:

In Chapter 2, we analyse the idealised ESM simulations for different LCLMC categories
(cropland expansion, afforestation, irrigation expansion, and wood harvesting). The results
are first evaluated using observational datasets of global deforestation. Then, a signal sep-
aration approach is applied to disentangle the local and non-local effects of LCLMC which
are compared across the different ESMs. Finally, we decompose the local effects on sur-
face temperature into the different components of the surface energy balance to constrain
the processes causing the local temperature effects.

In Chapter 3, the idealised simulations are analysed for moisture fluxes including evapo-
ration, precipitation and moisture flux convergence to unravel the effects of the different
LCLMC on the atmospheric water cycle. A moisture tracking algorithm is applied using
subdaily ESM output to quantify the effects of LCLMC on moisture recycling. These ef-
fects are analysed using length scales and continental moisture recycling ratios.

In Chapter 4, we analyse future simulations of a low-warming world which we performed
with CESM. These simulations compare scenarios with different socio-economic impli-
cations (global inequality versus sustainability). The LCLMC-induced climate effects are
compared to the combined effects of all other forcings for near-surface temperature and hu-
midity. A metric of heat stress is computed to asses the economic impacts of the LCLMC-
induced climate effects on labour capacity. Finally, temperature-related mortality is com-
puted to assess the importance of future LCLMC scenarios for human health.

The key findings of this doctoral research are summarized in Chapter 5, including an outline
of future research avenues which could help further the understanding of LCLMC climate
interactions and their potential for future mitigation and adaptation.

All ESM simulations analysed in this thesis have been performed within the framework of
the LAnd MAnagement for CLImate Mitigation and Adaptation project (LAMACLIMA).
I performed the CESM simulations while the data from the MPI-ESM and EC-EARTH
simulations were provided by other project partners.
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Chapter 2

The biogeophysical effects of
idealized land cover and land
management changes in Earth
System Models

Land cover and land management change (LCLMC) has been highlighted for its critical
role in mitigation scenarios. Yet, the climate effect of individual LCLMC options and the
local vs. non-local responses are still poorly understood across different Earth System
Models (ESMs). We simulate the climatic effects of LCLMC using three ESMs (CESM,
MPI-ESM and EC-EARTH). We assess the LCLMC effects using four idealized experi-
ments: (i) a fully afforested world, (ii) a world fully covered by cropland, (ii) a fully
afforested world with extensive wood harvesting, and (iv) a full cropland world with ex-
tensive irrigation. The local effects of deforestation on surface temperature are largely
consistent across the ESMs and the observations, with a cooling in boreal latitudes and
a warming in the tropics. However, the energy balance components driving the change in
surface temperature show less consistency across the ESMs and the observations. The non-
local effects on surface temperature are broadly consistent across ESMs for afforestation,
though larger model uncertainty exists for cropland expansion. Irrigation clearly induces a
cooling effect, however; the ESMs disagree whether this cooling is local or non-local. Our
results overall underline the potential of ensemble simulations to inform decision making
regarding future climate consequences of land-based mitigation and adaptation strategies.

This chapter is published as: De Hertog S. J., Havermann F., Vanderkelen I., Guo S., Luo
F., Manola I., Coumou D., Davin E. L., Duveiller G., Lejeune Q., Pongratz J., Schleussner
C.-F., Seneviratne S. I., Thiery W. (2023) The biogeophysical effects of idealised land cover
and land management changes in Earth System Models. Earth System Dynamics, in press.
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2.1 Introduction

Land cover change and land management change have been intrinsically connected to hu-
man development throughout history. The impact of land cover change and land manage-
ment change (LCLMC) on the global carbon cycle was estimated at 116 PgC based on
global compilations of carbon stocks for soils (Sanderman et al., 2017) and for vegeta-
tion as 447 PgC (Erb et al. (2018): a loss of about half of the world’s terrestrial biomass),
with substantial shares already in the pre-industrial period (Canadell et al., 2021). About
10% of anthropogenic CO2 emissions have been caused by LCLMC over the last decade
(Friedlingstein et al., 2022). According to integrated assessment models, LCLMC will
play an important role in the near-term future as most low-end warming scenarios assume
large-scale deployment of land-based mitigation (Rogelj et al., 2018). However, the effect
of changed land cover and management on the climate is still highly uncertain and poorly
understood (Mahmood et al., 2014; Pitman et al., 2009; Perugini et al., 2017). For in-
stance, land use policies generally only account for the effects on the carbon balance while
largely neglecting the biogeophysical effects (Duveiller et al., 2020). These biogeophysi-
cal effects include (i) the effects of land cover and land management change on the surface
radiation budget (e.g. a forest is a darker surface than open grass or cropland hence it ab-
sorbs more shortwave radiation) (ii) the effects of non-radiative processes like changes in
evaporative efficiency and surface roughness, and (iii) the effects induced by atmospheric
circulation through altering heat, moisture and momentum transport (Bright et al., 2017;
Winckler et al., 2017a; Duveiller et al., 2020). The induced changes in atmospheric circu-
lation are often classified as non-local processes as they typically affect other regions than
those where the LCLMC occurred. The effects on surface radiation and surface properties
are called local processes, as they are a direct consequence of local LCLMC.

As LCLMC are an often cited approach for local mitigation and adaptation policies (Minx
et al., 2018; Perugini et al., 2017), the separation of local and non-local effects can help in
reducing current uncertainty in assessments of biogeophysical effects. As non-local effects
are a consequence of LCLMC occurring elsewhere, they are generally not a desired effect
from specific policies (which tend to have a local scope), but rather an undesired and un-
intended effect from LCLMC across the globe. In contrast, local effects from LCLMC are
directly influenced by local decisions and can be applied more directly in local adaptation
and/or mitigation policies. Therefore, the separation between local and non-local effects
is beneficial for the implementation of biogeophysical effects related to LCLMC in local
mitigation and adaptation policies.

A first set of studies attempted to use Earth System Models (ESMs) to understand the
global effects of land cover change, both in idealised (Davin and de Noblet-Ducoudre,
2010; Boysen et al., 2020; Meier et al., 2021) and in more realistic setups (Pitman et al.,
2009; Pongratz et al., 2010; Boisier et al., 2012; Ito et al., 2020). However, these studies
only show aggregated effects of the biogeophysical processes highlighted above and no
direct separation is made between effects caused by local and non-local processes. Some
studies extracted the local signals from Earth System Model (ESM) simulations by com-
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paring data at tile level (Malyshev et al., 2015) or extracting local signals by comparing
neighbouring grid cells with different land cover change rates (Kumar et al., 2013; Lejeune
et al., 2017). Nevertheless, these approaches either have a limited spatial coverage (Ku-
mar et al., 2013; Lejeune et al., 2017) or are limited to ESMs with tile level output data
(Malyshev et al., 2015). A novel approach by Winckler et al. (2017a), often referred to as
the checkerboard approach, separates land cover change signals into local and non-local
effects without these limitations. This was done by prescribing a land cover map with grid
cells which underwent land cover change and grid cells with the original land cover in a
regular pattern (e.g. 1/8, 1/4, etc.). By contrasting this simulation to a reference simulation
without land cover change, the local and non-local signals can be separated. However, the
simulations performed in Winckler et al. (2017a) are limited to a single ESM (MPI-ESM,
Winckler et al. (2017a, 2019a,b,c)). Multi-model studies, like the step-wise deforestation
experiment within the Land Use Model Intercomparison Project (LUMIP, Boysen et al.
(2020)) report local and non-local effects by comparing results within and beyond the geo-
graphical region of deforestation, which, however does not allow for a quantitative separa-
tion on the global scale.

A second set of studies investigated the climate effects of land cover change based on ob-
servational data. Remote sensing data is used to compare the surface temperature of a
forested patch and a patch of open land, both spatially (Duveiller et al., 2018; Li et al.,
2015) and temporally (Alkama and Cescatti, 2016). Data from eddy covariance towers
providing direct flux measurements (e.g. through FLUXNET) were used to reconstruct the
biogeophysical effects of deforestation (Bright et al., 2017). These observational estimates
by design exclude the non-local signals which might dominate the response to deforesta-
tion, according to recent work applying the alternating LCLMC approach (Winckler et al.,
2019b).

Unlike land cover change, the climate effects of land management change, like irrigation
and wood harvesting, are less studied. This is remarkable, as observational studies indicate
that both land cover change and land management change have an equally important effect
on climate variables such as surface temperature (Luyssaert et al., 2014). Moreover land
management will be increasingly important towards the future due to land scarcity and the
need for intensification as well as the additional pressure on land for carbon dioxide re-
moval (Pongratz et al., 2021). Among land management change options, irrigation has a
clear regional cooling effect, especially during warm episodes (Hirsch et al., 2017; Thiery
et al., 2017, 2020; Chen and Dirmeyer, 2019; Gormley-Gallagher et al., 2020; Mishra et al.,
2020). Despite its recognised imprint on local climate, only a few ESMs simulate irrigation
explicitly, with only three ESMs including irrigation in the CMIP6 simulations (Al-Yaari
et al., 2022). Wood harvesting has mostly been studied for its biogeochemical effects while
the analysis of the biogeophysical effects is still lacking in studies using ESMs. Obser-
vational studies, however, indicate an effect of wood harvesting on albedo (Otto et al.,
2014) and surface roughness (Nakai et al., 2008). Furthermore, the effect of land manage-
ment change on atmospheric circulation has been hypothesised, with for instance irrigation-
induced cooling causing a delayed onset of the Indian Monsoon (Guimberteau et al., 2012;
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Thiery et al., 2017) and modified precipitation patterns in Eastern Africa (de Vrese et al.,
2016). Yet, the relative importance of local versus non-local effects induced by land man-
agement changes has not been studied so far.

In this study, we quantify the sensitivity of local and non-local climate to LCLMC and in-
vestigate the processes contributing to surface temperature changes. We apply the checker-
board approach to idealised simulations in a multi-model framework using three ESMs.
Idealised simulations are performed with two land cover change sensitivity experiments
(cropland expansion and afforestation), and two land management change sensitivity ex-
periments (irrigation and wood harvest expansion). The simulations represent changes
from present-day land cover, and thus provide policy makers with information on potential
effects of LCLMC under present-day climate. First, we describe the spatial patterns of the
local and non-local effects of surface temperature to the LCLMC sensitivity experiments.
Second, we evaluate the local effect in the different ESMs for deforestation against esti-
mates derived from observations and remote sensing (Duveiller et al., 2018; Alkama and
Cescatti, 2016; Li et al., 2015; Bright et al., 2017). Finally, we analyse the processes un-
derpinning the local effect of different LCLMC using an energy balance decomposition.

2.2 ESM sensitivity experiments

2.2.1 Participating ESMs

Three state-of-the-art ESMs are used in this study: the Community Earth System Model
(CESM), the Max Planck Institute for Meteorology Earth System Model (MPI-ESM), and
the European Consortium Earth System Model (EC-EARTH). Here, we provide a brief
technical description of each model.

We use CESM version 2.1.3 (hereafter referred to as CESM), an open-source and fully
coupled ESM (Danabasoglu et al., 2020). CESM combines the Community Atmosphere
Model version 6 (CAM6), the Community Land Model version 5 (CLM5; Lawrence et al.,
2019), the Parallel Ocean Program version 2 (POP2), The Community Ice Sheet Model
(CISM), the Los Alamos National Laboratory Sea Ice model (CICE), and the Model for
Scale Adaptive River Transport (MOSART). CESM has some notable improvements to
the previous version (Danabasoglu et al., 2020); for instance, CLM5 includes improve-
ments in the snow and plant hydrology, the lake model, and carbon and nutrient recycling
(Lawrence et al., 2019). CLM5 also includes 14 natural Plant Functional Types (PFTs) and
8 Crop Functional Type (CFTs), whereby CFTs can exist either on a rainfed patch or an
irrigated patch. The Sub-grid heterogeneity is implemented using a nested hierarchy where
an individual grid cell constitutes of different land units such as vegetated, urban, lake,
glacier and crop fractions (Lawrence et al., 2019). The CESM simulations were performed
at a spatial resolution of 0.90°x1.25°.
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The Max Planck Institute for Meteorology Earth System Model version 1.2 with low reso-
lution configuration (MPI-ESM1.2-LR; hereafter referred to as MPI-ESM) is a fully cou-
pled state-of-the-art ESM that uses the atmospheric component ECHAM6.3 and the land
component JSBACH3.2 (around 200 km horizontal resolution (T63) and 47 atmospheric
vertical levels), which are coupled via OASIS3-MCT to the ocean dynamic (MPIOM1.6)
and ocean biogeochemistry (HAMOCC6) models (around 150 km grid spacing and 40 ver-
tical levels). A detailed description of MPI-ESM1.2 can be found in (Mauritsen et al.,
2019). A similar setup has been also used within CMIP6/LUMIP, e.g. with studies on
biogeophysical effects of deforestation (Boysen et al., 2020) as well as other recent studies
on the effects of land use and land cover change on climate (Winckler et al., 2019b,a). JS-
BACH3.2 simulates in total 12 different plant functional types (PFTs), with 4 forest PFTs
(tropical broadleaf evergreen and deciduous trees, extra-tropical evergreen and deciduous
trees) and two cropland PFTs (C3 and C4 crops). The MPI-ESM simulations were per-
formed at a spatial resolution of 1.88°x1.88°.

EC-EARTH is a state-of-the-art Earth system model developed by the EC-Earth consor-
tium (Döscher et al., 2022). In this study we use the released version EC-Earth3-Veg
(v3.3.3.1). The atmospheric component is the Integrated Forecast System (IFS) devel-
oped by the European Centre for Medium Range Weather Forecasts (ECMWF) that uses
the TL255 horizontal grid (± 80 km) and 91 vertical model levels with the top level at
0.01 hPa. The oceanic component is the Nucleus for European Modelling of the Ocean
(NEMO) model (v3.6). The vegetation model is the Lund-Potsdam-Jena General Ecosys-
tem Simulator (LPJ-GUESS). Note that this is a dynamic vegetation model which does
not explicitly solve the energy balance as the previous ESMs did. The atmosphere model
IFS has a dedicated land surface component : the Hydrology Tiled ECMWF Scheme for
Surface Exchanges over Land (HTESSEL) to handle the surface water and energy fluxes
to the atmosphere. In LPJ-GUESS, the vegetation dynamics for the land are simulated on
6 stand types, namely Natural, Pasture, Urban, Crop, Irrigated Crop and Peatland. In the
Natural stand 10 woody and 2 herbaceous PFTs compete (Smith et al., 2014). On Pasture,
Urban and Peatland fractions 2 herbaceous species are simulated, conforming to the C3
and C4 photosynthetic pathways. The Crop stands have 5 CFTs, both annual and perennial
C3 and C4 crops, and C3 N fixers (Lindeskog et al., 2013). The EC-EARTH simulations
were performed at a spatial resolution of 0.7°x0.7°.

There are some important differences in how the different ESMs treat land cover. They
have a different amount of PFTs which are also defined in different categories. Moreover
while in MPI-ESM and CESM land cover is handled within one single sub-model (their re-
spective land surface schemes JSBACH and CLM) and is prescribed, in EC-EARTH there
are different models for vegetation dynamics and biogeochemistry (LPJ-GUESS) and for
the water and energy cycle (HTESSEL). This implies that for CESM and MPI-ESM the ar-
eas which are afforested are assumed to be a physical forest immediately. This is in contrast
to EC-EARTH where the dynamic vegetation model determines the physical properties of
trees from biomass buildup through vegetation growth. We summarize the most important
differences relating to how the ESMs handle land cover in table 2.1. Additionally, in order
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Table 2.1: Specifications of how land cover is handled across the different ESMs.

ESM Land Model spatial resolution amount of PFTs Prescribed land cover
CESM2 CLM5 0.90°x1.25° 14 yes

MPI-ESM1.2 JSBACH3.2 1.88°x1.88° 12 yes
EC-EARTH3-Veg LPJ-GUESS/HTESSEL 0.7°x0.7° 12 no

to give an idea of the differences in the initial land cover maps, we provide the 2015 forest
fractions (evergreen, deciduous and total forest) for all ESMs in section 2.7.1.

2.2.2 Experimental design
We conducted four idealised LCLMC simulations and one reference simulation using the
three ESMs. Every simulation has the same set-up, but differs in terms of land cover and
land management. As we want to remain independent of any future climate scenarios, the
simulations will be performed under present-day (2015) climate forcing. They will cover
the entire globe as to inform on where LCLMC might be more or less useful. Four idealised
sensitivity experiments are investigated: (i) a fully afforested world (FRST), (ii) a full crop-
land world (CROP), (iii) a fully afforested world with extensive wood harvesting (HARV),
and (iv) a full cropland world with extensive irrigation (IRR). In order to be able to dis-
tinguish between the local and non-local effects of these four idealised cases, the LCLMC
perturbations are applied following the checkerboard approach of Winckler et al. (2017a)
using a checkerboard pattern which is detailed in section 2.1.3, effectively meaning that
only half of the grid cells undergo LCLMC. In addition, a control simulation with present-
day land cover is performed by every ESM to serve as a reference (hereafter referred to
as CTL). The CTL simulation uses the native, present-day land cover map of each ESM,
which are all based on the Land Use Harmonization version 2 dataset (LUH2; Hurtt et al.,
2020). This implies that each ESM retains its native PFTs. The CTL simulation does not
include land management (i.e. irrigation and wood harvesting are set to zero) to have a
clear baseline for the sensitivity simulations. In all simulations, anthropogenic forcing (in-
cluding greenhouse gas and aerosol concentrations) is kept constant at the 2015 conditions.
The initial conditions are provided by the CMIP6 historical simulations in 2014 and applied
to the different ESMs to conduct model simulations for a period of 160 years. The first 10
years are considered as biogeophysical spin-up and omitted in the analysis. We let the
stratospheric aerosols evolve transiently until 2025 based on data from the Scenario Model
Intercomparison Project (ScenarioMIP), after which they are kept constant. This was done
to ensure that the stratospheric aerosol concentrations in our simulations resemble the mean
state of the 21th century. Due to technical constraints in CESM however, the 2025 levels
were used from the start of the simulation. The solar forcing is kept at natural oscillations,
except for CESM where these are set to a constant value that is chosen equal to the average
over the entire simulation period. This is needed to ensure that all ESMs have the same
amount of solar energy entering the system over the entire simulation period. Overall, the
set-up is designed to represent present-day climatic conditions through model simulations
sufficiently long to average out internal variability. All simulations are performed in fully
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Table 2.2: Overview of simulation set-up for the ESMs.

Simulation Land Cover Land Management
CTL 2015 map none

CROP 50% crop map, 50% CTL map none
FRST 50% forest map, 50% CTL map none
IRR 50% crop map, 50% CTL map irrigation

HARV 50% forest map, 50% CTL map wood harvesting (yr 2100 under RCP 8.5)

coupled mode, consistent with the LUMIP protocol (Lawrence et al., 2016), and at each
ESM’s typical spatial resolution employed for CMIP6 (lat x lon) (MPI-ESM:1.88°x1.88°,
CESM:0.90°x1.25°, EC-EARTH:0.7°x0.7°).

The different LCLMC scenarios used in the sensitivity experiments are outlined in Ta-
ble 2.2. The idealised land cover maps for CESM and MPI-ESM are constructed following
the approach described in Davin et al. (2020) using prescribed idealised land cover maps.
To create the idealised FRST land cover map, we start from the 2015 land cover map of
each model. All PFTs that are neither forest nor bare soil were removed. The remaining
forest fractions are increased such that fractions within a grid cell add up to 100 %. As
the bare soil fraction is preserved, the resulting land cover map only contains forest PFTs
and bare soil. The approach mimics forest expansion across all vegetated, cropland and
urban areas but avoids that trees are planted in e.g. desert, high altitude, and tundra regions
(Figure 2.1d-f). Note that this approach is only possible for grid cells containing forest
PFTs. For grid cells without forest PFTs present, we calculate the latitudinal average (at
each ESMs native resolution) of the relative forest PFT distribution consisting of different
species. This value is then considered as representative for this latitudinal band and is used
to replace all other vegetation in the grid cell. The same approach is followed for construct-
ing the CROP map by keeping the crop fraction constant within a grid cell and removing
all non-cropland PFTs (e.g. pasture, bush, forest and grassland; Figure 2.1a-c).

In EC-EARTH, as this version of the model has a dynamic vegetation model (Döscher
et al., 2022) a different strategy was chosen. In order to obtain a simulation close to a
100% forest world, the managed vegetation is turned off. Consequently, the fully forested
world simulation in EC-EARTH can also contain grasses. For the CROP simulation, the
natural land cover is switched off, which forces the model to only grow crops within a
grid cell. As in the other ESMs, bare soil fractions were retained, while only vegetated
areas and urban areas where considered for land cover change. Note that this difference
in implementation of the LCLMC has led to strong differences in the total extent of the
LCLMC, most notably regarding the afforestation experiment where EC-EARTH shows
little afforestation in contrast to MPI-ESM and CESM (Figure 2.1f). These low amounts of
afforestation modelled in the EC-EARTH FRST simulation make that it is less comparable
to the other ESMs for this land cover change.
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Figure 2.1: Overview of land cover and management changes modelled in the ESM sen-
sitivity experiments. The amount of cropland expansion is shown for the CROP simu-
lation as compared to present-day land cover (CTL) for CESM (a), MPI-ESM (b) and
EC-EARTH (c). The amount of afforestation in the FRST simulation as compared to
present day land cover (CTL) is shown for CESM (d), MPI-ESM (e) and EC-EARTH
(f). Both land cover changes are shown as an area fraction of the land cover in that grid
cell. The amount of wood harvest applied in the HARV simulation as compared to the
FRST simulation is shown for CESM (g) and MPI-ESM (h) in terms of intensity of har-
vesting (gC m-2s-1). Finally the amount of irrigation is shown as expressed in a discharge
(mm year-1) for CESM (i), MPI-ESM (j) and EC-EARTH (k). Do note that the color bar
is exponential for land management change (g-k) while it is linear for land cover change
(a-f).
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For the IRR simulation, we apply the same land cover maps as in the CROP simulation,
but here, the native irrigation parameterisation of each model is activated and applied at
the global scale (Figure 2.1g-i). Although the individual implementations of the irrigation
parameterisation differ, all models follow a similar logic. Once a crop suffers a certain
amount of water stress (defined differently in the models, see section 2.7.2), this amount is
replenished by applying an irrigation flux until the water stress is relieved. In CESM and
EC-EARTH, no limit is imposed on water available for irrigation. In MPI-ESM however,
water availability is limited by the amount of runoff and drainage in the grid cell.

The amount of wood harvesting is typically a prescribed value in ESMs, often expressed
as an amount of biomass carbon extracted from the PFTs. In the HARV simulation, we
force the models to use the wood harvest rates specified in the CMIP6 SSP5-8.5 scenario
by the end of the century (Figure 2.1j-k). We let the forest grow as in the FRST simulation
without harvesting for the first 40 years to build up biomass before prescribing the inten-
sive wood harvest rates. For the remaining 120 years of the simulation, the harvest rates are
kept constant. It should be noted that EC-EARTH did not provide this simulation. In MPI-
ESM, there is no feedback implemented of this management practice to any atmospheric
processes. Therefore, only CESM can be used to investigate the biogeophysical effects due
to wood harvesting.

The idealized sensitivity experiments are conducted under present-day climate forcing. The
effects of the different LCLMC strategies represent an upper bound on the potential for
global mitigation and local adaptation against the current background climate. They should
therefore not be perceived as realistic futures. Both CESM and MPI-ESM show extreme
land cover changes in the CROP and FRST simulations compared to CTL (Figure 2.1a-f).
Overall, the land cover change is stronger in CESM than in MPI-ESM, but the spatial pat-
terns roughly match. Some notable differences include the extent of cropland expansion
in Siberia and the amount of afforestation in Australia. Do note that in panels (a) and (b),
the amount of cropland expansion (i.e. all conversions to crop) shown is not equivalent to
the amount of deforestation (i.e. all conversion from forest to crop) in these simulations as
other conversions (e.g. bush and grassland to crop) also occur.

The comparison of land management between CESM and MPI-ESM shows strong differ-
ences, despite using a qualitatively consistent implementation across both ESMs. For wood
harvesting, the spatial pattern and intensity differ notably. In CESM the wood harvesting is
generally more intense locally and less homogeneous across space than in MPI-ESM (Fig-
ure 2.1j-k). For irrigation the spatial extent also differs strongly between the models. Most
notably, due to the simple irrigation scheme implemented in MPI-ESM (see section 2.7.2),
this model shows high irrigation amounts in the boreal latitudes while there is no irrigation
occurring in CESM and EC-EARTH at these latitudes (Figure 2.1g-i). Note that within
EC-EARTH, irrigation is implemented in the dynamic vegetation model LPJ-GUESS but
not within the atmosphere model IFS (due to both models having a separate water cycle).
Therefore climate effects within this ESM from irrigation expansion can only occur due
to increased vegetation growth as a consequence of the ample water availability (Döscher
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et al., 2022).

2.3 Methods

2.3.1 Extraction of local and non-local signals

To disentangle the local and non-local effects due to LCLMC, the checkerboard approach
of Winckler et al. (2017a) is applied, which is described here briefly (see Winckler et al.
(2017a) for details). The checkerboard approach alternates LCLMC grid cells with grid
cells which remain unaltered. This allows for a clean separation of local and non-local
effects as the latter only occur over unaltered grid cells while the grid cells where LCLMC
did occur represent a combination of both local and non-local effects. In our simulations,
1 out of 2 grid cells are affected by the LCLMC and these cells are spread out in a regular
checkerboard pattern. The checkerboard like LCLMC alternation is applied to all simu-
lations except the CTL simulation. This means that for each simulation, only half of the
grid cells undergo LCLMC. The remaining unchanged grid cells show the exact same land
cover as the CTL simulation. The 150 year-simulation is split into 5 slices of 30 years
each. To account for natural variability, we treat each slice as a member of a perturbed
initial condition ensemble. A multi-year monthly mean is computed over each of these
ensemble members. To extract the local and non-local signals, we subtract a land cover
change member (CROP, FRST) from its corresponding CTL member. The resulting sig-
nals for grid cells where no land cover change occurred cannot be ascribed to any direct (i.e.
local) land cover change effect and can therefore be ascribed entirely to non-local effects
caused by LCLMC in other grid cells. We then spatially interpolate (using linear interpo-
lation) these values to get a global map of non-local effects. The differences between both
ensemble members for grid cells where land cover change did occur are caused by both
local and non-local effects (local effects stem from the land cover change within the grid
cell, while non-local effects are caused by land cover change in other grid cells). Hence,
these non-local effects are subtracted from the total combined effect to get a local signal.
As this local signal can only be calculated over the grid cells where land cover change
occurred, we again spatially interpolate this pattern to get a full global map. Finally, the
local and non-local signals are summed up to derive the total signal, which corresponds
to the signal from an idealised global experiment without the checkerboard-like LCLMC
pattern applied. The checkerboard approach is implemented to each model grid at its native
resolution. Hence, grid cell sizes vary across the different ESMs. As we have five ensem-
ble members of 30 years for each simulation, we can extract local and non-local signals
for each ensemble member, which are then used as a measure of uncertainty coming from
natural variability.

The procedure described above can be extended to land management change by using one
of the land cover change simulations as a reference simulation instead of the CTL sim-
ulation. To extract the signal from irrigation expansion, the IRR simulation is compared
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Table 2.3: Overview of observational products available for the different variables con-
sidered in the evaluation.(*) This data was first published in 2018 but later extended to
cover a larger area in 2020, as the extended dataset is used in this study,we will refer to
this dataset as DV20 from hereon. (**) Note that the sensible heat flux was obtained by
the closure of the energy balance.

Dataset Data Type Available variables
Duveiller et al. (2018, 2020)* remote sensing surface temperature, latent heat flux, sensible heat flux**, albedo

Duveiller et al. (2021) remote sensing near-surface air temperature
Li et al. (2015) remote sensing surface temperature, latent heat flux, albedo

Alkama and Cescatti (2016) remote sensing surface temperature, near-surface air temperature
Bright et al. (2017) flux towers surface temperature

against the CROP simulation. In case of wood harvesting, the HARV simulation is com-
pared to the FRST simulation.

2.3.2 Evaluation of local signal to deforestation

The modeled responses induced by deforestation are evaluated against products from ob-
servational studies. Several studies provide global estimates of the effect of deforestation
with remote sensing products (Li et al., 2015; Alkama and Cescatti, 2016; Duveiller et al.,
2018) or ground observations (FLUXNET Bright et al., 2017). Only the local signals can be
compared here as these observations only capture local effects by design (Winckler et al.,
2019a). All four observational studies represent an idealised case where a fully deforested
patch of land is compared to a fully forested patch. We therefore use the local signals de-
rived from comparing the CROP to the FRST simulation to evaluate the ESM response to
deforestation against these products. It was shown by Winckler et al. (2019a,c) that a com-
parison between modelled response and these observational estimates is useful to evaluate
the performance of ESMs to represent the effects of LCLMC on surface temperature.

The evaluation is also performed for several other variables of interest, including latent heat
flux, sensible heat flux, albedo and near-surface air temperature (2 m temperature, tas in
CMIP6 nomenclature), however not all of these are available in each dataset (see Table 2.3).
The spatial extent of the observational studies varies strongly, therefore the evaluation will
be performed along latitudinal bands following Meier et al. (2018) to focus on the global
patterns. A description of the different observational datasets used and their spatial maps
are provided in section 2.7.3.
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2.3.3 Energy balance decomposition for changes in surface tempera-
ture

An energy balance decomposition approach is used to decompose the change in surface
temperature to its driving surface processes. Here, we use this approach to understand the
processes underlying the modelled effects of LCLMC. We use the approach developed by
Juang et al. (2007) and modified by Luyssaert et al. (2014) which has often been used in
LCLM studies, notably with CLM (Akkermans et al., 2014; Hirsch et al., 2018b; Thiery
et al., 2017; Hauser et al., 2019; Vanderkelen et al., 2021). The energy balance equation is
shown below.

εσT 4
s = (1−α)SWin +LWin−LHF−SHF (2.1)

Where ε is the surface emissivity, σ is the Stefan-Boltzmann constant (5.67× 10−8 W
m−2 K−4), Ts is the radiative surface temperature as it is directly calculated from surface
upwelling longwave radiation, α is the surface albedo, and SWin and LWin are the incoming
shortwave and incoming longwave solar radiation, respectively. LHF and SHF are the
latent and sensible heat flux, respectively. All fluxes are expressed in W m-2. We take the
total derivative to obtain the change in surface temperature, whereby ε can be assumed to
be equal to 1 for the application of this equation (Juang et al., 2007; Luyssaert et al., 2014).

∆Ts =
1

4σT 3
s
(−SWin∆α +(1−α)∆SWin +∆LWin−∆LHF−∆SHF) (2.2)

Here, we apply the energy balance decomposition only to the local effects derived from
the LCLMC signals as these are directly linked to changes in surface properties (Winck-
ler et al., 2017a). While applying this approach, a modest global imbalance of less than
0.1 W m-2 is found over all land grid cells for all different cases, indicating the general
applicability of the method.

2.4 Results

2.4.1 Evaluation of biogeophysical response to deforestation
We compare observational estimates to the simulated local response of full deforestation
(CROP-FRST, i.e. the idealised effect of going from a full forested to a fully cropland
world), in order to evaluate the modelled response to deforestation of the different ESMs.
The latitudinal response of the average annual local surface temperature for all ESMs are
generally within the observational range (Figure 2.2). The latitudinal change in surface
temperature is similar to the observational estimates: a warming in the tropics (up to 3 K)
and a cooling in the Northern Hemisphere (NH) boreal latitudes (up to -1 K). Only EC-
EARTH deviates from this as it shows no cooling in NH boreal latitudes (50°N-80°N)
and even shows a warming. CESM simulates a different sign compared to observations
in the NH mid-latitudes (30°N-50°N), but performs reasonably well at boreal latitudes.
Overall, MPI-ESM matches reasonably well to the observational estimates. In the tropics,
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Figure 2.2: Latitudinal evaluation of local surface temperature derived from full defor-
estation experiments (CROP-FRST) for CESM (blue), MPI-ESM (green) and EC-EARTH
(yellow). Note that for all ESMs a running latitudinal mean of 2° was computed. The ob-
servational range (grey shade) shows the full range given by four observational estimates
(Li et al., 2015; Alkama and Cescatti, 2016; Duveiller et al., 2018; Bright et al., 2017).

MPI-ESM simulates values near the lower bound of the observational range (0.6 K), while
CESM and EC-EARTH simulate values near the upper bound (3 K). In general, all models
show a reasonable agreement with the observations, both in sign and magnitude over most
latitudes; only in the NH mid-latitudes and boreal latitudes the models diverge from the
observed range.

Comparing the local effect of deforestation on surface temperature across seasons gener-
ally shows a good agreement of MPI-ESM with the observational estimates for the different
seasons (Figure 2.3). The CESM simulations lie within the observational range for boreal
winter and fall but show a cooling response to deforestation in boreal spring and summer
above 30°N, which is in contrast to the observed warming. The EC-EARTH simulations
agree well with the observations except for the boreal latitudes where a sustained warming
occurs over all seasons except during the boreal summer.

The effect of deforestation on annual local latent and sensible heat fluxes agrees well with
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Figure 2.3: Latitudinal evaluation of local surface temperature derived from full defor-
estation experiments (CROP-FRST) for CESM (blue), MPI-ESM (green) and EC-EARTH
(yellow) for different seasons, winter or DJF (December, January, February) in panel a,
spring or MAM (March, April, May) in panel b, summer or (June, July, August) in panel
c and fall or (September, October, November) in panel d. Note that for all ESMs a run-
ning latitudinal mean of 2° was computed. The observational range (grey shade) shows
the full range of values spanned by four observational estimates (Li et al., 2015; Alkama
and Cescatti, 2016; Duveiller et al., 2018; Bright et al., 2017).
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Figure 2.4: Latitudinal evaluation of local energy and climate variables derived from full
deforestation experiments (CROP-FRST). The local effect simulated by CESM (blue),
MPI-ESM (green) and EC-EARTH (yellow) of latent heat flux (W/m2 ) (a) compared to
observational estimates by Li et al. (2015); Duveiller et al. (2018) (DV20 and LI15, re-
spectively), of sensible heat flux (W m-2) (b) compared to Duveiller et al. (2018) (DV20),
of albedo (-) (c) compared to Li et al. (2015); Duveiller et al. (2018) (LI15 and DV20)
and near-surface temperature (K) (d) compared to Alkama and Cescatti (2016); Duveiller
et al. (2020) (AL16 and DV20). Note that for all ESMs a running latitudinal mean of 2°
was computed.
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the observational estimates for all ESMs (Figure 2.4a, b). The latent heat flux is modelled
to decrease over most latitudes. MPI-ESM underestimates the magnitude of the latent heat
flux signal over most of the subtropics, and shows an overestimation over the boreal lati-
tudes. CESM and EC-EARTH match well to the observations, except at the mid-latitudes
where it underestimates the decrease in latent heat flux. EC-EARTH shows no change in
latent heat flux except over the tropics where a clear decrease is shown.

Observations show a deforestation-induced decrease in sensible heat flux in the extra-
tropics, a slight increase around 20°N and 20°S and a decrease around the Equator. CESM
captures the response in sensible heat flux well in the NH but overestimates it in the trop-
ics and projects an opposite sign over most of the Southern Hemisphere (SH). MPI-ESM
underestimates the change over most of the latitudes and shows an increase instead of a
decrease at boreal latitudes. Similar to the latent heat flux, EC-EARTH only shows a non-
zero effect over the tropics where the model suggests a strong increase. These strong biases
in both latent and sensible heat fluxes of MPI-ESM and EC-EARTH do not appear to affect
the surface temperature responses. This could partially be explained by opposite signs in
the biases of both turbulent heat fluxes, which cancel each other out, as is likely the case
over boreal latitudes for MPI-ESM and in the tropics for EC-EARTH.

The deforestation-induced albedo change is especially important at boreal latitudes where
it dominates the overall surface temperature response (Davin and de Noblet-Ducoudre,
2010). CESM captures the observed albedo response well, except north of 40°N where
it overestimates the albedo change and south of 30°S where it underestimates the albedo
change (Figure 2.4c). MPI-ESM shows a similar bias in the SH. It also overestimates the
brightening in the tropics and boreal latitudes following deforestation and underestimates
the brightening over most mid-latitudes.
The bias in albedo response north of 40°N could be caused by a strong snow masking re-
sponse in both ESMs, as a snow covered forest is darker than a snow covered cropland. This
would also explain the strong cooling in boreal spring and summer seasons in CESM (Fig-
ure 2.3b,c) and the bias in annual surface temperature over the mid-latitudes (Figure 2.2).
In EC-EARTH the local albedo change is zero (Figure 2.4c), however there is a stronger
non-local albedo change (Figure 2.15). The non-local albedo change is near-zero except
over boreal latitudes (Figure 2.16). This could be caused by the differences in simulation
setup for EC-EARTH where the forest needs to establish throughout the simulation (e.g.,
biomass and specific land surface properties such as vegetation roughness length, leaf area
index and albedo) under the local environmental conditions while in CESM and MPI-ESM
some of the specific land surface parameters are immediately established at the start of the
simulation. This albedo bias due to differences in simulation setup likely explains the lack
of cooling in boreal latitudes in EC-EARTH (Figure 2.3). The results for CESM are in
contrast to Meier et al. (2018) who showed that the previous version of CLM (CLM4.5)
could reproduce the observed albedo relatively well. However the differences between our
results might be due to differences in model setup as CLM was evaluated in land-only mode
in Meier et al. (2018) in contrast to the coupled simulations performed here.



2.4. RESULTS 35

The near-surface air temperature is often a preferred metric compared to the surface temper-
ature, as it is more relevant for understanding the perceived temperature and is considered
in most policy-relevant metrics including those used to measure global warming (Arias
et al., 2021). For local near-surface air temperature change, CESM and EC-EARTH show
a response of similar sign to the observations in the SH and tropics. The observations di-
verge north of 40°N, where the DV20 dataset confirms the cooling which is simulated by
CESM and MPI-ESM. In contrast, the AL16 dataset shows no temperature change, which
is also the case for EC-EARTH (Figure 2.4d). The near-surface air temperature in MPI-
ESM is relatively insensitive to deforestation except north of 40°N as was also shown in
(Winckler et al., 2019c). However, it should be considered that near-surface air temperature
is a highly contested measure as its definition tends to vary strongly across different ESMs,
especially over grid cells or grid cell fractions covered with tall vegetation (Boysen et al.,
2020; Winckler et al., 2019c). Therefore, in the remainder of this study, we will focus on
the response of LCLMC on surface temperature, while the maps for near-surface air tem-
perature are added in section 2.7.4 for reference.

2.4.2 Local and non-local effects of LCLMC on surface temperature

This section provides an overview of the signal separated effects on surface temperature of
the different LCLMC across the different ESMs. We discuss the local, non-local and total
effects per LCLMC category. At the end of the section the changes which are consistent
across all ESMs are summarized in Table 2.4.

Cropland expansion

As a consequence of cropland expansion (CROP-CTL), CESM shows a strong local cooling
over the NH boreal latitudes which extends into most of the NH mid-latitudes (Figure 2.5a).
The tropics and subtropics show a strong local warming of up to 4 K over the (deforested)
tropical rainforests. MPI-ESM shows a similar pattern to CESM in NH boreal latitudes but
with a smaller local cooling which does not extend as far south into the NH mid-latitudes.
MPI-ESM also simulates local warming over the tropics, but with a different spatial pattern
and magnitude compared to CESM and EC-EARTH. The local signals in EC-EARTH are
similar to CESM, showing a strong local warming in the tropics. However, in NH boreal
latitudes the signals are mixed, with a cooling over the (deforested) boreal forests and a
strong warming over the permafrost covered areas (Siberia, Northern Canada and Alaska).
This NH boreal warming is most likely due to the shift in the EC-EARTH simulation from
natural land to managed land, leading shorter duration of frozen soils throughout the year
which causes a soil warming.

In CESM the local cooling is amplified by a strong non-local cooling over these regions.
The non-local effect in MPI-ESM strongly differs from CESM. While CESM simulates a
widespread cooling, MPI-ESM shows a weaker but clear warming over the boreal regions,
Europe and Eastern USA. The non-local effect in EC-EARTH is mixed with a warming
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Figure 2.5: Annual mean surface temperature response to cropland expansion (CROP-
CTL) of CESM (top row), MPI-ESM (middle row) and EC-EARTH (bottom row). For
CESM: the local effect (a), the non-local effect (b) and the total effect (c), the global lati-
tudinal average of the local (blue), non-local (yellow) and total (green) signals (d). (e-h):
same as (a-d), but for MPI-ESM. (i-l): same as (a-d), but for EC-EARTH. The stippling
on the maps shows grid cells where all 5 ensemble members agree on the sign of change.
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Figure 2.6: Same as Figure 5 but for afforestation (FRST-CTL).

over the Arctic regions and the Sahara, and a cooling in the mid-latitudes and tropics. In
all ESMs the local signals dominates the total response in the tropics. The non-local effect
also dominates over NH boreal latitudes in CESM and MPI-ESM while in EC-EARTH the
pattern differs regionally.

Afforestation

In the afforestation sensitivity experiment (FRST-CTL), the local response is similar to the
response in the cropland expansion sensitivity experiment, but shows an opposite sign, as
expected (Figure 2.6). A local cooling is simulated over the tropics for all ESMs and a local
warming over the boreal latitudes for both MPI-ESM and CESM. The shift from cooling to
warming occurs at a higher latitude in MPI-ESM and EC-EARTH compared to CESM. The
lack of local boreal warming in EC-EARTH is probably related to the differences in experi-
mental setup and the resulting low amounts of afforestation in this simulation (Figure 2.1f).
The non-local effects due to afforestation result in warming for all ESMs, except over the
North Atlantic in CESM. This indicates that the non-local effect is dominated by the albedo
decrease, which originates from the strong snow masking effect of forest compared to open
cropland. This is also indicated by the fact that the non-local warming dominates over the
extratropics for all ESMs, in contrast to the local cooling which dominates over the tropics
and parts of the subtropics (depending on the ESM).
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Figure 2.7: Same as Figure 5 but for irrigation expansion in a cropland world (IRR-
CROP).

In CESM, this albedo-induced warming causes a cooling blob in the North Atlantic (Fig-
ure 2.6b). A similar but opposite pattern is also apparent in the cropland expansion ex-
periment with CESM (Figure 2.5b), but appears as a warming blob with lower magni-
tude. The same warming blob was also found in the LUMIP deforest-glob experiments
by Boysen et al. (2020). A plausible explanation for this dynamic is the different latitudi-
nal effect of the LCLMC option. With a high-latitude hemispheric warming and a slight
cooling in low latitudes, the thermodynamic response of the Atlantic Meridional Overturn-
ing Circulation (AMOC) would indicate a weakening due to a decrease in the temperature
gradient, similar to thermodynamic driven AMOC weakening due to arctic amplification
under climate change scenarios (Schleussner et al., 2014). Inversely, global-scale crop-
land expansion causes non-local cooling except for a localised warming over the North
Atlantic. It should be noted, however, that this strong North Atlantic response in CESM
is not consistent throughout the entire simulation period despite its high magnitude. The
global non-local warming pattern has large implications for future deployment of land-
based mitigation strategies, especially for boreal afforestation. However, it should be noted
that non-local signals are highly dependent on the spatial pattern as well as the extent of
the prescribed land cover change (Winckler et al., 2019b)



2.4. RESULTS 39

Figure 2.8: Same as Figure 5 but for wood harvest expansion (HARV-FRST). Only re-
sults for CESM are shown as MPI-ESM does not simulate biogeophysical effects of wood
harvesting and EC-EARTH did not conduct these simulations.

Irrigation expansion

In the idealised irrigation expansion sensitivity experiment (IRR-CROP, i.e. irrigation
expansion in a full cropland world), both MPI-ESM and CESM agree on the irrigation-
induced reduction in local surface temperature, while irrigation expansion in EC-EARTH
does not induce any local effects (Figure 2.7). The very limited local effects in EC-EARTH
are caused by a lack of moisture exchange between IFS and LPJ-GUESS, whereby water
added in LPJ-GUESS for irrigation does not affect the moisture fluxes in IFS. Hence, in
EC-EARTH, irrigation affects crop growth and albedo but does not alter turbulent surface
fluxes. In MPI-ESM and CESM, temperature decreases globally due to irrigation expan-
sion, but there are substantial differences in the spatial patterns between the models. These
differences partially stem from the large differences in irrigation amounts imposed in the
different models (Figure 2.1i-k). EC-EARTH shows some non-local temperature effects
but these are small in magnitude and the sign differs across different regions. In CESM,
the total signal is dominated by the local response, with only a modest contribution of non-
local effects. The non-local irrigation signal in MPI-ESM is generally stronger than the
local signal and dominates the total response.

These results corroborate the findings of Thiery et al. (2017) and Chen and Dirmeyer
(2019), who found that irrigation has a cooling potential due to an increased latent heat
flux over irrigated areas. CESM simulates strong local cooling effects in the subtropics
and tropics, while MPI-ESM shows the strongest local cooling in the NH mid-latitudes and
less apparent local cooling in the tropics. In CESM, there is a non-local irrigation-induced
cooling over the NH mid-latitudes where the local effects are generally small. This indi-
cates that in these latitudes a non-local effect, plausibly due to an increase in cloud cover,
dominates the effects of irrigation rather than surface processes like evaporative cooling,
which dominate the local effects over the tropics. For MPI-ESM, a strong increase in cloud
cover appears to cause the strong non-local cooling (Figure 2.31).
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Table 2.4: Summary of local and non-local effects due to the different LCLMC. Each cell
indicates where the changes in surface temperature response are consistent in sign.

LCLMC Local effects Non-local effects Total effects
cropland expansion tropical warming none tropical warming
afforestation tropical cooling global warming warming across boreal latitudes

and cooling over tropics
irrigation expansion regional cooling regional cooling regional cooling

Wood harvest expansion

The effect of wood harvesting (HARV-FRST) appears to be very small (Figure 2.8). There
is generally no local effect and the non-local signal is overall weak and inconsistent in sign
across the CESM simulation. The simulated non-local signals may well stem from internal
climate variability rather than an actual response to land management change. These results
imply that the biogeophysical effects of wood harvesting, as simulated here, are too weak
to have a significant imprint in global and local climate conditions at the grid scale in the
represented ESMs. This does not imply that the biogeophysical effects cannot play a role
locally, but simply suggests that these effects are not strong enough to be discerned at the
currently used grid scale level and with the process-detail of current ESMs. An analysis
comparing the simulation results at the tile level (within a grid cell) would provide an
alternative approach to analyse possible local effects due to wood harvesting.

2.4.3 Energy balance decomposition of the surface temperature changes
Cropland expansion

Using Equation 2.2, the different factors contributing to the response in surface tempera-
ture are assessed when aggregated zonally (Figure 2.9) and seasonally (Figure 2.10). In the
case of cropland expansion, the warming in the tropics for all ESMs is mostly caused by
a strong decrease in latent heat flux, possibly as a consequence of a decreased evaporation
capacity (Figure 2.9a and b). The simulated decrease in sensible heat flux in MPI-ESM
reduces the heat transport away from the surface, therefore amplifying the warming, while
in CESM an increase in sensible heat contributes to a cooling. In MPI-ESM the tropical
warming is slightly offset by an albedo increase. In all ESMs, local changes in shortwave
and longwave radiation increase the warming signal, however, in EC-EARTH the contribu-
tion from enhanced incoming longwave radiation is especially strong, which could indicate
that atmospheric properties such as high cloud cover or atmospheric moisture have a strong
influence on surface temperature in this model. In CESM over boreal latitudes, the in-
crease in albedo dominates the surface temperature response causing a local cooling which
is partly offset by a warming induced by a decrease in sensible heat flux. In MPI-ESM, this
boreal albedo effect is much weaker causing no clear local cooling.

In EC-EARTH, the energy balance components do not explain the simulated warming over
boreal latitudes, which is most likely related to the fact that EC-EARTH uses the tempera-
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Figure 2.9: The energy balance decomposition of the local surface temperature for the
different latitudinal bands. The response to cropland expansion (CROP-CTL) for CESM
(a), MPI-ESM (b), and EC-EARTH (c), the response to afforestation (FRST-CTL) for
CESM (d), MPI-ESM (e), and EC-EARTH (f) and the response to irrigation expansion
(IRR-CROP) for CESM (g) and MPI-ESM (h). EC-EARTH is not shown for irrigation
expansion as the local effects are too small for any meaningful analysis.
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Figure 2.10: Global average seasonal cycle of energy balance decomposition of local sur-
face temperature. The response to cropland expansion (CROP-CTL) for CESM (a), MPI-
ESM (b), and EC-EARTH (c), the response to afforestation (FRST-CTL) for CESM (d),
MPI-ESM (e), and EC-EARTH (f) and the response to irrigation expansion (IRR-CROP)
for CESM (g) and MPI-ESM (h).
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ture of the first whole soil layer as surface temperature. As a consequence, other processes
that are not related to the surface energy balance (e.g. permafrost thawing) also affect the
surface temperature in this model. Finally, contrasting to the other models, the albedo in
EC-EARTH does not influence the local surface temperature changes, as there is no change
in local albedo (see Figure 2.18).

The cooling effect of albedo due to cropland expansion has a pronounced seasonal response
in both MPI-ESM and CESM (Figure 2.10a and b). It is most outspoken during NH spring
as a consequence of the reduced snow masking effect. In both MPI-ESM and CESM, the
latent heat flux has a strong contribution throughout the year. It shows a seasonality which
is most pronounced in CESM, peaking in early spring and fall. The sensible heat flux has
a warming effect in CESM throughout most of the year except during the NH fall when
it shows a cooling effect. In EC-EARTH the sign of all changes is constant throughout
the year. There is a slight seasonal effect for the magnitude of the turbulent heat fluxes
and longwave incoming radiation being largest in NH summer and lowest in NH winter.
Overall, all ESMs simulate a global surface warming of about 0.3 K due to the local effect
of cropland expansion over the year and show a minimal warming in the NH winter.

Afforestation

In the case of afforestation, all models show a reduction of the surface temperature in the
SH and tropics (Figure 2.9d,e,f). In MPI-ESM and CESM, this is caused by the cooling
effect of increasing turbulent heat fluxes, which is partly counteracted by a warming effect
due to an albedo decrease. This albedo effect becomes dominant when moving northward
and causes a local warming in CESM starting from the mid-latitudes and in MPI-ESM
starting from the boreal latitudes. In EC-EARTH, the cooling is caused by changes in
sensible heat flux and incoming longwave radiation, but is counteracted by a decrease in
latent heat flux. At boreal latitudes, the albedo-induced warming is partly counteracted
by an increase in sensible heat flux in CESM, and by an increase in latent heat flux and a
decrease in incoming shortwave radiation in MPI-ESM. The decrease in incoming short-
wave radiation might be caused by an afforestation-induced local increase in cloud cover
(as shown in Figure 2.26). This would be in line with the theoretical understanding that an
increase in latent heat flux causes an increase in low cumuliform clouds (Ban-Weiss et al.,
2011). Recent observational results show an afforestation-induced cooling effect related
to increased cloud cover (Teuling et al., 2017; Duveiller et al., 2021). However, neither
CESM nor EC-EARTH represent this increase in cloud cover, with CESM even showing a
slight decrease in cloudiness over boreal latitudes (Figure 2.26).

The albedo-induced effect of afforestation has a clear seasonal peak during NH spring for
both MPI-ESM and CESM (Figure 2.10c and d). The turbulent heat fluxes seem to follow a
similar seasonality. This indicates that extra-tropical afforestation is dominating the global
climate response for these models due to a strong albedo response largely counteracted by
the changes in turbulent heat fluxes. In EC-EARTH, a similar seasonal pattern is visible
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with larger fluxes in NH summer and smaller fluxes in NH winter as was also the case for
cropland expansion. Overall, all models show limited local effects due to afforestation,
being quasi 0 K in CESM, -0.15 K in MPI-ESM and 0.2 K in EC-EARTH.

Irrigation expansion

For irrigation, only results for MPI-ESM and CESM are shown as the local surface temper-
ature changes in EC-EARTH are too small for a meaningful decomposition in energy bal-
ance components. Both MPI-ESM and CESM show a very different geographic pattern for
the irrigation flux (Figure 2.1). However, the models appear to be largely consistent when
it comes to the identification of the underlying processes causing the change in surface
temperature (Figure 2.9e and f). The increase in latent heat flux dominates the response.
This causes a strong cooling which is counteracted by a strong (but weaker) warming ef-
fect caused by the decreased sensible heat flux. Surface albedo increases slightly in CESM
as wet soils are darker. This change contributes to a rise in surface temperature. MPI-
ESM, in contrast, shows a slight decrease in albedo contributing to a lowering of surface
temperature. We hypothesise that this albedo decrease in MPI-ESM is a consequence of
irrigation causing greener, hence brighter, crops. Longwave and shortwave radiation both
give a cooling contribution due to a local increase in cloudiness (Figure 2.31).

The seasonal pattern of irrigation is dominated by the application of irrigation during the
dry season (Figure 2.10e and f). As most land is located in the NH, we find the strongest
local cooling during NH spring and summer. This seasonal pattern is stronger in MPI-ESM
as irrigated croplands extend more northward than in CESM (Figure 2.1g,h). Globally both
models predict a slight global cooling effect of around 0.2 K.

2.5 Discussion

2.5.1 Robust patterns in the local response to LCLMC across ESMs
Our results show clear consistencies across CESM, MPI-ESM and EC-EARTH. All three
ESMs are able to simulate a response of average annual surface temperature to full de-
forestation consistent with observational evidence. There remain some clear biases when
comparing the ESMs to observations such as a strong albedo response in CESM in the mid-
latitudes and a strong (soil-related) warming response in the high latitudes in EC-EARTH.
However, general observed patterns such as local cooling over boreal forests and local
warming over tropical forests are well captured by the ESMs. The consistency in surface
temperature response across ESMs and observations is in stark contrast to the large spread
in signals of the turbulent heat fluxes and albedo, which have been highlighted as some of
the main driving processes of local temperature change (Davin and de Noblet-Ducoudre,
2010; Winckler et al., 2019c). The energy balance decomposition for the cropland expan-
sion confirms these model biases, which moreover differ across ESMs. For afforestation
and cropland expansion, all ESMs show that the tropical response is mainly caused by a



2.5. DISCUSSION 45

change in turbulent heat fluxes. However, they disagree on how these changes occur. All
three ESMs show that local latent heat flux changes determine the surface temperature re-
sponse in the tropics. However, the role of local sensible heat flux changes differs across
ESMs, showing a cooling effect in CESM and EC-EARTH in contrast to MPI-ESM where
it has a warming effect. Over boreal latitudes, the albedo dominates the local effect for
both cropland expansion and afforestation in CESM and for afforestation in MPI-ESM.
EC-EARTH shows that permafrost thawing (unrelated to land cover change) is causing the
simulated warming in the cropland expansion experiment. For irrigation expansion, MPI-
ESM and CESM consistently show that the increase in latent heat dominates the surface
temperature response, causing a local cooling. In the current EC-EARTH setup, there is no
coupling of land surface moisture by water fluxes to the atmosphere caused by irrigation
are not modelled, hence the only effect on the climate is due to increased growth of crops
and respective changes in physical properties.

Although we have harmonised the land cover and management representation across the
different models, strong differences remain, most notably in the implementation of irri-
gation expansion and afforestation (Figure 2.1). This implies that the comparison of the
different simulations across ESMs is not perfect and inconsistencies can be caused by dis-
parity in model structure, by spatial differences and differences in extent and implementa-
tion of the applied LCLMC. As for afforestation, the differences found here were mainly
caused by the differences of implementation of forests in EC-EARTH (where the forest and
respective land surface properties change throughout the simulation) compared to CESM
and MPI-ESM which start of with a physical forest and its land surface properties. The
differences regarding land management are a direct consequence of these implementations
being fairly recent in the various ESMs. There is no consistency in the implementation
approach for land managements such as irrigation expansion across ESMs, as was also
the case in the early land cover change inter-comparison projects (De Noblet-Ducoudré
et al., 2012). Over the last decade several improvements were made regarding land cover
change to make the ESMs more consistent. For example, using common datasets (Hurtt
et al., 2020) and common simulation protocols like the LUMIP experiments under CMIP6
(Lawrence et al., 2016). The same issues that ESMs faced before for land cover change are
now apparent for land management change as well. As more ESMs are implementing land
management change (Blyth et al., 2021), it is crucial that common datasets and simulation
protocols are set up in order to ensure comparability across the various ESMs.

However, despite these limitations our results show that there remain similarities in the
LCLMC response in the different ESMs, most notably regarding the local effects. A con-
sensus is emerging regarding the local effects of deforestation/afforestation with a clear
cooling/warming at boreal latitudes and a warming/cooling in the tropics, as is in line with
observational evidence. The cooling potential of irrigation (both local and non-local) is
confirmed by both MPI-ESM and CESM. However, more research is needed to understand
the full implications of these biogeophysical effects. The cooling effects induced by irriga-
tion might be offset by the increased humidity and overall induce an increase in heat stress
(Mishra et al., 2020). The effects on warm and cold extremes remain to be investigated as
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well, but lie beyond the scope of the current study.

Our results highlight the importance of including possible local biogeophysical effects in
future land use and land management policies. The current policies underpinning large-
scale climate mitigation plans such as the European Green Deal are set up to only take
into account the biogeochemical effects of LCLMC strategies such as afforestation. The
European Green Deal plans (European Commission, 2020) rely heavily on afforestation as
a possible negative emission technology to enhance the land sink by planning to plant up to
3 billion trees within the EU. However, beyond the positive consequences of afforestation
on carbon storage, its biogeophysical effects should also be considered in order to plan
for (or avoid) side-effects for regional temperature induced by local processes (as shown
in Figure 2.6a,e,i). The local biogeophysical effects imply some positive side-effects over
specific regions, such as the tropics and mid-latitudes, especially during the summer sea-
son; however they could also imply some negative side-effects over the boreal latitudes and
part of the mid-latitudes during the winter season. These findings are in line with Windisch
et al. (2021) who highlight the existence of various trade-offs between local biogeophysi-
cal effects and biogeochemical effects depending on the season and region. These results
further strengthen the need for the inclusion of local biogeophysical effects next to biogeo-
chemical effects in order to have an accurate idea of the mitigation potential of forests in
LCLMC policies.

2.5.2 Inconsistent non-local effects across ESMs due to idealised crop-
land expansion

The global non-local cooling in CESM as shown in Figure 2.5 is consistent with the find-
ings of a previous global deforestation simulation using the checkerboard approach per-
formed by Winckler et al. (2019b) with MPI-ESM. However, these results strongly contrast
with the non-local response found in MPI-ESM here. Some methodological differences
should be noted here: Winckler et al. (2019b) performed a fully idealised deforestation ex-
periment, which is more akin to CROP-FRST comparison in this study than the results of
CROP-CTL shown here. It should be noted that for full deforestation (i.e. CROP-FRST)
all ESMs (including MPI-ESM) predict a non-local cooling (Figure 2.14), which is con-
sistent with Winckler et al. (2019b). The effect of a cropland expansion (CROP-CTL)
in MPI-ESM, which starts from present-day forest extent, results in a clear non-local bo-
real warming. Two possible mechanisms could explain this counter-intuitive discrepancy
between the non-local response of MPI-ESM and CESM in CROP-CTL, in contrast to
their consistent results for CROP-FRST: (i) MPI-ESM shows a weaker albedo effect when
compared to CESM (Figure 2.5c), additionally (ii), the MPI-ESM model shows a strong
decrease in annual boreal cloud cover (see Figure 2.21), which is especially strong in bo-
real summer (not shown) and could cause an additional warming, possibly offsetting any
non-local cooling caused by changes in albedo.

In summary we can state that the non-local effects due to full deforestation presented here
are in line with literature (Winckler et al., 2019b). However, the non-local effects display
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a larger uncertainty when it comes to the non-local effects of cropland expansion from
present day conditions (i.e. CROP-CTL as presented here). It should be noted that due to
the strong albedo bias in CESM over NH mid-latitudes (see Figure 2.4d) and the crucial
role of albedo in determining the non-local effects, it is probable that the strong non-local
cooling shown over CESM is an overestimation.

2.5.3 Non-local biogeophysical response due to land-based mitigation
and adaptation

Non-local biogeophysical effects can regionally dominate over local biogeophysical ef-
fects. The distinct non-local warming found for afforestation is consistent with the in-
verse outcome obtained from global deforestation experiments in literature (Winckler et al.,
2019b; Davin and de Noblet-Ducoudre, 2010) and is robust across the different ESMs con-
sidered here (Figure 2.6b,f,j). However, the strong divergence in outcome from the crop-
land expansion experiments do show that the albedo effect does not completely control the
non-local surface temperature responses. A variety of atmospheric processes affecting the
atmospheric moisture balance and large-scale atmospheric dynamics need to be assessed in
order to better understand the relevant processes. In CESM a large-scale land cover change
even appears to affect global ocean circulation, as was illustrated by the strong AMOC
response within this model. It should be noted that this is not a single model feature,
as similar AMOC anomalies were visible for two other ESMs in the LUMIP deforesta-
tion simulations (Boysen et al., 2020). More research is needed to fully understand the
processes that cause the non-local biogeophysical effects related to large-scale land cover
change shown here.

Irrigation clearly decreases temperature in both CESM and MPI-ESM, constituting another
demonstration that deploying irrigation could entail side-benefits for local temperature re-
duction especially over agricultural land (Thiery et al., 2017, 2020; Hirsch et al., 2017).
These results even suggest that achieving climate benefits could become an objective of
irrigation deployment, making it potentially a deliberate adaptation strategy if constraints
to its implementation (related for example to water availability or socioeconomic enabling
conditions) can be overcome. However, it remains unclear whether the irrigation-induced
cooling is predominantly local (induced by turbulent heat fluxes) or non-local (induced by
cloud effects), and what the combined effect is of irrigation-induced changes in tempera-
ture and humidity patterns on heat stress. Nevertheless, these results help assess the future
climate consequences of irrigation expansion. Irrigation has been projected to increase in
the future as a means to increase agricultural productivity (van Maanen et al., 2022; Rosa
et al., 2020) but it may also aggravate future water stress (Haddeland et al., 2014). It should
be noted that irrigation is implemented in a highly idealised way in these simulations, with
2 out of 3 ESMs not being constrained by water limitations. These water limitations should
be assessed before irrigation expansion can be considered as a viable adaptation option in
any region.
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Overall, our results show that future land-based mitigation strategies will need to con-
sider the non-local biogeophysical consequences of LCLMC patterns, as large-scale af-
forestation is a key strategy in intensive land-based mitigation scenarios (Smith et al., 2015;
Humpenöder et al., 2014), especially in those compatible with a 1.5 K world (Roe et al.,
2019). In particular, the robust non-local biogeophysical warming from global afforestation
presented in this study indicates that future land-based mitigation strategies would lead to
an even more extensive unintended warming than the local biogeophysical warming that
has been widely reported for boreal regions and the mid-latitudes in winter. More research
is needed to bridge the knowledge gaps regarding which regions would be mostly respon-
sible for this non-local warming if afforested and what would be the magnitude of this
warming in realistic afforestation scenarios.

2.5.4 Limitations and outlook

The idealised simulations performed in this study give an overview of the potential biogeo-
physical effects from LCLMC. We were able to separate local and non-local effects due
to the application of a checkerboard like LCLMC perturbation to our idealised land cover
maps (Figure 2.1). The local effects are only caused by changes occurring within the grid
cell. Hence, they represent the most extreme possible outcome of the application of a cer-
tain LCLMC within that single grid cell, without accounting for other LCLMC around the
globe. In contrast, the non-local signals are a compound response caused by the LCLMC
around the globe. These represent an underestimate in magnitude of the non-local effects in
a simulation of global LCLMC, as due to the checkerboard pattern, non-local effects are the
consequence of LCLMC applied to only half of the grid cells around the globe. As the non-
local effects, by design, also capture all internal climate variability they are more uncertain
than the local effects presented here. To limit the uncertainty related to climate variability
as much as possible, the simulations could be repeated within an ensemble setup. However,
such setup would require substantial additional computation and storage resources.

Furthermore it should be noted that the application of the checkerboard approach has some
methodological implications, as the resulting local and non-local signals intrinsically con-
tain an interpolation error. Although we tried to minimise this error by using a checkerboard
pattern of 1 out of 2 grid cells, this error can still reach up to 0.3 K based on previous sim-
ulations with MPI-ESM (Winckler et al., 2017a). Moreover, the approach has limitations
due to the size of a grid cell in the different ESMs. The land cover change needed to get
a local effect as presented here remains highly unrealistic (around 100 km). As ESMs are
becoming computationally more efficient and their resolution gets increased, the validity
of this assumption could be tested using higher resolution ESMs.

Some biases exist within the evaluation approach as the modelled surface temperature does
not exactly match the radiative surface temperature measured in the observational esti-
mates. For instance, the satellite measurements have an inherent sampling bias as they
only measure during cloud free conditions. Also, the different observational estimates
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have different and often non-overlapping spatial coverage. Nevertheless, these observa-
tional studies using a diversity of approaches show a large consistency among themselves
and thus can act as a benchmark for the representation of land cover change within ESMs
(Winckler et al., 2019a,b).

The results shown within this paper highlight some clear consistencies across the ESMs,
however, often the ESMs tend to show differences as well. For example, more work is
needed to improve the representation of irrigation, especially for EC-EARTH and MPI-
ESM. As MPI-ESM suffers from unrealistic irrigation amounts, especially in the boreal
regions while underestimating the potential irrigation in the subtropics such as India. Fur-
thermore, EC-EARTH is currently not a viable model for a study of the biogeophysical
effects of irrigation, as water fluxes from land are not communicated to the atmosphere.
This limitation is worth addressing as the implementation of irrigation in ESMs has been
shown to make them more realistic over regions of intense irrigation (Al-Yaari et al., 2022).
Regarding land cover change, all ESMs still struggle to replicate observed patterns in en-
ergy fluxes (Figure 4). CESM has a strong overestimation of the albedo in the intermediate
latitudes (30°N-50°N) with clear temperature biases over these regions, an issue which
could be considered in future development of this ESM. The afforestation implemented
in EC-EARTH in this study could have been improved and made more comparable to
the other ESMs by changing the simulation setup. For example by forcing forest to exist
from the start of the simulation (as was done in MPI-ESM and CESM) instead of allowing
EC-EARTH to model afforestation as default within the dynamic vegetation model LPJ-
GUESS.

The simulations presented here are unique as they combine a multi-model approach with
a direct separation of local and non-local effects. Further analyses could investigate the
effects of LCLMC beyond the seasonal and mean changes in surface properties, heat
fluxes, and temperature. These simulations allow to analyse both the transient response
of LCLMC-induced biogeochemical effects, and the socioeconomic impact from their bio-
geophysical effects. The non-local effects presented here can further be analysed to gain a
better understanding of the circulation changes induced by the LCLMC. A moisture track-
ing analysis could be performed to investigate the effects on global precipitation patterns,
as previous studies showed that Amazonian deforestation could induce a drying of the re-
gion (Lejeune et al., 2015). The local effects diagnosed from these extreme sensitivity
experiments could also be used as training data for less computationally expensive statisti-
cal models to emulate biogeophysical effects arising from less extreme and more realistic
LCLMC scenarios. Overall, we hope that the results of the simulations presented here can
help increase the present understanding of LCLMC and build towards a framework that
facilitates the inclusion of biogeophysical effects of LCLMC in future policy frameworks.
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2.6 Conclusions

In this study, we showed the first results of a new slate of fully-coupled ESM simula-
tions within a multi-model framework targeted at analysing the effects of land cover and
land management change (LCLMC). We simulate the global biogeophysical response to (i)
cropland expansion (ii) afforestation, (iii) irrigation expansion and (iv) wood harvesting,
using the Community Earth System Model (CESM), the Max Planck Institute Earth Sys-
tem Model (MPI-ESM) and the European Consortium Earth System Model (EC-EARTH).
We apply the checkerboard approach of Winckler et al. (2017a) to disentangle the local and
non-local biogeophysiscal effects.

A model evaluation is performed for a global deforestation scenario using the local effects
derived from the ESM simulations and several observational estimates. All ESMs agree
well with the observed annual mean surface temperature change. CESM, however, overes-
timates the albedo in boreal and mid-latitudes, and persistently locates the transition from
local warming to local cooling more south compared to the observations. A soil-induced
effect in EC-EARTH causes a warming in boreal latitudes. MPI-ESM and EC-EARTH
show strong differences in the representation of the turbulent heat fluxes despite their over-
all agreement with observed surface temperature changes.

The biogeophysical effects of idealised LCLMC are shown to be important and non-negligible
to understand the overall climate impact of LCLMC. Deforestation causes a local warming
in the tropics and a cooling over boreal latitudes for all ESMs. For afforestation, a clear
tropical cooling is consistent across ESMs. The non-local effects carry more uncertainty
which may be due to a wider variety of mechanisms at play and due to the strong natural
variability intrinsic to atmospheric processes. However, this would require further inves-
tigation to be confirmed. All ESMs show a strong non-local warming as a consequence
of large-scale afforestation. Irrigation expansion cools the climate both through local and
non-local effects, although the contribution of local and non-local effects to this cooling is
inconsistent across ESMs. Finally, the effect of extensive wood harvesting is shown to be
too small to have a clear imprint on the grid-scale climate.

The driving processes underlying the local surface temperature effects were analysed using
an energy balance decomposition technique. The local surface temperature effects of land-
cover change (both cropland expansion and afforestation) are dominated by the response in
turbulent heat fluxes in the tropics. In the case of afforestation, the albedo is the dominant
factor in boreal latitudes for MPI-ESM and CESM. This is also the case for the local effects
in the cropland expansion experiment for CESM, in contrast to the MPI-ESM where turbu-
lent fluxes dominate in the boreal latitudes. In EC-EARTH, the boreal surface temperature
change could not be explained by the energy balance decomposition, as the boreal warming
is caused by processes that are not included in the simplified version of the surface energy
balance, such as permafrost thawing. Moreover, the strong influence of incoming longwave
radiation indicates that atmospheric properties (such as cloud cover and moisture content)
are strongly related to local surface temperature changes. Both CESM and MPI-ESM agree
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that the main local surface temperature response due to irrigation is driven by a strong in-
crease in latent heat flux which is only partly counteracted by a decrease in sensible heat
flux.

Overall, our results confirm that the biogeophysical effects of LCLMC are an important
factor to consider in future land planning strategies, especially as they reveal the robust im-
portance of non-local climate responses in the context of mitigation potential of land cover
change. In the case of large-scale afforestation specifically, the non-local response could
lead to global-scale unintended warming, in particular over the boreal and mid-latitude
regions.

Data and code availability
CESM is an open source model which can be freely downloaded here (https://ww
w.cesm.ucar.edu/models/cesm2/release_download.html). The
scripts used for the signal separation of the 3 ESMs, the evaluation and the energy bal-
ance decomposition can be found on the github page of the hydrology department of VUB
(https://github.com/VUB-HYDR/2022_De-Hertog_etal_ESD). The data
analysed within this study can be found here https://www.wdc-climate.de/u
i/entry?acronym=DKRZ_LTA_1147_ds00001, the simulation data used in this
paper (more than 180 TB for CESM) will be made available through the dkrz, for those
interested in using these data please contact the authors.

2.7 Supplementary material

2.7.1 Differences in forest fractions in CTL land cover maps
In Figure 2.11 the fraction of deciduous, evergreen and total forest cover are shown for the
3 ESMs. This is to illustrate the differences in the CTL land cover maps which stem from a
different definition of the natural PFTs in each ESM. Although all ESMs are based on the
LUH2 dataset we can still see that there are clear differences in the types of forest modelled
(evergreen or deciduous) but also in the total amount of forest.

https://www.cesm.ucar.edu/models/cesm2/release_download.html
https://www.cesm.ucar.edu/models/cesm2/release_download.html
https://github.com/VUB-HYDR/2022_De-Hertog_etal_ESD
https://www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1147_ds00001
https://www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1147_ds00001
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Figure 2.11: Total amount of forest (%) is shown for the 2015 CTL map for each ESM
displaying different forest types. The amount of deciduous forest for CESM is shown in
panel (a), the amount of evergreen forest in panel (b) and total amount of forest in panel
(c). For MPI-ESM the amount of deciduous forest is shown in panel (d), evergreen forest
in panel (e) and total amount of forest in panel (f). For EC-EARTH the amount of decidu-
ous forest is shown in panel (g), evergreen forest in panel (h) and total amount of forest in
panel (i).
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2.7.2 Irrigation implementation in the different ESMs

MPI-ESM:
- soil moisture of first (0 - 0.065 m) and second (0.065 - 0.319 m) soil layer (out of 5) is
filled up each time step (20-30 minutes) to field capacity if field capacity was not reached
and if enough irrigation water is available in storage.
- irrigation water is stored each time step when the reservoir drops below 0.2 m and filled
up with all available water from (surface) runoff and drainage during that time step.

CESM:
-Irrigation is applied daily at the first timestep after 6AM only when the soil moisture over
all soil layers containing roots falls below a defined target soil moisture which is defined in
order to match present day irrigation. If soil moisture falls below the target soil moisture it
is replenished until at the target soil moisture level.
-The water needed for applying irrigation is taken from river water storage, however when
this is inadequate to meet water demand it can also be subtracted from the ocean model,
therefore no real water availability limit is applied within CLM. -Irrigation is only applied
when the crop leaf area >0, i.e. this means that crops are only irrigated when they are in
there vegetation state (during the growing season).

EC-EARTH:
-In LPJ-GUESS the amount of irrigation is the deficit a crop plant is experiencing. So if a
crop needs an additional amount of water, it is added to the top of the soil column.
-The water comes from nowhere (i.e. unlimited water source).
- The water flux is not communicated to IFS, i.e. irrigation does not affect the surface
water fluxes within the atmosphere. The only effect is that an irrigated crop would have a
higher leaf area index and cover fraction compared to a non-irrigated crop of the same type.

2.7.3 Surface temperature in observational datasets

The comparison of the ESM data and the different observational datasets has some incon-
sistencies as was already described before by Winckler et al. (2019b). From Figure 2.12 it
is apparent that the different datasets do not have the same spatial coverage. Besides this the
calculation of the temperature signal differs across studies. In Alkama and Cescatti (2016)
the observed signal is extracted by looking at changes over time in contrast to the other
studies where this was extracted by comparing nearby locations during the same timestep.
Also different conversion types are considered, in Li et al. (2015) and Duveiller et al. (2020)
a generic forest to open land (both crop and grassland) is considered while in Bright et al.
(2017) only a forest to grass conversion is considered. In Alkama and Cescatti (2016) apart
from forest clearing to grass and crop also windfall events and fires where included in the
analysis. Each dataset also covers different time periods although all datasets only include
data after the year 2000 (hence representing present day conditions) and the total duration
each estimate is based on are similar. All studies provide an estimate of the response of
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Figure 2.12: Annual mean surface temperature is shown for the used observational
datasets. The data from Duveiller et al. (2020) is shown in panel a, from Li et al. (2015) is
shown in panel b, from Alkama and Cescatti (2016) is shown in panel c and from Bright
et al. (2017) is shown in panel d.

Figure 2.13: Total amount of deforestation (%) is shown for the CROP-FRST signal sep-
arated data for CESM in panel (a), MPI-ESM in panel (b) and EC-EARTH (c). Note that
the land cover maps are not interpolated for EC-EARTH.

surface temperature to a full deforestation except Alkama and Cescatti (2016) where actual
deforestation was considered and which had to be converted to a full deforestation signal
by weighting with the deforestation fraction, in order to get robust results only grid cells
where selected where more than 1% of actual deforestation had occurred over the analysis
period considered. For Bright et al. (2017) only data was provided for conversions from
specific forest species, to allow for a consistent comparison to the ESMs these values had
to be weighted using the weights of each forest PFT within the specific ESMs. Therefore,
an estimate of the Bright et al. (2017) data was created representing the different ESMs
there PFT distributions, however, these differed only slightly so an average was taken over
all estimates to be compared across all ESMs.

For the creation of the evaluation plots, the signals from the different datasets was calcu-
lated over all grid cells where data was available as most have a sufficient amount of grid
cells in each latitudinal band. Each dataset was retained at its original resolution for the
calculation of the latitudinal averages in order to avoid interpolation errors. The observa-
tional data could be directly compared to the output from the CROP-FRST signal separated
data as in most grid cells almost a full deforestation occurs as is shown in Figure 2.13. The
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Figure 2.14: Annual mean surface temperature response to full idealised deforestation
(CROP-FRST) of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the
non-local effect (b) and the total effect (c). The latitudinal average of the local (blue),
non-local (yellow) and total (green) signals of CESM (d). (e-h): same as (a-d), but for
MPI-ESM. (i-l): same as (a-d), but for EC-EARTH. The stippling on the maps shows grid
cells where all 5 ensemble members agree on the sign of change.
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Figure 2.15: Annual mean albedo response to full idealised deforestation (CROP-FRST)
of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect
(b) and the total effect (c). (d-f): same as (a-c), but for MPI-ESM. (g-i): same as (a-c), but
for EC-EARTH. The stippling on the maps shows grid cells where all 5 ensemble mem-
bers agree on the sign of change.

corresponding maps showing the local, non-local and total surface temperature effects are
shown in Figure 2.14.

2.7.4 Signal separated albedo response
The albedo response (local, non-local and total) are shown for the CROP-FRST case in
Figure 2.15. This clearly illustrates a peculiar feature related to the EC-EARTH model,
while albedo change is mainly local (as is the case for MPI-ESM and CESM) it is com-
pletely non-local for EC-EARTH. The colorbar range was chosen to clearly show all (even
small) changes in albedo. It shows that the albedo change has a dominant local component
for CESM and a smaller non-local component, MPI-ESM only shows a local contribution
with no non-local effect and EC-EARTH only shows a non-local contribution.
This is further illustrated by Figure 2.16 where the latitudinal averages of the local, non-
local and total effects are compared to the observational datasets from Duveiller et al.
(2020) and Li et al. (2015). This again illustrates what was mentioned above, i.e. there is no
local component of albedo change for EC-EARTH while this is the dominant component
for MPI-ESM and CESM. However it also clearly shows that even when total effects are
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Figure 2.16: Latitudinal evaluation of annual mean albedo derived from full deforesta-
tion experiments (CROP-FRST) for CESM (blue), MPI-ESM (green) and EC-EARTH
(yellow) with only the local effect shown in panel a, only the non-local effect in panel b,
and the total effect in panel c. Note that for all ESMs a running latitudinal mean of 2° was
computed. The observational data is shown in grey colours as a reference (Li et al., 2015;
Duveiller et al., 2020).
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considered EC-EARTH strongly underestimates albedo change compared to the observa-
tional datasets. This is especially important in the boreal latitudes where EC-EARTH does
show a slight increase in the NH, however this effect is still less than half as strong as the
observational datasets indicate. Due to the specific simulation setup used in this study EC-
EARTH is not able to grow sufficient amounts of vegetation to cause a clear local albedo
effect, only non-local effects are visible for this ESM. In CESM and MPI-ESM this issue
does not occur as the land cover change immediately implements a physical forest and the
related land surface properties without the need for these to grow. It should be noted that
due to this issue, EC-EARTH has undergone less land cover change in the CROP-FRST
case compared to the other ESMs as the FRST simulation for this ESM showed very little
afforestation amounts (see Figure 2.1) and these forests are only established to a limited
extent causing smaller biophysical effects on the atmosphere.

2.7.5 Signal separated response of turbulent heat fluxes, albedo and
cloud cover for the different LCLM



2.7. SUPPLEMENTARY MATERIAL 59

Figure 2.17: Annual mean near-surface temperature response to cropland expansion
(CROP-CTL) of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the
non-local effect (b) and the total effect (c). The latitudinal average of the local (blue),
non-local (yellow) and total (green) signals of CESM (d). (e-h): same as (a-d), but for
MPI-ESM. (i-l): same as (a-d), but for EC-EARTH. The stippling on the maps shows grid
cells where all 5 ensemble members agree on the sign of change.
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Figure 2.18: Annual mean albedo response to cropland expansion (CROP-CTL) of
CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect
(b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow)
and total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same
as (a-d), but for EC-EARTH. The stippling on the maps shows grid cells where all 5 en-
semble members agree on the sign of change.
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Figure 2.19: Annual mean latent heat flux response to cropland expansion (CROP-CTL)
of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect
(b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow)
and total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same
as (a-d), but for EC-EARTH. The stippling on the maps shows grid cells where all 5 en-
semble members agree on the sign of change.
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Figure 2.20: Annual mean sensible heat flux response to cropland expansion (CROP-
CTL) of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local
effect (b) and the total effect (c). The latitudinal average of the local (blue), non-local
(yellow) and total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM.
(i-l): same as (a-d), but for EC-EARTH. The stippling on the maps shows grid cells where
all 5 ensemble members agree on the sign of change.
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Figure 2.21: Annual mean cloud cover response to cropland expansion (CROP-CTL) of
CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect (b)
and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and
total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same as
(a-d), but for EC-EARTH. The stippling on the maps shows grid cells where all 5 ensem-
ble members agree on the sign of change.
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Figure 2.22: Annual mean near-surface temperature response to afforestation (FRST-
CTL) of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local
effect (b) and the total effect (c). The latitudinal average of the local (blue), non-local
(yellow) and total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM.
(i-l): same as (a-d), but for EC-EARTH. The stippling on the maps shows grid cells where
all 5 ensemble members agree on the sign of change.
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Figure 2.23: Annual mean albedo response to afforestation (FRST-CTL) of CESM, MPI-
ESM and EC-EARTH. The local effect in CESM (a), the non-local effect (b) and the total
effect (c). The latitudinal average of the local (blue), non-local (yellow) and total (green)
signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same as (a-d), but for
EC-EARTH. The stippling on the maps shows grid cells where all 5 ensemble members
agree on the sign of change.
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Figure 2.24: Annual mean latent heat flux response to afforestation (FRST-CTL) of
CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect
(b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow)
and total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same
as (a-d), but for EC-EARTH. The stippling on the maps shows grid cells where all 5 en-
semble members agree on the sign of change.
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Figure 2.25: Annual mean sensible heat flux response to afforestation (FRST-CTL) of
CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect (b)
and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and
total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same as
(a-d), but for EC-EARTH. The stippling on the maps shows grid cells where all 5 ensem-
ble members agree on the sign of change.
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Figure 2.26: Annual mean cloud cover response to afforestation (FRST-CTL) of CESM,
MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect (b) and
the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and total
(green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same as (a-
d), but for EC-EARTH. The stippling on the maps shows grid cells where all 5 ensemble
members agree on the sign of change.
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Figure 2.27: Annual mean near-surface temperature response to irrigation expansion
(IRR-CROP) of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the
non-local effect (b) and the total effect (c). The latitudinal average of the local (blue),
non-local (yellow) and total (green) signals of CESM (d). (e-h): same as (a-d), but for
MPI-ESM. (i-l): same as (a-d), but for EC-EARTH. The stippling on the maps shows grid
cells where all 5 ensemble members agree on the sign of change.
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Figure 2.28: Annual mean albedo response to irrigation expansion (IRR-CROP) of
CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect
(b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow)
and total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same
as (a-d), but for EC-EARTH. The stippling on the maps shows grid cells where all 5 en-
semble members agree on the sign of change.
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Figure 2.29: Annual mean latent heat flux response to irrigation expansion (IRR-CROP)
of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect
(b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow)
and total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same
as (a-d), but for EC-EARTH. The stippling on the maps shows grid cells where all 5 en-
semble members agree on the sign of change.
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Figure 2.30: Annual mean sensible heat flux response to irrigation expansion (IRR-
CROP) of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-
local effect (b) and the total effect (c). The latitudinal average of the local (blue), non-
local (yellow) and total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-
ESM. (i-l): same as (a-d), but for EC-EARTH. The stippling on the maps shows grid cells
where all 5 ensemble members agree on the sign of change.
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Figure 2.31: Annual mean cloud cover response to irrigation expansion (IRR-CROP) of
CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local effect (b)
and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and
total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same as
(a-d), but for EC-EARTH. The stippling on the maps shows grid cells where all 5 ensem-
ble members agree on the sign of change.
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Chapter 3

Effects of idealised land cover and
land management changes on the
atmospheric water cycle

Land cover and land management changes (LCLMC) play an important role in land-based
mitigation. However, their effects on moisture fluxes and recycling remain uncertain. Here,
we analyse the impact of idealised LCLMC scenarios on atmospheric moisture transport
in three different ESMs (CESM, MPI-ESM and EC-EARTH). The LCLMC scenarios com-
prise of a full cropland world, a fully afforested world, and a cropland world with unlimited
irrigation expansion. The effects of these LCLMC in the different ESMs are analysed for
precipitation, evaporation and vertically integrated moisture flux convergence to under-
stand the LCLMC-induced changes in the atmospheric moisture cycle. Then, a moisture
tracking algorithm is applied to assess the effects of LCLMC on moisture recycling at the
local (grid cell level) and the global scale (continental moisture recycling). Our results
indicate that LCLMC are generally inducing consistent feedbacks on moisture fluxes over
land in all ESMs. Cropland expansion causes decreased evaporation and precipitation and
reduced local moisture recycling in all ESMs, with the opposite effect for afforestation and
irrigation expansion. However, the strength of this influence varies in time and space and
across the ESMs and shows a strong dependency on the dominant driver: a dominance
of large-scale atmospheric circulation changes against a dominance of local to regional
changes in the atmospheric water cycle. Overall, these results show that more research is
needed to constrain the uncertainty of these effects within ESMs.

This chapter is currently under review in Earth System Dynamics as: De Hertog S. J.,
Lopez-Fabara C. E., van der Ent R., Keune J., Miralles D. G., Portmann R., Schemm S.,
Havermann F., Guo S., Luo F., Manola I., Lejeune Q., Pongratz J., Schleussner C.-F.,
Seneviratne S. I., Thiery W. (2023) Effects of idealised land cover and land management
changes on the atmospheric water cycle. Earth System Dynamics, under review
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3.1 Introduction

Currently, about three quarters (∼100 *106 km2) of the ice-free land surface has undergone
some kind of anthropogenic land cover or land management change (LCLMC) (Luyssaert
et al., 2014; Mbow et al., 2017). All these modifications are important drivers of climate
change as they alter the carbon cycle (biogeochemical effects) and affect surface proper-
ties, which impact the energy and water balance (biogeophysical effects) (Bonan, 2008;
Pongratz et al., 2021, 2010) and feed back on the local to global climate (Winckler et al.,
2019b; Boysen et al., 2020; Portmann et al., 2022; De Hertog et al., 2023). Therefore,
future LCLMC are increasingly seen as a viable tool for land based mitigation and play a
crucial role within low warming emission scenarios (Rogelj et al., 2018; Seneviratne et al.,
2018). Hence, exploring and understanding the extent to which LCLMC influence climate
has become key to develop effective mitigation and adaptation strategies (Lawrence et al.,
2016).

From a biogeophysical perspective, LCLMC lead to changes in the albedo, aerodynamic
conductance and the partitioning between the sensible and latent heat flux which has an im-
pact on atmospheric temperature and moisture content (Bowen, 1926; Wang et al., 2009).
For example, tropical deforestation is expected to further dry and warm the regional climate
(Bonan, 2008; Akkermans et al., 2014; Spracklen et al., 2018). In contrast, irrigation ex-
pansion can cause a local to regional cooling and moistening of the atmosphere (Mahmood
et al., 2014; Thiery et al., 2017, 2020; Hauser et al., 2019; Tuinenburg et al., 2014). Evapo-
ration, being the link between the surface energy and the water balance (Shukla and Mintz,
1982), modulates the influence of LCLMC on atmospheric conditions (van der Ent et al.,
2010; Spracklen et al., 2012). Tracking the origins of precipitation back to evaporation
and determining the fraction of terrestrial precipitation that originates from land — here
referred to as continental precipitation recycling (van der Ent et al., 2010) — can increase
our understanding of the effects of future LCLMC on the climate. On the other hand, the
fate of land evaporation can be determined and illustrates the reach of local LCLMC; the
fraction of terrestrial evaporation precipitating over land is often referred to as continen-
tal evaporation recycling (van der Ent et al., 2010). Even though, it is well established
that LCLMC can affect these moisture recycling strengths (Wang-Erlandsson et al., 2018;
Benedict et al., 2020) — i.e., the degree to which terrestrial precipitation depends on land
evaporation — this is rarely quantified within dedicated ESM studies. Most studies that
quantify the effects of LCLMC on the atmospheric moisture cycle focus on the changes in
moisture fluxes, but often cannot unravel the role of local and continental moisture recy-
cling in these differences (Tuinenburg et al., 2020; Hoek van Dijke et al., 2022; Baudena
et al., 2021; Wunderling et al., 2022; Staal et al., 2018). Those studies that do account
for moisture recycling in assessing the effects of LCLMC generally apply reanalysis based
recycling ratios (Tuinenburg et al., 2020; Hoek van Dijke et al., 2022; Baudena et al., 2021;
Wunderling et al., 2022; Staal et al., 2018) which do not include the two-way feedbacks
of circulation changes and the water cycle. By analysing dedicated ESM simulations for
LCLMC we are able to address these shortcomings and include the effects of atmospheric
circulation changes on moisture recycling.
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Idealized or extensive implementations of LCLMC within ESM simulations are used to
cope with weather-induced noise that dampens climatic responses (Winckler et al., 2017a;
Boysen et al., 2020). Within such simulations, large-scale atmospheric circulation changes
have been shown to occur as a consequence of LCLMC (Goessling and Reick, 2011; Boy-
sen et al., 2020; Portmann et al., 2022; Devaraju et al., 2018; Laguë et al., 2019). However,
most studies have only focused on one LCLMC type (e.g. Boysen et al., 2020; Laguë et al.,
2019; Devaraju et al., 2018)) and only used a single ESM (e.g. Portmann et al., 2022; de
Vrese et al., 2016). Further, these studies generally cannot distinguish explicitly between
the influence of local processes (directly induced by the LCLMC) and non-local or remote
processes (induced by LCLMC elsewhere, including circulation and advection changes).
The study of De Hertog et al. (2023) presented a first multi-model intercomparison us-
ing three different ESMs and four different LCLMC types in which a clear distinction
between local and non-local biogeophysical effects was established through the checker-
board LCLMC implementation as developed by Winckler et al. (2017a). These simulations
facilitated the comparison of the climate changes induced by different LCLMC types and
to grasp the multi-model uncertainty.

Here, we assess the atmospheric water cycle responses to idealised LCLMC scenarios us-
ing global simulations of three different ESMs (De Hertog et al., 2023). The simulations
comprise different idealised LCLMC scenarios — from afforestation, over cropland expan-
sion to irrigation expansion — and have been implemented in a checkerboard pattern. The
simulation setup and the moisture tracking algorithm and its derived metrics are described
below (Section 3.2). We first analyse the ESM output for changes in the atmospheric wa-
ter cycle including evaporation, precipitation, and atmospheric moisture flux convergence
(Section 3.3.1). Second, we analyse the moisture tracking algorithm output to assess the
direct effects of LCLMC on moisture recycling and unravel local and remote drivers of the
analysed moisture flux changes. This is done on a local scale using the concept of ’length
scales’ of moisture recycling (Section 3.3.2), and on a continental scale using continental
recycling ratios (Section 3.3.3). Finally we highlight the most important findings and im-
plications of this research (Section 3.4 and 3.5).

3.2 Methods

3.2.1 ESM simulations

The ESM simulations analysed here were conducted within the LAnd MAnagement for
CLImate Mitigation and Adaptation (LAMACLIMA) project and are presented in detail in
De Hertog et al. (2023). In this project, different sensitivity experiments were performed for
three ESMs, i.e., the Community Earth System Model version 2.1.3 (CESM), the European
Community Earth-System Model 3-Veg v3.3.3.1 (EC-EARTH), and the Max-Planck Insti-
tute Earth System Model 1.2 low resolution (MPI-ESM). See De Hertog et al. (2023) for
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detailed model descriptions. The experiments comprise four simulations of LCLMC sce-
narios. One scenario is the control case (hereafter referred to as CTL), which is conducted
with a constant land cover corresponding to the year 2015. The three remaining scenarios
represent an extreme case of single specific LCLMC, namely afforestation (FRST), crop-
land expansion (CROP), and irrigation expansion (IRR). Here, irrigation is applied on top
of the cropland expansion. Thus, while the impact of afforestation and cropland expansion
is always evaluated with respect to the control simulation (i.e., differences are calculated
as FRST–CTL and CROP-CTL), the impact of irrigation is evaluated with respect to the
cropland expansion simulation (IRR-CROP). All simulations cover a period of 160 years
under a present-day climate forcing (corresponding to the year 2015). Note that a simula-
tion including the effects of wood harvesting was also included in De Hertog et al. (2023),
however this is not included here as the biogeophysical effects were shown to be too small.

The LCLMC scenarios are generated from the CTL scenario land cover by inducing the
LCLMC in a checkerboard-like pattern as presented in Winckler et al. (2017a). The re-
sulting LCLMC is shown in Figure 3.1. This implies that the different LCLMC are imple-
mented in every other pixel (i.e. only 50% of hospitable land grid cells have undergone
LCLMC), while all other forcings (i.e. greenhouse gas, stratospheric aerosols,...) remain
identical to the initial CTL scenario configurations. Even though, a structured approach
was taken to implement the LCLMC in the different ESMs, the geographical extent of
irrigation and afforestation differs strongly among different ESMs due to each model’s na-
tive schemes on irrigation and the transition to forest. This is especially the case for the
EC-EARTH afforestation simulation, in which the afforestation simulated was extremely
low compared to the other ESMs (Figure 3.1d,e,f). Therefore, the afforestation scenario
from EC-EARTH is not considered in this study. Likewise, large discrepancies regarding
the simulated irrigation expansion are related to different irrigation parameterisations being
implemented in the different ESMs (see section 3.6.2 in De Hertog et al., 2023). Within the
model version of EC-EARTH used in this study, irrigation does not cause any biogeophys-
ical feedbacks such that it does not induce any feedbacks on atmospheric moisture. Hence,
the irrigation expansion scenario from EC-EARTH is also not considered in this study.

This checkerboard-like implementation of the LCLMC enables a signal separation of the
ESM response into local and non-local components (Winckler et al., 2017a; De Hertog
et al., 2023). The local effects refer to changes directly induced by the LCLMC within
the grid cell while the non-local effects refer to changes induced by LCLMC elsewhere
through changes in atmospheric circulation or advection. This separation is only appli-
cable to (near-)surface variables and not to variables representing processes that extend
higher into the atmosphere, as there is mixing between different grid cells above the sur-
face. Therefore, the signal separation is not applied to the results for which atmospheric
variables were used. Instead, we analyse the ESM output directly which represents an ex-
treme case of LCLMC applied in a checkerboard pattern. For the variables where signal
separation can be applied, we provide the figures in section 3.6.1 to support interpretations
of these signals. All calculations are applied at each ESM’s native spatial resolution (lat-
itude x longitude) (MPI-ESM: 1.88° x 1.88°, CESM: 0.90° x 1.25°, EC-EARTH: 0.7°x
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Figure 3.1: Land cover and land management changes as implemented in the three dif-
ferent ESMs. Cropland expansion (CROP-CTL ; a, b, c), afforestation (FRST-CTL ; d,
e, f), and irrigation expansion (IRR-CROP ; g, h, i) implemented in CESM, MPI-ESM,
and EC-EARTH, respectively. Both, cropland expansion and afforestation, are shown as a
change in area fraction (%) while irrigation expansion is shown through the irrigation flux
in mm/year.

0.7°).

3.2.2 LCLMC-induced impact on the net water fluxes

To understand the net change in the atmospheric water cycle induced by the different
LCLMC, we first analyse their effects on evaporation and precipitation and compare them
to the reference simulation of each LCLMC scenario. In addition, the vertically integrated
moisture flux convergence (MFC) is computed using the basic principles of conservation
of water vapor (Banacos and Schultz, 2005; Cook, 2009; Thiery et al., 2016; Van de Walle
et al., 2020), as shown in Eq. 3.1 below.

P−E ≈− 1
gρw

pTOA∫
ps

(
~∇ ·q~v

)
d p (3.1)

Where g is the gravitational acceleration [m/s2], ρw is the density of water (1000 kg/m3),
ps and pTOA is the pressure at surface level and top of the atmosphere respectively, q
represents the specific humidity of an air parcel [kg/kg],~v its horizontal wind vector [m/s],
P is the precipitation flux per unit area [m/s], E is the surface evaporation flux per unit
area [m/s]. ∇ · (q~v) is the atmospheric moisture convergence from the surface to the top of
the atmosphere (TOA). The MFC is computed based on 6-hourly data along the available
pressure levels of each ESM. For EC-EARTH, only eight atmospheric levels were available,
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which is insufficient to compute MFC. Hence, P−E is used as a proxy for the MFC in EC-
EARTH. Over land, MFC or P−E are often used a proxy for water availability (Van de
Walle et al., 2020; Thiery et al., 2016), and changes of these measures can help understand
the impacts of LCLMC on the redistribution of water over land.
The comparison of P, E, and MFC changes with respect to the corresponding reference
simulation is performed for the three different LCLMC scenarios, i.e., cropland expansion,
afforestation, and irrigation. We focus on annual mean values for the analysis. However,
seasonal means (DJF: December, January, February; JJA: June, July, August) are shown in
section 3.6.2.

3.2.3 Moisture tracking analysis

To further quantify the direct influence of LCLMC on precipitation and unravel the reach
of locally-induced LCLMC on precipitation and water availability, we perform a mois-
ture tracking analysis. Here, we apply the Eulerian moisture tracking model WAM-2layers
(van der Ent et al., 2014; Benedict et al., 2020) to identify the origin of precipitation and the
fate of evaporation in the ESM simulations and to evaluate the impact of LCLMC-induced
evaporation changes on precipitation and water availability. The output of WAM-2layers
is then used to compute several metrics relevant to moisture recycling, which can help un-
cover LCLMC-induced effects within the different ESMs. In this study, we focus on two
spatial scales of moisture recycling: (i) local recycling and (ii) continental recycling. Fur-
ther, as local moisture recycling is defined on the grid-cell area of each ESM, which differs
by definition (see section 3.2.1), additional scale-independent metrics are used. Evapora-
tion and precipitation length scales (van der Ent et al., 2010) illustrate the distance that
moisture travels on average to or from a given grid cell. In the following, all recycling
metrics are presented at annual time scales. Details on the setup of WAM-2layers and the
definition of moisture recycling metrics are presented in more detail in the following sec-
tions.

WAM-2layers

A moisture tracking algorithm, the Water Accounting Model - 2 layers (WAM-2layers,
van der Ent et al. (2014)), is applied to analyse the effects of the different LCLMC on
moisture recycling. We use a recent version of this algorithm, which was modified to
ingest climate model data with limited vertical levels (Benedict et al., 2020). This moisture
tracking algorithm uses an Eulerian approach to solve the atmospheric moisture balance
over each grid cell and a specified time step (van der Ent et al., 2014). Model outputs
comprise the origins of precipitation or evaporation at the local scale or continental scale
depending on which tracking is performed, and facilitate the quantification of local and
continental moisture recycling measures (van der Ent et al., 2010; van der Ent et al., 2014,
see below). The algorithm has been applied numerous times in recent years for ESM output
(Benedict et al., 2020; Guo et al., 2020; Findell et al., 2019; Bosmans et al., 2020). Since
for tracking the moisture, the computational power required does not depend on the size
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of the region, it is specifically suitable for moisture recycling of climatologies in contrast
to the Lagrangian tracking schemes, whose computational demand scales linearly with the
size of the region of interest (Van der Ent et al., 2013).
Here, the surface and atmospheric data from all ESM simulations at the original spatial res-
olution (see section 3.2.1) and the finest temporal resolution (CESM: 6 hours, MPI-ESM:
3 hours for surface variables and 6hr for atmospheric variables, EC-EARTH: 6 hours for
surface variables and daily for atmospheric variables) are used as inputs for WAM-2layers.
To avoid stability problems related to the numerical discretisation in WAM-2layers (van der
Ent et al., 2014), all ESM forcings are linearly interpolated to 15-min time steps. The mois-
ture tracking is applied to the last 30 years within the 160-year simulation period.

Local moisture recycling

Here, two definitions of moisture recycling are used. First, the local precipitation recycling
ratio ρr, i.e. the fraction of precipitation over a region r that originates from evaporation
over the same region (see Eq. 3.2), is calculated. The remaining fraction of precipitation
over that region (i.e., 1−ρr) originates from evaporation upwind that is advected into the
region r, and can be of either land or oceanic origin. Second, the local evaporation recycling
ratio εr, i.e. the fraction of evaporation from a region r that falls as precipitation over the
same region (see Eq. 3.3), is used. The remaining fraction of local evaporation (1− εr) is
transported away from the region and falls downwind of that region as precipitation.
Using the output from WAM-2layers, precipitation over the region r with area Ar, here
referred to as P, can be separated into the precipitation originating from the same region
(Pr) and the remaining precipitation that originates from upwind regions (Pa), so that P =
Pr +Pa. Using these outputs, the local precipitation recycling ratio can be calculated as

ρr =
Pr

P
. (3.2)

Similarly, the local evaporation recycling ratio can be calculated using evaporation from
the region r, here referred to as E, and the evaporation that falls as precipitation over the
same region (Er), i.e.

εr =
Er

E
. (3.3)

Both local recycling definitions are subject to the area of the region considered (Ar). Here,
local recycling is defined on the area of a grid cell. It is noted that this area varies with
latitude per definition and, in addition, varies for the ESM simulations employed here (see
section 3.2.1). The differences between local recycling ratios thus need to be interpreted
with caution and are not comparable across different data sources or ESMs. To overcome
these shortcomings we compute length scales and continental recycling ratios.

Precipitation and evaporation length scales

To assess local moisture recycling independently of the ESM, we compute the length scale
of moisture recycling as introduced by van der Ent and Savenije (2011). Length scales
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overcome one of the major shortcomings of regional recycling ratios, which are strongly
dependent on the shape and scale of the source region they are computed over (van der
Ent and Savenije, 2011). Length scales of local moisture recycling are scale-independent
and give an indication of a process-based distance over which moisture will travel on av-
erage to or from a given grid cell under local hydrological and climatological conditions
(van der Ent and Savenije, 2011). Hence they should not be interpreted as actual travel
distance, but rather a process based metric of moisture recycling strength using distance
units (km). Length scales can be linked to the strength of land–atmosphere feedback and
they are comparable to other metrics of land atmosphere feedback (e.g. Seneviratne et al.,
2010; Santanello Jr et al., 2018). A short length scale indicates that moisture does not
travel far and that local land-atmosphere feedbacks may play a role. On the other hand, a
long length scale indicates that moisture originates from far away or travels far once evap-
orated, and that local recycling is lower. Like local recycling ratios, the length scales can
be calculated from a precipitation- or an evaporation-centric perspective (i.e., precipitation
recycling ratios λρ or evaporation recycling ratios λε ). Here the precipitation length scale
represents the process distance for precipitation raining down in a given grid cell and the
evaporation length scale represents the process distance evaporation from a given grid cell
travels before precipitating. Both length scales (km) can be derived from the local recycling
ratios presented above (see section 3.2.3), which are computed at the grid scale level, and
the distance travelled along an atmospheric streamline (Dominguez et al., 2006). For the
complete derivation of how length scales are defined we refer to van der Ent and Savenije
(2011).

Continental moisture recycling

To study the continental contribution to moisture recycling, we compute the continental re-
cycling ratios. Analogous to previous studies (e.g. Brubaker et al., 1993; van der Ent et al.,
2010; Gimeno et al., 2012; Findell et al., 2019; Gimeno et al., 2020), we define continental
precipitation recycling ratio ρc as the fraction of precipitation over land that originates from
land evaporation. The precipitation recycling ratio answers the question ’how much of the
moisture precipitating over land originates from land?’. The remaining fraction (1−ρc) of
the precipitation over land originates from evaporation over oceans. Similarly, continental
evaporation recycling ratio εc is defined as the fraction of land evaporation that falls as
precipitation over land. In contrast to the local recycling ratios, continental recycling ratios
refer to the same area, i.e. the area of all continental land regions Ac, which facilitates a
direct comparison of recycling ratios between the ESMs with different spatial resolution
employed here. Continental evaporation and precipitation are computed by tracking all
continental moisture fluxes at the same time, which differs from how this metric is com-
puted in Lagrangian moisture tracking algorithms.
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3.3 Results

3.3.1 Changes in atmospheric moisture fluxes due to LCLMC

All ESMs generally show a decrease in evaporation over land due to cropland expansion
and an increase in evaporation due to afforestation and irrigation expansion (Figure 3.2).
However, some of the ESMs’ regional signals deviate from this general pattern. For crop-
land expansion (Figure 3.2a,d,g), CESM and MPI-ESM simulate a quasi-global decrease
in evaporation over all land areas. However, some regions also show an increase such as
central U.S. in CESM, as well as East Africa and western Australia in MPI-ESM. The ef-
fects over the mid-latitudes exhibit a strong seasonality, with an increase in evaporation
in JJA and a decrease in DJF. This impact is clearly visible in CESM and also slightly
visible in MPI-ESM (Figure 3.15 and Figure 3.16). In EC-EARTH, the annual patterns
are less clear, with a strong decrease in evaporation following cropland expansion over
tropical forests and a slight decrease over the mid-latitudes, but a clear increase over sub-
tropical and tropical regions, such as the Sahel, East Africa, India and Australia. Moreover,
all models clearly distinguish between feedbacks over deforested grid cells and those that
have remained unaltered, following the checkerboard implementation of LCLMC (see sec-
tion 3.2.1). There are deforested patches that show a distinct decrease in evaporation while
the nearby unaltered grid cells instead show a strong increase. This is also confirmed by
Figure 3.9 which shows the signal-separated effects of evaporation for the cropland expan-
sion simulations. Using the checkerboard implementation to separate local and non-local
effects, EC-EARTH simulates a clear local decrease in evaporation due to cropland expan-
sion, while the non-local effect cause an increase in evaporation over the tropics, resulting
in attenuated net effects as shown in Figure 3.2. This dampening effect from non-local
feedbacks on locally induced evaporation decreases is also present to a much smaller ex-
tent in MPI-ESM in eastern US, the boreal latitudes, and parts of the tropics as well as in
CESM in few parts of the tropics (see Figure 3.9).

Regarding afforestation, CESM and MPI-ESM show opposite patterns compared to crop-
land expansion, with mostly an increase in evaporation (Figure 3.2b,e). However, in CESM
the Northern-Hemisphere extra-tropics and the Sahel show a clear increase in annual evap-
oration due to afforestation, whereby the increase in the extra-tropics is clearly seasonal
(JJA) (Figure 3.15 and Figure 3.16). Over the North Atlantic, CESM simulates a wide-
spread and strong decrease of evaporation, which may be linked to the widespread cooling
of the North Atlantic in this ESM (De Hertog et al., 2023).

Regarding irrigation expansion, both models (CESM and MPI-ESM) strongly agree on the
sign of evaporation change over land and simulate a global increase (Figure 3.2c,f). Dif-
ferences between both ESMs are mostly related to the extent to which irrigation is applied
within the different ESMs (see Figure 3.1). Moreover, in some regions such as the bo-
real latitudes, the Sahel and Central Europe, MPI-ESM simulates a decrease in evaporation
over unaltered grid cells due to the non-local effects induced by irrigation expansion (see
Figure 3.11).
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Figure 3.2: The mean annual impacts of land cover and land management changes on
evaporation (mm/day), for cropland expansion (CROP-CTL; a,d), afforestation (FRST-
CTL; b,e) and irrigation expansion(IRR-CROP; c,f) for CESM and MPI-ESM respec-
tively. Cropland expansion for EC-EARTH is shown in (g).

Figure 3.3: The mean annual impacts of land cover and land management changes on
precipitation (mm/day), for cropland expansion (CROP-CTL; a,d), afforestation (FRST-
CTL; b,e) and irrigation expansion(IRR-CROP; c,f) for CESM and MPI-ESM respec-
tively. Cropland expansion for EC-EARTH is shown in (g).



3.3. RESULTS 85

The effects of LCLMC on precipitation are less distinct across the models, but some re-
gionally consistent patterns emerge (Figure 3.3). Globally, cropland expansion causes a
decrease in precipitation while afforestation and irrigation expansion cause an increase.
Under the cropland expansion scenario, there is a decrease of precipitation over land in
MPI-ESM (Figure 3.3b), mostly generated by locally-induced feedbacks (Figure 3.12).
CESM also simulates a decrease of precipitation over most land areas, except for Central
America, the Congo basin and Eastern Africa (Figure 3.3a), which are mostly influenced
by non-local feedbacks of cropland expansion (Figure 3.12). The patterns of precipitation
changes around the tropics in CESM are similar to those found in Portmann et al. (2022).
In their study, Portmann et al. (2022) showed that deforestation in CESM is cooling the
Northern extra-tropics, which leads to changes in the intensity of the Hadley cell and the
position of the intertropical convergence zone, which could also explain the simulated pat-
tern here. In line with CESM, the cropland expansion simulation with EC-EARTH simulate
the largest changes in precipitation over the ocean and forest areas within the tropics. How-
ever, there is a shift of these changes that is causing less precipitation north of Australia
and more precipitation over the tropical Pacific. The strongest feedbacks are again found
over the tropical forests, where local feedbacks cause a decrease in precipitation in central
South America in all ESMs. However, EC-EARTH also simulates a strong increase of pre-
cipitation in neighboring, unmodified grid cells due to non-local feedbacks (Figure 3.12).

Afforestation is causing widespread increases in precipitation over land (Figure 3.3b,e).
This increase is quasi-global in MPI-ESM, while in CESM some areas show a precipi-
tation decrease, such as the Indian subcontinent, the Sahel, and Europe. In CESM, the
afforestation-induced precipitation differences over the intertropical convergence zone are
again similar to those found by Portmann et al. (2022), indicating that shifts of the large-
scale circulation determine the precipitation patterns in this ESM. This finding is corrob-
orated by the fact that afforestation-induced feedbacks are again more local in MPI-ESM
while the feedbacks simulated by CESM are almost completely non-local (see Figure 3.13).

For the irrigation expansion scenario, all models simulate a global increase in precipitation.
In CESM, it is apparent that Southeast Asia is an exception to this pattern and shows a clear
reduction of precipitation despite being an area of large-scale irrigation. This finding might
be linked to the hypothesis that the regional temperature decreases as a consequence of
irrigation expansion (De Hertog et al., 2023), further causing a weakening of the Indian
summer monsoon and a decrease of precipitation over large parts of the continent, a feed-
back mechanism that has also been documented in previous studies (de Vrese et al., 2016;
Guimberteau et al., 2012; Thiery et al., 2017). This decrease in precipitation over India is
to some extent also present in MPI-ESM, although it is not as strong as in CESM. How-
ever, for both ESMs it is clear that the response over this region is mostly non-local (see
Figure 3.14) and occurs mainly during JJA (Figure 3.17 and Figure 3.18).
The effects of LCLMCs on MFC show substantial regional difference between CESM and
MPI-ESM (Figure 3.4). Overall, the patterns in MFC are highly similar to those seen for
precipitation (Figure 3.3) which indicates that these precipitation changes are likely driven
by the changes in MFC. Under cropland expansion, the shifts in precipitation bands for
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Figure 3.4: The mean annual impacts of land cover and land management changes on
Moisture Flux Convergence (MFC) in mm/day, for cropland expansion (CROP-CTL; a,d),
afforestation (FRST-CTL; b,e) and irrigation expansion(IRR-CROP; c,f) for CESM and
MPI-ESM respectively. For EC-EARTH the P-E plots are available in section 3.6.3.

CESM are likely caused by the effects in MFC over those areas. Decrease in MFC over the
Amazon and India, while Central South America and Central Africa show a clear increase
in MFC, and consequently an increase in precipitation. In MPI-ESM, there is generally a
decrease in MFC as a consequence of cropland expansion (Figure 3.4a,c), which appears
to be related to changes in the areas where the largest LCLMC occurred (which confirms
the mainly local precipitation changes shown in Figure 4A). In EC-EARTH, we see a gen-
eral increase of P−E, used here as proxy for MFC, over the unaltered patches while the
deforested patches show a clear decrease over the tropics (see Figure 3.19g). Regarding
afforestation (Figure 3.4b,e), the patterns in MFC are less strong in CESM with an increase
over Brazil and parts of East Africa and a decrease over the Sahel and southern Africa.
In MPI-ESM, there is generally an increase in MFC over land. Following irrigation ex-
pansion (Figure 3.4c,f), there is generally a decrease in MFC over land for both ESMs.
This decrease in MFC is especially strong over Southeast Asia in CESM but is also appar-
ent for MPI-ESM and could explain the precipitation decreases shown over this region in
Figure 3.3 further confirming the weakened Indian Summer Monsoon hypothesis.

3.3.2 Changes in local precipitation and evaporation length scales due
to LCLMC

To unravel the direct impact of LCLMC-induced evaporation changes on the precipita-
tion over land (and the other way around), we evaluate the outputs from WAM-2layers and
illustrate local evaporation and precipitation length scales for each model and LCLMC sce-
nario. An overview of consistent patterns for change in moisture fluxes and length scales is
shown in Table 3.1. Even in their control simulations, the different ESMs show very differ-
ent magnitudes of length scales of moisture recycling, both for the precipitation length scale
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(Figure 3.5) and the evaporation length scale (Figure 3.6). CESM shows the largest length
scales indicating that the importance of local recycling is relatively small. EC-EARTH, in
contrast, generally shows very low values of the length scale indicating that local recycling
is more important within this ESM. Despite the large differences in magnitude between the
length scales of the different ESMs, the spatial patterns are quite similar. The precipitation
length scale is smallest over tropical rainforests and mountain ranges (see for example the
Tibetan Plateau) indicating that these locations mostly get precipitation from nearby evap-
oration. These patterns also occur for the evaporation length scale, although here locations
with a dry and continental climate such as Siberia and Greenland also show very low val-
ues. This implies that evaporation occurring within these locations generally precipitates
nearby.
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Figure 3.5: The annual mean precipitation length scale (km) for the control (CTL) simu-
lation in CESM (a), MPI-ESM (b) and EC-EARTH (c). The effect of cropland expansion
(CROP-CTL) on the annual mean precipitation length scale is shown for CESM (d), MPI-
ESM (e) and EC-EARTH (f). The effect of afforestation (FRST-CTL) is shown for CESM
(g) and MPI-ESM (h) and finally the effect of irrigation expansion (IRR-CROP) is shown
for CESM (i) and MPI-ESM (j). Note that in the difference plots in (d)–(j), the areas with
a reference evaporation length scale higher than 10000 km are cropped out.
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Figure 3.6: The annual mean evaporation length scale (km) for the CTL simulation in
CESM (a), MPI-ESM (b) and EC-EARTH (c). The effect of cropland expansion (CROP-
CTL) on the annual mean evaporation length scale is shown for CESM (d), MPI-ESM
(e) and EC-EARTH (f). The effect of afforestation (FRST-CTL) is shown for CESM (g)
and MPI-ESM (h) and finally the effect of irrigation expansion (IRR-CROP) is shown for
CESM (i) and MPI-ESM (j). Note that in the difference plots in (d)–(j), the areas with a
reference precipitation length scale higher than 10000 km are cropped out.

In general, both the precipitation and evaporation length scale increase as a consequence
of cropland expansion (see Figures 3.5d,e,f and 3.6d,e,f). In MPI-ESM, it seems that the
Congo Basin is an exception with no clear changes in local recycling occurring there. In
EC-EARTH, the patterns are more blurred than in the other ESMs with a decrease in length
scales in some regions, such as South Africa and spots over the Central U.S. . However,
over regions where the largest cropland expansion occurred (such as Amazon basin and
China, see also Figure 3.1), the patterns are consistent with the other ESMs. Over Latin
America, a dipole pattern of the change in the evaporation length scale in both EC-EARTH
and CESM appears, showing an increase in the West and a decrease in the East. The gen-
eral increase in length scale due to cropland expansion implies that the LCLMC induces a
decrease in local recycling.
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Table 3.1: Summary of the effects of moisture fluxes over land due to the different
LCLMC. Each cell indicates where the changes in moisture response are consistent in
sign.

LCLMC E P λε λρ

CROP-CTL decrease over
tropics

regional in-
crease/decrease

mostly decrease mostly increase

FRST-CTL increase over
tropics

increase over
tropics

global increase mostly decrease

IRR-CROP global increase global increase global decrease global decrease

Afforestation (Figures 3.5g,h and 3.6g,h), induces a pattern that is opposite to the crop-
land expansion case, with a decrease in length scale for both precipitation and evaporation.
However, in some areas, the patterns diverge from the general trend, e.g. afforestation
causes an increase of the evaporation length scale over the Amazon in CESM, and an
increase of the precipitation length scale over the tropics in MPI-ESM. In general, the
changes in both length scales are stronger for the extra-tropics, which is particularly visible
for the evaporation length scale. This feedback on the evaporation length scale may be
explained by the fact that the tropics are already densely forested in the CTL scenario and
thus the additional trees do not alter the local recycling favouring conditions, in contrast to
the sparsely forested extra tropics (Figure 3.1).

Regarding irrigation expansion (Figures 3.5i,j and 3.6i,j), the effects on the evaporation
length scale are less clear and generally of small magnitude. Irrigation-induced differences
show a tendency towards a decreased evaporation length scale, which is rather consistent
in MPI-ESM but in CESM this pattern is less clear. The effects on the precipitation length
scale in both ESMs are larger and more consistently decreasing due to irrigation expansion.
The change in precipitation length scale is small over the tropics due to the small amount
of irrigation applied in this region (Figure 3.1). We even observe a slight increase in length
scale over the tropical forest in CESM and over some areas in the U.S. in MPI-ESM, which
might imply circulation changes in those regions.

3.3.3 Changes in continental moisture recycling due to LCLMC

While there are substantial differences in the local feedbacks of LCLMC on the water
cycle, their net impact on water availability over land might be the same. Here, we eval-
uate how LCLMC impacts E, P and P-E over land, and we identify the direct impact of
LCLMC-induced feedbacks on these fluxes via continental moisture recycling (see Sec-
tion 2.3.4). The values of total annual precipitation (P), continental precipitation (Pc),
continental precipitation recycling (ρc), evaporation (E), continental evaporation (Ec) and
continental evaporation recycling (εc) are included in section 3.6.4. Cropland expansion
causes a net decrease of evaporation from land in CESM and MPI-ESM, while EC-EARTH
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simulates a small net increase of continental evaporation (Figure 3.7a). Through this de-
crease of evaporation in CESM and MPI-ESM, less moisture is available for continental
moisture recycling (dark bars in Figure 3.7a) and for precipitation over oceans (light bars
in Figure 3.7a). Analogously, cropland expansion is causing a net decrease of precipita-
tion over land in CESM and MPI-ESM, but a net increase in EC-EARTH, which is due
to contrasting signs of change in different parts of the globe (Figure 3.21). In the former
two models, the simulated decrease of precipitation mainly results from decreased moisture
imports from the ocean (light bars in Figure 3.7b), and only 42% and 26% respectively of
the precipitation deficit is estimated to be of continental origin (dark bars in Figure 3.7b).

The effects on evaporation from land due to afforestation are consistent in sign and gen-
erally cause an increase for both ESMs. A large part of this increase is available for con-
tinental moisture recycling (dark bars in Figure 3.7a) in CESM (48%), but is negligible
for MPI-ESM (2%). In MPI-ESM the increase in land evaporation mainly rains out over
the oceans (light bars in Figure 3.7a). Evaluated over all land regions, afforestation in-
creases precipitation over land in both MPI-ESM and CESM (Figure 3.7b). The magnitude
is much smaller in CESM due to the large spatial heterogeneity in precipitation feedbacks
(Figure 3.20), which cancel each other out causing only a small net increase of precipitation
over land. For MPI-ESM, there is a large heterogeneity within the signal of change (Fig-
ure 3.20), causing diverging contributions of moisture for continental precipitation from
ocean and land. Atmospheric circulation changes in this model cause an increase in precip-
itation of oceanic origin on land, while less precipitation is estimated to be of continental
origins.

Regarding irrigation expansion, there is a strong increase of evaporation from land in
CESM, of which most rains out over the oceans (light bar in Figure 3.7a), and only a small
fraction (17%) is available for continental moisture recycling (dark bar in Figure 3.7a). In
MPI-ESM, the effect is smaller due to some areas of decreased recycling (Figure 3.21) but
the results still show an overall increase in evaporation of which most rains out over the
ocean. For precipitation over land, the effect is not consistent across the ESMs. In CESM
there is an increase in precipitation over land of which 34% is available for continental
recycling. In contrast, for MPI-ESM there is a global decrease of continental precipitation,
of which 12% stems from the precipitation deficit over land.
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Figure 3.7: The global change in annual mean evaporation (a) and precipitation (b) on
land is shown for CESM in blue, MPI-ESM in orange and EC-EARTH in green for crop-
land expansion (CROP-CTL), afforestation (FRST-CTL) and irrigation expansion (IRR-
CROP). The contribution of continental moisture recycling changes is shown in a darker
shade of the ESMs respective colours.

Figure 3.8: The total annual mean P-E on land (a) and change in P-E on land (b) is shown
for CESM in blue, MPI-ESM in orange and EC-EARTH in green for cropland expansion
(CROP-CTL), afforestation (FRST-CTL) and irrigation expansion (IRR-CROP). The con-
tribution of continental moisture recycling changes is shown in a darker tone of the ESMs
respective colours.

Finally, we can quantify the global effects of LCLMC on global water exports from land
towards the ocean by analysing the feedbacks on P−E. In general, P−E is positive for all
three ESMs, being substantially larger in CESM than in MPI-ESM and EC-EARTH (Fig-
ure 3.8a), indicating that the land receives more water from the atmosphere, and of oceanic
origin, than it provides through evaporation. Both evaporation and precipitation decreases
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for MPI-ESM and CESM due to cropland expansion (Figure 3.7), but the decrease in evap-
oration is larger causing a net surplus of water at the land surface (i.e., ∆(P−E)> 0). There
is also a net surplus of water for EC-EARTH although this is mostly due to increased con-
tinental precipitation (Figure 3.7). In EC-EARTH and CESM, the contribution due to con-
tinental recycling is 16% and 20% respectively (light bars in Figure 3.7 and Figure 3.8b),
but the majority comes from changes in oceanic moisture. This differs from MPI-ESM,
where less moisture is recycled (dark bar in Figure 3.8b). Afforestation, in turn, is causing
a net loss of water at the land surface for both ESMs. CESM simulates an increase in water
export from land through an increase of land evaporation that rains out over the ocean (Fig-
ure 3.8b). In contrast MPI-ESM shows a slight increase in water availability over land due
to oceanic moisture, with the effect of continental moisture changes dominating the global
decrease in water availability. Following irrigation expansion, both CESM and MPI-ESM
simulate a decrease in water available on land. In both simulations, enhanced evaporation
through irrigation from land (see Figure 3.7a) mostly rains out over the ocean (light bars in
Figure 3.8b), thus a loss of water on land to the ocean with the contribution of continental
recycling being 8% and 5% for CESM and MPI-ESM, respectively.

3.4 Discussion
LCLMC can have substantial effects on atmospheric moisture fluxes and the local and con-
tinental recycling of moisture that determine water availability on land. Common patterns
emerge from our multi-model analysis, despite strong differences in the implementation of
LCLMC and the simulation of the hydrological response in the different ESMs. For crop-
land expansion, all three ESMs agree that there is a general decrease over land in evapora-
tion and precipitation over most regions as well as a decreased local recycling strength. In
contrast, afforestation and irrigation expansion show an opposite pattern of both increased
precipitation and evaporation over most regions with enhanced local recycling strength.
Here we will discuss some of the discrepancies between the different ESMs and their im-
plications on moisture fluxes and moisture recycling.

3.4.1 Different hydroclimatic responses of ESMs to LCLMC

The effects of LCLMC within the different ESMs have strong regional variations (e.g.,
Figure 3.2 and Figure 3.3). The differing length scales between ESMs (Figure 3.6 and Fig-
ure 3.5) illustrate that different processes dominate within the different ESMs: EC-EARTH
shows a stronger importance of local processes in contrast to CESM, where atmospheric
circulation seems to dominate the effects. This difference is also clear from the effects on
moisture fluxes as EC-EARTH simulates strong mesoscale feedbacks (10 to 100 km), while
in CESM global circulation changes appear to dominate. CESM is known to be an ESM
with a strong natural variability, as was shown in several other studies (Deser et al., 2012,
2020). It has also been shown to simulate large-scale circulation shifts as a consequence to
land cover change (Portmann et al., 2022; Devaraju et al., 2018).
Discrepancies in the CTL length scales estimated for each ESM could also stem from the
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different spatial resolutions employed here (CESM:0.90°x1.25°, MPI-ESM:1.88°x1.88°
and EC-EARTH:0.7°x0.7°). Although the concept of length scales is independent of the
spatial resolution (van der Ent and Savenije, 2011), the capability of ESMs to resolve
processes explicitly is resolution-dependent. This implies that certain processes, such as
mesoscale convection, are potentially better resolved within EC-EARTH than in CESM
and MPI-ESM.

The way LCLMC is implemented in the different ESMs also causes some discrepancies.
Some of the ESMs only represent crops by few generic crop types (such as MPI-ESM)
while others have different crop types representing different biophysical properties. CESM
has eight different crop types representing common crops around the world (Lombardozzi
et al., 2020). In CESM, maize has high evaporation rates which might explain why af-
forestation over the Northern Hemisphere extra-tropics is causing a decrease in evapora-
tion, with particularly strong effects during summer Figure 3.15. The discrepancy between
the effects due to afforestation and cropland expansion can be partially explained by a sat-
uration effect, as the effects of adding trees are likely non-linear (Winckler et al., 2017b).
For example, in the tropics, extreme deforestation will have larger impacts on the hydrolog-
ical cycle than adding trees in an already densely forested region. This effect could explain
some differences between these simulations such as the smaller precipitation length scale
changes in afforestation over the tropics.

The implementation of irrigation also causes substantial differences in climatic responses
among the ESMs, as the maps of irrigation extent and amounts differ strongly (Figure 3.1).
Both MPI-ESM and CESM show an increase in precipitation, except for the Indian sub-
continent where both ESMs show a decrease in precipitation. As there is a cooling over all
irrigated areas (De Hertog et al., 2023), there is a lower land–ocean temperature contrast,
which reduces convection over land and therefore precipitation (Figure 3.3 and Figure 3.4).
This occurs despite the increases in evaporation (Figure 3.2) and enhanced local precipita-
tion recycling (Figure 3.5). Considering all the above, it is likely that the reduced precip-
itation shown here is caused by a weakened Indian Summer Monsoon as was highlighted
by previous studies (Puma and Cook, 2010; de Vrese et al., 2016; ?; ?).

3.4.2 Implications of changes in moisture recycling due to LCLMC

LCLMC strongly affects the redistribution of moisture over land in the ESMs. While the
absolute length scales of moisture recycling differ among the ESMs, LCLMC-induced
changes are consistent across the ESMs, with cropland expansion causing decreased re-
cycling and afforestation and irrigation expansion mostly causing enhanced local recycling
(Figure 3.6 and Figure 3.5). The effects of LCLMC on continental recycling and the con-
tinental contribution to precipitation over land and evaporation from land are less consis-
tent across ESMs (Figure 3.7 and Figure 3.8), but also geographically more heterogeneous
within the ESMs (Figure 3.20 and Figure 3.21). This is due to the complex interactions
of local feedbacks with non-local feedbacks, such as advection and circulation changes,
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which all affect the redistribution of water globally.

Although the effects of LCLMC on the precipitation and evaporation changes are substan-
tial, they are not as large as previously assumed within literature (Tuinenburg et al., 2020;
Hoek van Dijke et al., 2022; Baudena et al., 2021; Wunderling et al., 2022; Staal et al.,
2018). This could partially be the case due to the less extensive scenarios considered here
(only 50% change due to checkerboard approach). However, differences are expected be-
cause most of these studies are based on reanalyses and can only estimate the impact of
upwind LCLMC changes on downwind precipitation using constant recycling ratios, ne-
glecting any other feedback. However, to fully capture the impact of LCLMC on moisture
recycling, LCLMC ESM simulations should be compared to a control simulation; and the
resulting (substantial) differences in recycling ratios show that these feedbacks are not neg-
ligible. As LCLMC becomes increasingly relevant as a climate mitigation strategy it is
important to include the potential side effects of these strategies on the water cycle. More
research is needed to better constrain the effects of LCLMC on moisture recycling in order
to support science that can guide future land cover planning.

3.4.3 Circulation effects induced by checkerboard LCLMC implemen-
tation

The specific setup of these simulations, with a checkerboard pattern LCLMC, also has lim-
itations and causes some artefacts within the results. This is, for example, illustrated in
the patterns of evaporation (Figure 3.2) and precipitation changes (Figure 3.3) from EC-
EARTH, especially over the tropics. Due to the scale dependence of the effects of land
cover changes on moisture fluxes (Spracklen et al., 2018), mesoscale circulation effects
occur in EC-EARTH but do not appear in the other (coarser) ESMs. This checkerboard-
like feedback would likely not occur if a full land cover change was simulated instead of
the checkerboard implementation of the LCLMC. This implementation could have some
important implications, as the non-local effects for EC-EARTH do not represent the effects
one would get in a full land cover change simulation, implying that the assumptions behind
the checkerboard approach are not met (Winckler et al., 2017a; De Hertog et al., 2023).
Moreover, the LCLMC-induced effects on atmospheric circulation and moisture fluxes also
affect other climate variables, such as temperature. These checkerboard-induced circula-
tion changes could also explain the differences between the temperature effects found in
De Hertog et al. (2023): here, the checkerboard-implementation of cropland expansion in
EC-EARTH caused tropical warming, and the simulations from Boysen et al. (2020) with
EC-EARTH that simulated full deforestation changes (forest to grass conversion), showed
tropical cooling. Further research is required to completely understand the implications of
checkerboard-induced climate effects. For example, the LCLMC could be implemented in
different densities (1/8, 1/4, 1/2) next to a full deforestation experiment to assess whether
these effects are true artefacts of the LCLMC patterns. However, this might imply that
the checkerboard approach for signal separation requires a rough spatial implementation to
avoid mesoscale circulation feedbacks as seen here for EC-EARTH.
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3.5 Conclusions
In this study, we analysed the effects of land cover and land management changes (LCLMC)
on the atmospheric water cycle in a slate of idealised simulations (cropland expansion, af-
forestation and irrigation expansion) performed by three different Earth System Models
(ESMs). We showed that the effects on moisture fluxes are substantial with, generally, de-
creased evaporation and precipitation over land due to cropland expansion and the opposite
effects for afforestation and irrigation expansion. However, substantial discrepancies be-
tween the different ESMs exist, with EC-EARTH displaying important local recycling and
mesoscale circulation effects, while CESM shows a dominance of large-scale atmospheric
circulation shifts. These differences can have various causes, such as model parameteri-
sations of crucial processes (e.g., convection) or the extent to which different land cover
types are implemented within the ESMs on a global scale. Because some of these effects
might have been indirectly influenced by the checkerboard LCLMC pattern used in this
study, we advocate for more research to assess the implications of possible checkerboard-
induced climate effects and the applicability of this approach for signal separation into local
and non-local effects. Despite the strong differences between ESMs, the effects on local
recycling are generally consistent in sign, with cropland expansion causing a decreased re-
cycling strength, and afforestation and irrigation expansion generally causing an increased
recycling strength. Overall we find that cropland expansion causes a net increase in water
availability on land while afforestation and irrigation expansion cause a net decrease. Our
simulations show that changes due to atmospheric circulation patterns play an important
role in explaining these patterns and should be taken into account when assessing the ef-
fects of LCLMC on moisture recycling.

This is the first study – to our knowledge – to explicitly consider moisture recycling when
assessing the LCLMC effects on moisture fluxes using multiple ESMs. Our results show
that the effects of LCLMC on moisture recycling are substantial both on the local and
global scale, with clear implications for water availability on land. The potential effects
of LCLMC on the atmospheric water cycle should therefore be considered in future land
cover planning.

Data and code availability
The scripts used for the analysis of the moisture fluxes and the adapted version of WAM-
2layers can be found on the GitHub page of the Department of Hydrology and Hydraulic
Engineering of VUB (https://github.com/VUB-HYDR/2023_DeHertog_eta
l_ESD). The simulation data used in this paper will be made available through the DKRZ,
for those interested in using these data until publication please contact the authors.

https://github.com/VUB-HYDR/2023_DeHertog_etal_ESD
https://github.com/VUB-HYDR/2023_DeHertog_etal_ESD
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3.6 Supplementary material

3.6.1 Signal separated plots evaporation and precipitation

Figure 3.9: Annual mean evaporation response in mm/day to cropland expansion (CROP-
CTL) of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the non-local
effect (b) and the total effect (c). The latitudinal average of the local (blue), non-local
(yellow) and total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM.
(i-l): same as (a-d), but for EC-EARTH. The stippling on the maps shows grid cells where
all the sign of change is consistent throughout the simulation.
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Figure 3.10: Annual mean evaporation response in mm/day to afforestation (FRST-CTL)
of CESM and MPI-ESM. The local effect in CESM (a), the non-local effect (b) and the
total effect (c). The latitudinal average of the local (blue), non-local (yellow) and total
(green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. The stippling on the
maps shows grid cells where all the sign of change is consistent throughout the simula-
tion.

Figure 3.11: Annual mean evaporation response in mm/day to irrigation expansion (IRR-
CROP) of CESM and MPI-ESM. The local effect in CESM (a), the non-local effect (b)
and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and
total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. The stippling
on the maps shows grid cells where all the sign of change is consistent throughout the
simulation.
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Figure 3.12: Annual mean precipitation response in mm/day to cropland expansion
(CROP-CTL) of CESM, MPI-ESM and EC-EARTH. The local effect in CESM (a), the
non-local effect (b) and the total effect (c). The latitudinal average of the local (blue),
non-local (yellow) and total (green) signals of CESM (d). (e-h): same as (a-d), but for
MPI-ESM. (i-l): same as (a-d), but for EC-EARTH. The stippling on the maps shows grid
cells where all the sign of change is consistent throughout the simulation.
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Figure 3.13: Annual mean precipitation response in mm/day to afforestation (FRST-CTL)
of CESM and MPI-ESM. The local effect in CESM (a), the non-local effect (b) and the
total effect (c). The latitudinal average of the local (blue), non-local (yellow) and total
(green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. The stippling on the
maps shows grid cells where all the sign of change is consistent throughout the simula-
tion.

Figure 3.14: Annual mean precipitation response in mm/day to irrigation expansion (IRR-
CROP) of CESM and MPI-ESM. The local effect in CESM (a), the non-local effect (b)
and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and
total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. The stippling
on the maps shows grid cells where all the sign of change is consistent throughout the
simulation.
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3.6.2 Seasonal effects on evaporation and precipitation

Figure 3.15: The seasonal mean (JJA) effects on evaporation in mm/day as a consequence
of cropland expansion (CROP-CTL) in CESM (a), MPI-ESM (d) and EC-EARTH (g),
for afforestation (FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expansion
(IRR-CROP) for CESM (c) and MPI-ESM (f).
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Figure 3.16: The seasonal mean (DJF) effects on evaporation in mm/day as a conse-
quence of cropland expansion (CROP-CTL) in CESM (a), MPI-ESM (d) and EC-EARTH
(g), for afforestation (FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expan-
sion (IRR-CROP) for CESM (c) and MPI-ESM (f).
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Figure 3.17: The seasonal mean (JJA) effects on precipitation in mm/day as a conse-
quence of cropland expansion (CROP-CTL) in CESM (a), MPI-ESM (d) and EC-EARTH
(g), for afforestation (FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expan-
sion (IRR-CROP) for CESM (c) and MPI-ESM (f).
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Figure 3.18: The seasonal mean (DJF) effects on precipitation in mm/day as a conse-
quence of cropland expansion (CROP-CTL) in CESM (a), MPI-ESM (d) and EC-EARTH
(g), for afforestation (FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expan-
sion (IRR-CROP) for CESM (c) and MPI-ESM (f).
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3.6.3 P-E as proxy for moisture flux convergence

Figure 3.19: The annual mean effects on P-E in mm/day as a consequence of cropland
expansion (CROP-CTL) in CESM (a), MPI-ESM (d) and EC-EARTH (g) for afforestation
(FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expansion (IRR-CROP) for
CESM (c) and MPI-ESM (f).
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3.6.4 Moisture fluxes of continental origin

Figure 3.20: The annual mean continental evaporation is shown in mm/day for the CTL
simulation in CESM (a), MPI-ESM (b) a,d EC-EARTH (c). The effect of cropland expan-
sion (CROP-CTL) on the annual mean continental evaporation is shown for CESM (d),
MPI-ESM (e) and EC-EARTH (f). The effect of afforestation (FRST-CTL) is shown for
CESM (g) and MPI-ESM (h) and finally the effect of irrigation expansion (IRR-CROP) is
shown for CESM (i) and MPI-ESM (j).
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Figure 3.21: The annual mean continental precipitation is shown in mm/day for the CTL
simulation in CESM (a), MPI-ESM (b) a,d EC-EARTH (c). The effect of cropland expan-
sion (CROP-CTL) on the annual mean continental precipitation is shown for CESM (d),
MPI-ESM (e) and EC-EARTH (f). The effect of afforestation (FRST-CTL) is shown for
CESM (g) and MPI-ESM (h) and finally the effect of irrigation expansion (IRR-CROP) is
shown for CESM (i) and MPI-ESM (j).
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Chapter 4

Impacts of future land cover
changes on heat stress and human
health

In order to achieve the low-warming targets of the Paris agreement large scale and deep
emission reductions are required. Within these low-warming scenarios, land-based miti-
gation is a crucial component to achieve these temperature goals. However, the effects of
future land cover and land management changes on climate are poorly constrained and
often not considered in the creation of future scenarios by Integrated Assessment Models.
Here we show, using fully coupled Earth System Model simulations, that the land use sce-
nario is crucial for assessing climate effects and impacts on humans in future low-warming
scenarios. The difference between an inequality and sustainability land use scenario are
shown to cause a global cooling of ca. 0.3 K and generally a clear reduction in heat stress
over land. Adverse impacts on humans are substantially lower in a world with sustainable
land cover change compared to the inequality scenario. Labour capacity is higher over the
tropics, while heat-related mortality is reduced globally. Cold-related mortality, in con-
trast, is increased in some locations, especially over Northwestern Europe. These results
clearly illustrate that the adopted LCLMC scenario is crucial and should not be neglected
within future mitigation and adaptation strategies.

This chapter is currently in preparation and intended to be submitted as a paper jointly led
by De Hertog S.J. and Orlov A.
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4.1 Introduction

Land plays a major role in achieving low-warming scenarios in line with the Paris Agree-
ment. In addition to rapid, sustained, and deep fossil fuel emission reductions, all 1.5 K-
compatible scenarios include some type of land-based mitigation (Rogelj et al., 2018), such
as enhanced carbon sequestration through afforestation, bio-energy plantations. However,
Land Cover and Land Management Changes (LCLMC) do not only affect climate through
changes in the carbon cycle (biogeochemical effects), but can also affect surface properties
which changes the surface energy and water cycles (biogeophysical effects). Within the
development of Shared Socioeconomic Pathways (SSPs) by Integrated Assessment Mod-
els (IAMs), the climate responses from the implemented Land cover and land management
Changes (LCLMC) are generally not fully accounted for. Notably, the biogeophysical ef-
fects are neglected, which may lead to a regional over- or underestimation of potential
effects of LCLMC (Duveiller et al., 2018; Roe et al., 2019; Seneviratne et al., 2018; Pon-
gratz et al., 2021).

Therefore, it is crucial that the effects of LCLMC on the climate are better constrained.
However, Earth System Model (ESM) simulations dedicated to disentangling LCLMC ef-
fects on climate generally focus on historical (Pongratz et al., 2010; Pitman et al., 2009;
De Noblet-Ducoudré et al., 2012; Boisier et al., 2012) or highly idealised simulation se-
tups (Davin and de Noblet-Ducoudre, 2010; Winckler et al., 2017a, 2019a; Boysen et al.,
2020; Portmann et al., 2022; De Hertog et al., 2023) with only few simulations being com-
mitted to disentangling LCLMC-induced climate effects under future scenarios (Brovkin
et al., 2013; Boysen et al., 2014; Hirsch et al., 2018a). However, as many of the relevant
processes are dependent on background climate (Pongratz et al., 2021), dedicated future
simulations are required to further constrain and understand the feasibility of low-warming
scenarios that are heavily focused on land-based mitigation.

Generally, ESM studies assessing the role of LCLMC on climate only report climate vari-
ables such as temperature, but rarely also quantify socioeconomic impacts (e.g. Orlov et al.,
2023). However, it is clear that LCLMC-induced climate effects also affect humans. This
can be both economically through a reduction in working hours (labour capacity) due to,
for example, climate-induced injuries (Fatima et al., 2021) or through an increased risk
in mortality due to higher occurrences of extreme temperatures (Gasparrini et al., 2015).
While both labour capacity (Orlov et al., 2020) and mortality (Vicedo-Cabrera et al., 2021)
will be substantially affected within the different future emission scenarios, it is currently
unclear how these indicators will be affected by future LCLMC.

Here we perform and analyse a set of dedicated ESM simulations applying two recently-
developed land cover change scenarios representing a world of unequal development and
a world of sustainable development (Humpenöder et al., 2022). The simulations are set up
under a SSP1-1.9 scenario to asses the importance of these LCLMC-induced effects under
a low-warming future. First, we analyse these results for the effects on global and regional
mean temperature. Furthermore, we assess the impacts of these LCLMC-induced temper-
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ature changes on human beings. This is done by quantifying LCLMC-induced effects on
humid heat stress and consequent changes in labour capacity. Finally, we apply the frame-
work from Vicedo-Cabrera et al. (2019) to quantify temperature-related mortality and how
these are affected by future land cover changes.

4.2 Methods

4.2.1 Simulation setup

We apply CESM in fully-coupled mode at 0.90°x1.25° spatial resolution. The model is run
in emission-driven mode to ensure that the carbon cycle is explicitly resolved (see Section
4.6.1). This ESM has been evaluated for its capacity to model LCLMC-induced temper-
ature effects in several studies (Meier et al., 2018; De Hertog et al., 2023) and has been
shown to perform reasonably well for annual average changes in surface temperature.

Four simulations are run and are summarised in Figure 4.1. First, we conduct a short
35-year simulation (presCTL; 1980-2014) which branches of from the esm-hist simula-
tions performed within the context of the Coupled Model Intercomparison Project phase 6
(CMIP6). Next, branching of from presCTL, we perform a future simulation (years 2015-
2100) under SSP1-1.9 conditions (futCTL). In the futCTL simulation, land cover is kept
constant at present-day levels (representing the end of 2014 conditions). Furthermore, two
additional simulations are conducted under SSP1-1.9 forcing except for LCLMC which is
modelled transiently. These future LCLMC scenarios are derived from the IAM MagPie
and were first presented in Humpenöder et al. (2022). They represent two starkly different
futures with regard to socioeconomic development, environmental protection, and land-
based mitigation. The sustainability scenario (Sust) represents a world where the Agri-
culture, Forestry and Other Land Use (AFOLU) sector is included in greenhouse prices
mechanisms and where there is strict environmental protection. Moreover, the scenario
follows the SSP1 economic growth trajectory where due to global economic convergence
there is less pressure on land as a consequence of dietary changes and a limited popula-
tion growth. For the Inequality scenario (Ineq) in contrast, these actions are only taken in
countries part of the Organisation for Economic Cooperation and Development (OECD).
The rest of world does not implement these actions and follows an SSP4 scenario (meaning
high population growth and resource intensive diets) (Humpenöder et al., 2022).

These land cover scenarios are implemented in the ESMs following the same procedure
used in CMIP6 (Eyring et al., 2016) by converting them to LUH2 format and then apply-
ing the ESM-specific translation into native land cover maps and related Plant Functional
Type definitions. For CESM, the eventual land cover changes at the end of the century are
shown in Figure 4.2 and the absolute land cover fractions are shown in Figure 4.9. In the
sustainability scenario, there is a general decrease in cropland due to population changes
and dietary changes. These abandoned croplands are then often afforested, such as across
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Figure 4.1: Schematic highlighting simulation setup: we perform 2 control simulations,
one over the historic period (1985-2014) and one over future period (2015-2100) using
SSP1-1.9 forcing, for both land cover is kept constant at the 2014 levels. Two additional
simulations are performed applying land cover scenarios from Humpenöder et al. (2022)
representing land cover in an unequal world and representing land cover in a sustainable
world. For non-LCLMC forcings, the SSP1-1.9 scenario is used.

the US, while there is also afforestation occurring at the expense of grasslands. In the In-
equality scenario, there is a strong increase in cropland area at the expense of previously
forested and grassland areas, especially in the tropics. In Europe and North America, there
is some afforestation even in this scenario. These different socioeconomic scenarios lead
to clearly different LCLMC throughout the future period, especially over the tropics.

This simulation setup (Figure 4.1) allows to compare the climate effects between the differ-
ent future scenarios (Sust-Ineq), while also being able to distinguish the effects of sustain-
ability land cover scenario (Sust-presCTL) and the inequality land cover scenario (Ineq-
presCTL) separately. The climate effects as a response to SSP1-1.9 forcing in absence of
any LCLMC (futCTL-presCTL) can also be derived and is used as a benchmark for the
importance for the LCLMC-induced climate effects. Three ensemble members are run for
each of the experiments to average out the influence of natural variability. All climatolog-
ical variables are analysed as averages over 30-year time slices (1985-2014 for presCTL,
2069-2099 for future experiments) and will be tested for statistical significance using a
two-sided Wilcoxon signed rank test of lumped ensemble members at the 0.05 significance
level (Wilks, 2006). Additionally, we test for field significance using the false discovery
rate to take spatial autocorrelations into account (Lorenz et al., 2016; Vanderkelen et al.,
2021).

The version of CESM used here (CESM2.1.3) has never been run under SSP1-1.9 forc-



4.2. METHODS 113

Figure 4.2: Land cover changes implemented in CESM showing the amount of crop-
land (a-c), forest (d-f) and grassland (g-i) changes as a grid cell fraction (%) within the
inequality scenario (a,d,g), sustainability scenario (b,e,h) at the end of the century com-
pared to the 2014 land cover, and between the sustainability and inequality scenarios at
the end of the century (c,f,i). The absolute values of the grid cell fractions are shown in
supplementary material (Figure 4.9).

ings. This implies that under the default configuration of CESM (using CAM as the at-
mosphere component) certain forcings are not available for the SSP1-1.9 scenario, as these
are generally derived from computationally more expensive simulations using the Whole
Atmosphere Community Climate Model (WACCM) (Danabasoglu et al., 2020). The fields
which are generally defined from these more complex runs include nitrogen deposition on
land and the ocean as well as stratospheric ozone, aerosols, methane oxidation and, tropo-
spheric oxidants. To remain as close as possible to SSP1-1.9 forcing, we use the forcing
fields from the nearest scenario available (SSP1-2.6) which uses the same SSP but a differ-
ent Representative Concentration Pathway (RCP).

4.2.2 Heat stress and impacts on labour capacity
Heat stress is determined by several climatic variables including temperature, relative hu-
midity, incoming solar radiation and wind speed. Several indices have been proposed to
quantify heat stress (Buzan et al., 2015; Lemke and Kjellstrom, 2012). Wet Bulb Globe
Temperature (WBGT) is the most widely-used metric for quantifying the effects of heat
stress on labour capacity (Budd, 2008). As the most accurate and sophisticated approaches
for WBGT are computationally expensive, we here use the Environmental Stress Index
(ESI) as a substitute for WBGT. Recent studies found that this metric performs reasonably
well, especially for annual and seasonal mean values (Kong and Huber, 2022).
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ESI = 0.63∗T −0.03∗RH +0.002∗SWin +0.0054∗T ∗RH− 0.073
0.1+SWin

(4.1)

Where T is near-surface temperature in °C, RH is relative humidity in % and SWin is down-
welling shortwave radiation in W

m2 . Here 3-hourly output data for temperature, relative
humidity and solar incoming radiation are used in order to compute ESI.

To quantify the effects on labour capacity, which is defined as the occupational capacity
to safely perform work under heat stress (Dunne et al., 2013), we use the widely-applied
metric based on the National Institute for Occupational Safety and Health (NIOSH) stan-
dards (Kjellstrom et al., 2009; NIOSH, 1986). These standards describe the frequency and
duration of breaks from work required to avoid heat-induced illnesses. Here we use the
limits recommended for a ‘standard’ acclimatised worker of 70 kg. The labour capacity
then is quantified as the percentage of a work hour that the worker is able to perform (see
Table 4.1). Here we focus on high intensity jobs which are generally performed outside in
the sun (such as construction and agriculture). The effects on labour capacity are computed
from the ESI heat stress index at the 3-hourly temporal resolution. The 3-hourly ESI values
are first linearly interpolated to hourly data and converted to local time, then the effect on
labour capacity is the considered as the mean over a 12h work day which is taken from 7
am to 7 pm.

Table 4.1: Recommended rest/work Ratios for ESI Exposure Levels (K) for an average
acclimatized worker wearing light clothing, for high work intensive jobs outdoors with a
metabolic rate of 400 W.

Rest/work ratios ESI (K)
0% rest/hour (continuous work) 27

25% rest/hour 27.5
50% rest/hour 29.5
75% rest/hour 31.5

100% rest/hour (no work) 36
Source: Kjellstrom et al. (2009)

4.2.3 Impacts on temperature-related mortality
We use the data from the Multi-Country Multi-City (MCC) Collaborative Research Net-
work which contains health data from a subset of cities (Figure 4.3). From these data
estimates of excess mortality due to heat and cold are quantified. Here, excess mortality is
defined as the additional mortality relative to the optimal temperature (i.e. temperature with
lowest mortality). We use the approach described in detail in Vicedo-Cabrera et al. (2019)
and which is summarised here. A time series regression analysis is used to quantify and
project mortality impacts related to temperature. This is done by relating mortality to tem-
perature through a location-specific exposure-response function. This response function is
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Figure 4.3: Global map indicating cities and corresponding average daily mean tempera-
ture for which health data is available to assess the temperature-related mortality. Figure
was provided by the MCC network.

generally U shaped meaning that both at very cold temperatures and very hot temperatures
mortality spikes.

The ESM temperature data is mapped to each city where data is available using a near-
est neighbour approach and then bias-adjusted to match historically observed temperature
distribution, using the same approach as used within the Inter-Sectoral Impact Model In-
tercomparison Project (Lange, 2019). These site-specific downscaled and bias-adjusted
temperature data are then used to apply the response function which estimates the effects
of the ESM simulations on mortality. The population and vulnerability of the different
cities are assumed to remain constant throughout the future hence the only effects on mor-
tality is due to changed temperatures.

For each simulation, the attributable fraction is calculated which represents the absolute
value of cumulative excess mortality divided by the location-specific population. The com-
puted attributable fraction can then be compared across scenarios (e.g. Sust-Ineq) to assess
the effects on temperature-related mortality of LCLMC-induced climate changes related to
the different land cover scenarios.
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Figure 4.4: Boxplots representing the changes in Global Mean Temperatures (GMT) in
° C within the CESM simulations for the three ensemble members for SSP1-1.9, Inequal-
ity and Sustainability scenarios by the end of the century (2069-2099). The left axis high-
lights the GMT changes compared to mean presCTL while the right axis highlights those
against the pre-industrial mean temperature taken from HadCRUT5 (Morice et al., 2021).
The black lines indicate the Paris agreement thresholds of 1.5 K and 2 K.

4.3 Results

4.3.1 Climate effects of land cover scenarios
In CESM, the SSP1-1.9 scenario (futCTL-presCTL) causes a global warming of ca. 1 K
compared to the 1985-2014 average which equals a 1.75 K warming compared to the pre-
industrial period (1850-1900). This indicates that the 1.5 K goal of the Paris agreement is
not achieved (Figure 4.4). This warming is global except for the Northern Atlantic ocean
and Northwestern Europe, where CESM shows a regional cooling (Figure 4.5). This is
a well-known feature within CESM where several simulations with moderate warming
amounts show strong changes in Atlantic Meridional Overturning Circulation (AMOC)
strength (Portmann et al., 2022; De Hertog et al., 2023; Boysen et al., 2020). The warm-
ing is relatively high for an SSP1-1.9 scenario which might be related to this version of
CESM being a ’warm’ model with a high equilibrium climate sensitivity (i.e. the equilib-
rium amount of warming after a doubling of CO2) of 5.7 K (Gettelman et al., 2019) which
falls outside of the best estimate range of 2.5-4.0 K (Arias et al., 2021). This high climate
sensitivity in this CESM version is largely caused by changes in cloud feedbacks over the
tropical and Southern oceans (Bacmeister et al., 2020).

The land cover scenarios have a clear effect on global mean temperature, with the inequality
scenario (Ineq-futCTL) adding on average 0.3 K [ca. 0.22 K inter-annual variability, here
defined as the standard deviation across the three ensemble members] of warming, which
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Figure 4.5: Changes in (a) near-surface temperature (K) by the end of the century under
the SSP1-1.9 scenario with constant present-day land cover, and (b) between the inequal-
ity and sustainability scenarios at the end of the century (2069-2099). (c,d) Same as (a,b)
but for near-surface specific humidity (g/kg). Only statistically significant changes are
shown (0.05 significance level, two-sided Wilcoxon signed rank test of lumped ensemble
members and field significance using the false discovery rate test).

corresponds to 2.05 K of warming relative to the pre-industrial period. Sustainable land
cover pathway (Sust-futCTL), in contrast, results a slight decrease in global mean temper-
ature of 0.07 K [ca. 0.22 K] compared to present-day conditions, which yields a warming
of 1.68 K above pre-industrial levels. Avoiding the inequality land cover pathway in favor
of a sustainability land cover pathway (Sust-Ineq) thus leads to a clear global cooling (Fig-
ure 4.5). This is likely due to the biogeochemical effects of the increased afforestation and
avoided (mostly tropical) deforestation (Figure 4.2). However, regionally the magnitude of
this cooling varies, especially over tropical areas that experience large amounts of defor-
estation in the inequality scenario (such as Central Africa). These locally stronger effects
in temperature are likely linked to local biogeophysical effects. This is also indicated by
the large regional differences in turbulent heat flux responses: with a decrease in sensible
heat flux and an increase in latent heat flux in most of the areas of enhanced local cooling
(Figure 4.10 b,d). This local biogeophysical effect can regionally even be as large as the
temperature change induced by SSP1-1.9.

This annual mean cooling is present in all seasons, although some seasonal patterns appear
(Figure 4.11). During summer, the biogeochemical cooling is least pronounced with even
some slight regional warming due to biogeophysical effects, such as albedo-induced warm-
ing over parts of the United States (Figure 4.11c). The local biogeophysical cooling over
the tropics is also most pronounced during the summer season although this local cooling
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Figure 4.6: Changes in (a) Environmental Stress Index (ESI; K) by the end of the century
under the SSP1-1.9 scenario with constant present-day land cover, and (b) between the
inequality and sustainability scenarios at the end of the century (2069-2099). (c,d) Same
as (a,b) but for Labour capacity in % rest/hour.

effect is also present throughout the rest of the year.

Following the temperature effects, near-surface specific humidity also decreases globally
(Figure 4.5d) as a consequence of sustainable land cover pathway instead of the inequality
pathway (Sust-Ineq). An exception to this global pattern are regions where the biogeo-
physical effects are large, such as Southern Africa and Brazil. Here, local latent heat flux
increases offset the global decrease in specific humidity locally (Figure 4.5c,d and Fig-
ure 4.10). This pattern is apparent in all seasons except for summer and fall in some parts
of Southern Africa and Brazil, and over the United States during winter (Figure 4.12). The
effect of the the different LCLMC scenarios (Sust-Ineq) on annual precipitation is gener-
ally small and not significant, except for a slight increase over parts of Latin America and
a mixed signal of regional increases and decreases over Central Africa (Figure 4.13).

4.3.2 Effects on heat stress and labour capacity
Owing to the climate changes under SSP1-1.9 (futCTL-presCTL), the Environmental Stress
Index (ESI) increases over global land by 1.2 K. The increase is apparent almost every-
where, except for Northwestern Europe (Figure 4.6). In contrast, the effects of the land
cover scenarios (Ineq-Sust) show a global cooling of 0.4 K with spatial patterns strongly
consistent with the annual mean temperature changes (Figure 4.5). Except over some ar-
eas, such as Southern Brazil, where the decrease in temperature is offset by the increases
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in specific humidity. Over areas where forest is preserved or planted, the changes in ESI
are substantial and often larger than 50% of the SSP1-1.9 climate change signal.

These effects on ESI can then be translated to changes in labour capacity where the effects
of SSP1-1.9 (futCTL-presCTL) clearly show a decrease in labour capacity especially over
tropical regions. This spatial pattern is consistent with previous studies of higher warming
scenarios (Orlov et al., 2020). The land cover scenarios, in contrast, causes a decrease in
ESI and consequently also an increase in labour capacity, albeit of smaller magnitude than
the ESI change (Figure 4.6d). The areas of largest ESI decreases do not overlap with areas
of increase in labour capacity, because the absolute value of ESI in these regions are of-
ten lower than the thresholds affecting labour capacity as defined by the NIOSH standards
(see Table 4.1). The areas with largest increases in labour capacity are rather areas which
experience high values of absolute ESI, such as Southeastern Asia and the Amazon region.
Overall, avoiding the inequality scenario in favour of the sustainability scenario causes a
clear increase of labour capacity over the tropics.

4.3.3 Effects on temperature-related mortality

The global temperature effects of the different land cover scenarios also affect temperature-
related mortality across a range of cities (Figure 4.7). We find a general decrease in heat-
related mortality by the end of the century under the sustainable land cover scenario com-
pared to the inequality scenario, and in some locations also an increase in cold-related
mortality (Figure 4.7). These general patterns are in line with the cooling trends shown
above (Figure 4.5b). The decreases in heat-related mortality are especially large over the
tropics with substantial reductions in countries such as South Africa (up to -4%), Peru and
Thailand (up to -7%). In contrast, the increases in cold-related mortality are mostly located
in Northwestern Europe with increases up to 2.5% in the United Kingdom. In Northwest-
ern Europe, the increased net mortality – due to an increase in cold-related mortality and no
change in heat-related mortality – is in part related to the strong AMOC response in CESM
which leads to a cooling under SSP1-1.9 (Figure 4.5a).

The decreases in heat-related mortality under the sustainable land cover change scenario are
substantial relative the temperature-related mortality effects under SSP1-1.9 (Figure 4.14).
For some countries, such as Thailand and South Africa, the effect of the different LCLMC
scenarios is even as large as halve the SSP1-1.9-induced increase in heat-related mortality.
Overall, it is clear that temperature-induced mortality can be reduced over most parts of the
world when sustainable land cover and the consequent temperature reductions are achieved
in favour of inequality land cover.
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Figure 4.7: Changes by the end of the century (2069-2099) in Attributable Fraction of
temperature-related mortality for each country and city under the sustainability LCLMC
scenario relative to the inequality scenario. Heat-related mortality changes are indicated
as red triangles and cold-related mortality changes as blue circles.
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4.4 Discussion

Under a low-warming SSP1-1.9 scenario, the LCLMC scenario substantially affects the
global mean temperature and hence the feasibility of the Paris Agreement temperature
goals. Within all the simulations presented here, the 1.5 K threshold is breached but in
the inequality scenario even the 2 K warming threshold is not achieved. We find that avoid-
ing the inequality land cover pathway in favor of a sustainability land cover pathway as
proposed by Humpenöder et al. (2022) leads to a cooler and less moist world (Figure 4.5),
thereby reducing heat stress and limiting economic impacts from changing labour capacity
(Figure 4.6). Moreover, it reduces the amount of temperature-related mortality substan-
tially over many cities around the world, except over some countries in Northwestern Eu-
rope where increases in cold-related mortality cause an increased net mortality (Figure 4.7).

Due to climate change, people in low-income countries will suffer more from impacts than
people in high-income countries (Harrington et al., 2018). Here, we show that sustainable
future land cover changes can alleviate some of these impacts. In contrast to GHG emis-
sion drivers of climate change, which predominantly originate from the wealthier nations,
these land cover changes are expected to occur mostly in low-income nations (Humpenöder
et al., 2022). However, despite the LCLMC differences between inequality and sustainabil-
ity scenarios occurring over developing nations, the potential to acquire sustainable land
cover and sustainable economic growth is a global burden requiring high levels of collabo-
ration to overcome the financial, technical, and institutional barriers that block sustainable
development (IPCC, 2022).

CESM as an ESM has some consistent biases, such as an overestimation of the albedo
change following deforestation in boreal latitudes (De Hertog et al., 2023). Another clear
feature of this ESM is a strong sensitivity of the AMOC to temperature changes (e.g. Port-
mann et al., 2022). These features along with the high climate sensitivity of CESM indi-
rectly affect the results. Therefore, it is recommended to extend this work with other ESMs
in order to assess model diversity in the effects of these LCLMC scenarios under future
climates. Using a multimodel perspective can help uncover robust patterns across ESMs,
which can in turn lead to more policy-relevant recommendations (e.g. De Hertog et al.,
2023; Boysen et al., 2020).

Generally, when considering the effects on heat stress it is recommended to asses WBGT
through the Liljegren method (Liljegren et al., 2008). However, here we opted for the
computationally less extensive ESI equation which has been shown to be a valid approxi-
mation for annual or seasonal mean values as studied here but does not capture extremes
well (Kong and Huber, 2022). Another limitation is that heat stress here is computed from
3 hourly ESM output data, yet as this quantity is highly non linear, it is recommended to
calculate these metrics directly within the ESM at the model smallest time step (30 minutes
in CESM). Therefore, it is likely that heat stress is underestimated in this study especially
for extreme values (Buzan et al., 2015). Furthermore, it should be noted that previous
research has indicated that CESM does not capture the diurnal cycle of LCLMC-induced
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effects well compared to observational data (Duveiller et al., 2018), which could lead to a
misinterpretation of the severity of heat stress (Orlov et al., 2023).

Another limitation for this study is that the NIOSH standards are used as a fixed translation
of heat stress effects into labour capacity impacts. However, due to non-linearity in the
relation of heat stress and climate, the effects by the end of the century might be stronger
than currently reported (Kjellstrom et al., 2018). The NIOSH standards are a safety stan-
dard but this does not equal the reality fully (i.e. people can work beyond this point up to
a higher physiological limit) this has also been illustrated in empirical studies where the
threshold are generally higher than what NIOSH standards describe (Lee et al., 2020, see
e.g.). Therefore, the labour capacity effects presented here can be interpreted as an upper
bound. Finally only impacts on labour capacity due to humid heat are considered here
while effects due to increased/decreased cold are neglected (Orlov et al., 2023).

The results on mortality changes should be interpreted with some caution. First, as our ap-
proach assumes constant vulnerability and population, results should not be considered as
mortality projections, but rather as an indication of the potential impact of LCLMC on mor-
tality (Vicedo-Cabrera et al., 2018). Second, as the approach depends on a calibration of a
temperature-mortality response function build over the historical period, it does not include
the effects of climate feedbacks, such as changes in extreme occurrences or hydroclimatic
regime shifts, nor the effects of other impacts such as crop failures or sea level rises which
may affect human mortality beyond temperature-related mortality. Moreover, as only daily
mean temperature is included, it disregards changes in heat stress due to altered evaporation
and consequent specific humidity as a consequence of LCLMC (Figure 4.5). Lastly, the re-
sults are limited to the sites for which data is available through the MCC network, which
omits several locations such as large parts of Africa and lacks some highly populated coun-
tries such as India. Yet, previous research has highlighted that many of these locations are
especially vulnerable to the effects of both climate change (Harrington et al., 2016, 2018;
Russo et al., 2016; Lelieveld et al., 2016; Mazdiyasni et al., 2017) and LCLMC (Thiery
et al., 2020; de Vrese et al., 2016; Mishra et al., 2020; Akkermans et al., 2014).

The simulations presented here highlight the importance of climate responses when consid-
ering large-scale LCLMC in scenarios. This is the first set of simulations explicitly dedi-
cated to to quantifying the role of land-based mitigation strategies in achieving an SSP1-1.9
scenario. However, this analysis is limited to temperature-induced climate effects and does
not cover a full description and interpretation of all processes driving the biogeochemical
and biogeophysical LCLMC-induced temperature effects presented here. These simula-
tions could also be analysed for transient responses in order to asses the potential risk of
overshoot and how these might be affected by different LCLMC scenarios. In addition,
other variables such as soil moisture and atmospheric teleconnections could be considered
to further constrain potential impacts categories such as droughts and heat waves. Finally,
these simulations can act as training and validation material for computationally light emu-
lators such as MESMER (Beusch et al., 2020; Nath et al., 2022) and the recently developed
component for the local biogeophysical effects of land cover changes (Nath et al., 2023,
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TIMBER).

4.5 Conclusion

Here we present Earth System Model (ESM) simulations dedicated to disentangling the
effects of LCLMC under the low-warming SSP1-1.9 scenario. We use scenarios developed
by Humpenöder et al. (2022) which represent two SSP1-1.9-compatible LCLMC pathways
but with vastly different socioeconomic assumptions: a sustainable future, where forests
are preserved and planted, and a global inequality scenario, where large-scale tropical de-
forestation occurs due to cropland expansion. These simulations are performed with the
Community Earth System Model (CESM) in fully-coupled, emission-driven mode, and de-
signed such that they can disentangle the climatic effects of land cover scenarios towards
the end of the century.

We show that avoiding the inequality land cover pathway and achieving the sustainability
land cover pathway substantially alters global climate with a global mean temperature de-
crease of 0.3 K by the end of the century. Due to these global changes in temperature, a
reduction in heat stress is visible globally over land of 0.4 K at the end of the century. The
LCLMC-induced reduction in heat stress substantially increases labour capacity in tropical
regions. Furthermore, temperature-related mortality reduces almost globally, driven by a
clear decrease in heat-related mortality and despite an increase in cold-related mortality in
some regions.

These results are a clear illustration of the importance of LCLMC-induced climate re-
sponses (both biogeochemical and biogeophysical) which are currently only partially con-
sidered in the development of SSP scenarios. We show that a sustainable land cover sce-
nario has several benefits both for climate mitigation (global biogeochemical and local
biogeophysical cooling) and climate adaptation (reduced economic and health impacts).
LCLMC are a crucial component to be considered in the global discussion on climate
change and an achievement of LCLMC in line with the sustainability scenario should be
considered for future climate policy.

Author contributions

S.J. De Hertog performed the ESM simulations and analysed the climate data. A. Orlov per-
formed the calculations required for assessing the labour capacity and temperature-related
mortality. The text for this chapter was written by S.J. De Hertog.
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Data and code availability
CESM is an open source model which can be freely downloaded here (https://www.
cesm.ucar.edu/models/cesm2/release_download.html). The scripts used
for this analysis will be made available by the time of submission. The simulation data used
in this paper (more than 130 TB for CESM) will be made available through the Deutsches
Klimarechenzentrum (DKRZ), for those interested in using these data please contact the
authors.

4.6 Supplementary material

4.6.1 Concentration-driven vs. emission-driven simulations
Generally, future simulations assessed in the context of Intergovernmental Panel on Cli-
mate Change (IPCC) reports are run in concentration-driven mode, meaning that atmo-
spheric concentrations of CO2 are used as an input forcing to the ESMs. This is done
to increase the consistency across different ESMs as climate is highly sensitive to slight
different in CO2-concentrations. Here, in contrast, we apply emission-driven simulations
where CO2-concentrations are computed (instead of prescribed) within the ESM, by using
CO2-emissions as an input directly. This difference is highlighted within the schematic
shown in Figure 4.8. Here we use emission-driven simulations in order to simulate the full
land cover climate feedbacks, whereby the strength of the land sink is explicitly modelled
and directly affects atmospheric CO2-concentrations (Jones et al., 2016).

https://www.cesm.ucar.edu/models/cesm2/release_download.html
https://www.cesm.ucar.edu/models/cesm2/release_download.html
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Figure 4.8: Schematic illustrating the difference between concentration-driven simula-
tions (left) and emission-driven simulations (right). Where concentration-driven simula-
tions require inputs derived from other simulations, emission-driven simulations calculate
concentrations interactively within the model. Taken from (Jones et al., 2016).
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4.6.2 Simulation land cover maps

Figure 4.9: Total amount of cropland (a-c), forest (d-f), grassland (g-h) and shrubland (j-
l) as a fraction of the grid cell (%) within CESM for the 2014 (CONTROL) land cover
(a,d,g,j), for the year 2100 the Inequality scenario (b,e,h,k) and the sustainability scenario
(c,f,i,j). As there are limited changes in shrubland in our scenarios, this land cover type is
disregarded in the main analysis.



4.6. SUPPLEMENTARY MATERIAL 127

4.6.3 Climate variables

Figure 4.10: Changes in (a) Latent Heat Flux (W/m2) by the end of the century (2069-
2099) under the SSP1-1.9 scenario with constant present-day land cover, and (b) between
the inequality and sustainability scenarios at the end of the century (2069-2099). (c,d)
Same as (a,b) but for Sensible Heat Flux (W/m2). Only statistically significant changes
are shown (0.05 significance level, two-sided Wilcoxon signed rank test of lumped en-
semble members and field significance using the false discovery rate test).
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Figure 4.11: Seasonal changes in near-surface temperature changes (K) due to different
land cover scenarios (Sust-Ineq) by the end of the century (2069-2099). Boreal Winter
(DJF) in panel a, Spring (MAM) in panel b, Summer (JJA) in panel c and fall (SON) in
panel d. Only statistically significant changes are shown (0.05 significance level, two-
sided Wilcoxon signed rank test of lumped ensemble members and field significance us-
ing the false discovery rate test).

Figure 4.12: Seasonal changes in near-surface specific humidity changes in g/kg due to
different land cover scenarios (Sust-Ineq) by the end of the century (2069-2099). Bo-
real Winter (DJF) in panel a, Spring (MAM) in panel b, Summer (JJA) in panel c and
fall (SON) in panel d. Only statistically significant changes are shown (0.05 significance
level, two-sided Wilcoxon signed rank test of lumped ensemble members and field signifi-
cance using the false discovery rate test).
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Figure 4.13: Annual average precipitation changes in mm/day due to different land cover
scenarios (Sust-Ineq) by the end of the century (2069-2099). Hatching on the map in-
dicates where the signal is statistically significant (0.05 significance level, two-sided
Wilcoxon signed rank test of lumped ensemble members and field significance using the
false discovery rate test).

4.6.4 temperature-related mortality due to SSP1-1.9
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Figure 4.14: Changes in Attributable Fraction of temperature-related mortality for each
country and city for the difference in SSP1-1.9 scenario with present-day land cover by
the end of the century (2069-2099). With heat-related mortality indicated as red triangles
and cold-related mortality as blue circles.



Chapter 5

Conclusion

5.1 Concluding summary
Land Cover and Land Management Changes (LCLMC) have a clear effect on the climate,
which depending on the type of LCLMC, region, and scale can differ from a cooling to a
warming. However, large-scale LCLMC are likely needed to achieve the goals of the Paris
Agreement through some form of land-based mitigation. At this point, a large uncertainty
remains related to the potential of enhancing the carbon sink (e.g. afforestation to enhance
the biogeochemical effects) as well as the resilience and longevity of these land-based mit-
igation approaches. Moreover, in most policy and Integrated Assessment Modelling (IAM)
modelling approaches, the effects of LCLMC on the energy and water cycle (biogeophysi-
cal effects) are fully neglected, potentially overestimating the mitigation potential of certain
LCLMC approaches. As we are reaching the stage that land-based mitigation efforts are
being initiated (e.g. as part of the European Union’s Green Deal), the potential climate
effects of LCLMC on the local, regional, and global scales must be better constrained.
To achieve this, we need Earth System Models (ESMs) as they are to date the only avail-
able tool that can fully encompass the climate effects of LCLMC. However, ESMs often
show large discrepancies in climate effects of LCLMC and analyses of their outputs rarely
consider variables beyond temperature and precipitation. Therefore, existing studies have
limited policy relevance regarding the potential of LCLMC for climate adaptation, even
though evidence is clear that LCLMC plays a crucial role at the local scale, for example
regarding alleviating heat stress.

In this thesis, we aim to tackle these research needs by further constraining the effects of
LCLMC on the climate. We approach this challenge from a multi-model perspective to
better grasp the spread of physical representations of the climate system within different
ESMs and to uncover robust features. We initially focus on the biogeophysical effects as
a high uncertainty remains regarding these effects both in sign and magnitude. In Chap-
ter 2, we apply idealised LCLMC scenarios to assess the sensitivity of the climate system
to LCLMC, we separate between local and non-local effects to better understand ESM dif-
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ferences. In Chapter 3, we analyse these simulations for moisture fluxes and both local and
continental moisture recycling to assess the potential effects of LCLMC on water avail-
ability. Finally, in Chapter 4, we apply a future low-warming scenario in CESM with two
different land cover scenarios representing vastly different socioeconomic futures. These
results are analysed for temperature, heat stress, and impacts on human beings (both eco-
nomic and health) to illustrate the importance of the future LCLMC scenario for climate
mitigation and adaptation. Here, we summarise the key finding from this work and suggest
avenues for further research.

The second Chapter introduces an idealised set of simulations intended to better understand
and constrain the biogeophysical effects of LCLMC. We simulate the biogeophysical ef-
fects for (i) cropland expansion (ii) afforestation, (iii) irrigation expansion and (iv) wood
harvesting, using the Community Earth System Model (CESM), the Max Planck Institute
Earth System Model (MPI-ESM) and the European Consortium Earth System Model (EC-
EARTH). We apply the checkerboard approach to make a clear separation between the local
biogeophysical effects, which can be evaluated against observations, and the non-local bio-
geophysical effects which are due to circulation and advection changes.

We show that the local biogeophysical effects of deforestation on surface temperature in
the three Earth System Models (ESMs) are largely consistent with observational data.
Nevertheless, some ESMs show clear inconsistencies with observations regionally, such
as CESM overestimating albedo-induced cooling in the boreal latitudes and EC-EARTH
showing a permafrost thawing-induced warming. The changes in energy fluxes driving
these temperature effects are less consistent, although clear patterns emerge for the differ-
ent LCLMC. Over the tropics, the effects on turbulent energy fluxes dominate for changes
in land cover, while in boreal latitudes the role of albedo becomes larger. For irrigation,
both temperature and energy fluxes are highly consistent, with the differences across ESMs
being more related to spatial pattern of irrigation implementation and whether the effects
are local or non-local. However, land management is often still not fully included in ESMs,
as illustrated by the disconnected terrestrial and atmospheric water cycle in EC-EARTH,
making a study for irrigation effects on climate impossible, and by the lack of biogeophys-
ical feedbacks within MPI-ESM for wood harvesting.

An emergent feature of the simulations is the clear non-local warming in the afforestation
experiment, which is consistent across all ESMs. This is in contrast to the wide uncer-
tainty of non-local effects in the cropland expansion experiment, where MPI-ESM shows
a warming while CESM shows a cooling and EC-EARTH a mixed signal. The larger un-
certainty is likely related due to the wider variety of mechanisms at play and the role of
natural variability in the simulated circulation changes. Overall, these results show that the
biogeophysical effects have an important and non-negligible effect on the climate and that
large fractions of model uncertainty found in previous intercomparison projects (e.g. LU-
MIP) can be related to non-local effects. Our results further strengthen the consensus that
local biogeophysical effects should be included in future land use policies to capture po-
tential trade-offs between biogeochemical and biogeophysical effects (especially in boreal
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latitudes). Our analysis further highlights the need for considering potential unintended
non-local effects related to future LCLMC.

In the third Chapter, we analyse these idealised LCLMC simulations for the effects on the
atmospheric water cycle (evaporation, precipitation and moisture flux convergence). We
apply a moisture tracking algorithm to assess the effects of the LCLMC changes on mois-
ture recycling both locally, to quantify changes in strength of land-atmosphere feedbacks,
and globally to assess changes in water availability over land. The changes in local mois-
ture recycling are analysed through length scales for evaporation and precipitation to enable
comparison of these effects over different grid cell sizes. The global moisture recycling
effects are investigated through the concepts of continental evaporation and precipitation
recycling ratios.

These results are – to our knowledge – the first time that ESM simulations dedicated to
analysing climate effects of LCLMC are analysed for their effects on moisture recycling.
We find that the LCLMC scenarios have substantial effects on moisture fluxes and mois-
ture recycling. There is a general decrease in precipitation, evaporation, and local moisture
recycling following cropland expansion, while the sign of change is generally opposite for
afforestation and irrigation expansion. However, the response patterns diverge spatially
and changes in large-scale circulation affect these general trends regionally. Despite these
marked consistencies in LCLMC-induced effects across ESMs, there is a clear difference in
the processes that dominate moisture recycling within the ESMs, with EC-EARTH gener-
ally showing a strong land-atmosphere feedback (small length scales) and CESM showing
a higher importance of large-scale circulation changes (large length scales). These large
inter-ESM differences warrant further research to better understand these patterns and their
implications.

This study highlights the need to investigate the effects on moisture recycling and water
availability more explicitly within ESM simulations that implement large-scale and real-
istic LCLMC scenarios. As afforestation and irrigation are seen as potential avenues for
future climate mitigation and adaptation, it is important to constrain the effects this would
have on the local and regional water cycle.

This research also uncovered some potential issues with the checkerboard approach. Clear
checkerboard-induced circulation patterns occurred in EC-EARTH (due to enhanced meso-
scale convection) which would not occur if a full afforestation or deforestation was per-
formed. This indicates that the assumptions underlying the checkerboard approach might
not fully hold for this ESM. This feature could potentially limit the applicability of this
method on higher resolution climate simulations. Hence, further research with varying
ESM spatial resolution or checkerboard patterns is needed to further constrain these impli-
cations.

In the fourth Chapter, we present a novel set of simulations where a low-warming 1.5 K-
compatible SSP1-1.9 scenario is complemented with different land cover scenarios in CESM.
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These land cover scenarios represent strongly different socioeconomic conditions with the
sustainability scenarios assuming a converging economic development along with imple-
mentation of global greenhouse gas pricing mechanisms for afforestation and strict imple-
mentations of environmental protection, which is strongly in contrast to the second sce-
nario where the current unequal economic states are maintained and further enlarged by
implementation of all these measures only in OECD countries with the rest of the world
continuing as usual. Additional historical and future simulations are performed with con-
stant present-day land cover to clearly separate the effects of LCLMC scenario from other
SSP1-1.9 forcings.

These simulations are analysed for their effects on near-surface temperature and specific
humidity. The results indicate a global cooling of 0.3 K by the end of the century when
following the sustainable land cover pathway instead of the inequality land cover pathway,
with regionally larger cooling due to local biogeophysical effects. Humidity generally fol-
lows the temperature patterns which leads to a quasi-global decrease in heat stress under
sustainability instead of inequality. This causes a reduction in economic impacts through
an increased labour capacity over tropical regions as a consequence of the avoided heat
stress. In general, heat-related mortality is reduced (especially over the tropics) due to
the land cover scenarios while there is also an increase in cold-related mortality especially
over Northwestern Europe. These simulations are the first to present the effects of future
LCLMC scenarios under a low-warming scenario. They clearly highlight the potential in
terms of both mitigation (global cooling) and adaptation (reduction in economic and health
impacts) when following a sustainable land cover pathway instead of an inequality pathway.
These results clearly illustrate the importance of sustainable development in economically
poorer countries as the reduced impacts and temperature effects are largest over the tropics
(i.e. where most LCLMC occurs).

In conclusion, the results presented here highlight the large potential of LCLMC for cli-
mate mitigation and adaptation, but also clearly identify some issues. Even though some
consensus is emerging across ESMs regarding the local biogeophysical effects on surface
temperature, large inter-ESM discrepancies remain relating to other aspects such as the
water cycle, non-local biogeophysical effects on temperature as well as LCLMC-induced
impacts across sectors (e.g. human health) which are currently poorly understood and un-
derstudied. Currently, the full range of LCLMC climate feedbacks are still neglected in
the development of SSPs, which could lead to over- or underestimation of the potential of
LCLMC for climate mitigation. Even though ESMs are the only tools available to the sci-
entific community that fully grasp all process interactions, they are rarely applied to assess
possible changes of future LCLMC on adaptation potential (such as water availability or
health and economic impacts). This makes that ESMs cannot fulfill their potential role as a
tool for advising policy makers on LCLMC planning. In the next section we will therefore
look beyond the results of this thesis and draft a way forward to further apply and build on
the potential use of ESMs within the context of LCLMC-climate interactions.
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5.2 Future research

5.2.1 Ongoing work

The ESM simulations presented in this thesis are part of the LAnd MAnagement for CLI-
mate Mitigation and Adaptation project (LAMACLIMA). Hence, other project partners are
still analysing or planning some follow-up analyses on them. First, an analysis is ongoing
of the local and non-local biogeochemical effects within the idealised LCLMC simulations
(Chapter 2). Second, these simulations will also be used to further extend an emulator
in order to also capture the climate effects from irrigation. Third, the results presented
in Chapter 4 will be extended. This analysis will be complemented by looking into tem-
perature extremes and extremes in human heat stress. Finally, this analysis will be com-
plemented with additional simulations from MPI-ESM and EC-EARTH using the same
simulation setup. This will allow the analysis to move beyond ESM-specific features (e.g.
the North-Atlantic warming hole in CESM) and provide more general and robust conclu-
sions regarding the feasibility of the Paris Agreement temperature targets under different
land cover scenarios.

5.2.2 Improving the coupling between ESMs and IAMs

A large factor of uncertainty is related to the multitude of models needed to assess land
cover scenarios especially for the future. Land cover scenarios are created within IAMs
based on socioeconomic assumptions and simplified climate feedbacks, and are then con-
verted to a common format defined within the Land Use Harmonisation Project (LUH2).
These common LUH2 land cover maps are then translated via ESM-specific tools to each
ESMs native grid and land cover typology. This modelling workflow is required as ESMs,
in their current form, cannot model human decision-making needed to assess land cover
scenarios. However, at this stage it remains unclear what the implications are of the infor-
mation lost through the multiple conversions of land cover maps. Even though IAMs and
ESMs are fundamentally different models, they share some common outputs which can be
linked to land cover such as carbon emission changes related to land cover changes. A
consistent assessment of the modelling workflow could prove useful to better understand
and constrain potential biases in the representation of land cover within ESMs. Such work
can only be achieved by combined efforts from both ESM and IAM communities but could
potentially benefit the entire CMIP modelling workflow and therefore help improve the
scientific support to policy making.

A simple and easy way to start such a comparison could be through a Land Use Map
Model Intercomparison project (another LUM-MIP if you will) where ESMs and IAMs
participate and consistently compare the results of land cover maps before and after given
transitions such as the IAM to LUH2 or the LUH2 to ESM map transitions. Such a com-
parison could be relatively easily complemented by some ESM simulations (for example
land-only) which would allow to quantify the importance of inconsistencies through errors
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in land cover translation process to climate variables such as carbon and temperature. This
intercomparison could involve several simulations focusing on both the historical period as
future SSP scenarios. The simulations presented in Chapter 4 could serve as an initial test
for the validity of these ideas as they are the product of collaboration between scientists
from the land use model MagPie and three ESMs – and therefore allow for this intercom-
parison. It should be emphasized that the collaboration between IAM and ESM modelling
groups is crucial in both the execution and setup of such an intercomparison which has the
potential to reveal implications in a part of the modelling toolchain which is central to the
production of climate information supporting policy makers.

5.2.3 Improving the representation of land surface processes in ESMs

Even though the earliest intermodel comparison projects, performed over a decade ago
(LUCID), found that there is a large inconsistency in the representation of Land cover
within ESMs and their resulting climate effects (Pitman et al., 2009; De Noblet-Ducoudré
et al., 2012), we still find ourselves facing similar issues in the intercomparison presented in
this thesis. The increased consistency in temperature response and understanding of the im-
plications of non-local effects shows that the model developments made in past years have
clearly paid off, making ESMs representation of land more consistent and realistic. The
emergence of global observational datasets allows for a consistent evaluation of land cover
implementations. New model developments should be evaluated against such datasets (e.g.
Duveiller et al. (2020) for local biogeophysical effects) to assess the ability of ESMs to
capture the effects of LCLMC on climate. These evaluations should go beyond land-only
simulations and include at least also the atmosphere component as some biases only appear
when climate interactions are included (as illustrated within this thesis with the albedo bias
over boreal latitudes in CESM despite a good performance in a land-only evaluation study
(Meier et al., 2018)).

Within such model evaluation, signal separation approaches have an important role to play
as observations by design only capture local effects, while ESM simulations include both
local and non-local effects. The checkerboard approach remains a useful signal separation
approach, despite the potential issues relating to meso-scale circulation effects (Chapter 3).
These issues merit further research which can be tackled by exploring different patterns
of LCLMC (instead of a checkerboard a 3/4 or 7/8 LCLMC pattern) or different grid cell
resolutions within a specific ESM. Other signal separation approaches such as those pre-
sented by Lejeune et al. (2017) can still provide an idea of local effects without the need of
a checkerboard like LCLMC pattern implementation (and are currently evaluated against
the checkerboard approach within a MSc thesis project).

Future model development is required to further bridge the remaining biases uncovered in
this thesis. Several developments are in the pipeline which will further increase the realism
of the modelled climate effects due to land cover changes such as the inclusion of biomass
heat storage to improve the representation of the effects of land cover on the diurnal cy-
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cle (Meier et al., 2019), or the inclusion of transient reservoir and lakes in order to better
capture the effects of human behaviour on land cover and thus climate (Vanderkelen et al.,
2021). However, several processes are still modelled in a highly simplified way (e.g. tree
mortality, wildfires) and some are not even modelled at all (e.g. vegetation growth, nitrogen
cycle). Future developments could therefore focus on improving the realism of land cover’s
representation within ESMs, especially with regard to vegetation processes. The shift from
prescribed land cover representation (as used in this thesis for CESM) to dynamic vegeta-
tion models embedded in land surface models (e.g. as in EC-EARTH) is an important step
to include more realistic land-climate interactions in ESMs.

As the next generation of coupled model simulations (CMIP7) is coming up, we provide
a perspective of what should be the focus for dedicated ESM experiments to improve our
understanding of the effects of LCLMC on the climate. It is my point of view that for the
next phase of LUMIP, the ESM community should step away from idealised simulation
set ups, as uncertain non-local biogeophysical effects can strongly affect this picture, and
focus more on realistic pathways of land cover including land management practices:

1. A larger focus on realistic pathways of land cover. There should be an increased
focus on future simulations with a fully coupled setup. This can allow for stronger
and more robust science related to the importance of LCLMC scenario within the
future period. Information on the potential of land-based mitigation and adaptation
is crucial at this stage, and the ESM community needs to provide the information
needed for the inclusion of these effects in future decision making. This is where
ESMs can be most useful as they are the only tool available to the scientific commu-
nity that can access the full breadth of climate processes needed to grasp the potential
effects of future LCLMC (e.g. by including non-local biogeophysical effects).

2. A larger focus on land management. The next crucial step is the inclusion of
land management practices in the next phase of LUMIP. Since CMIP6, where only
three ESMs included irrigation (Al-Yaari et al., 2022), several ESM have started im-
plementing irrigation and other management practices within their models. Even
though the importance of land management has been highlighted for a long time
(Luyssaert et al., 2014) the implementation within ESMs has lagged behind. How-
ever, we are now finally at a stage where management can be included in large-
scale modelling exercises. Irrigation is an obvious target for this with some ef-
forts already ongoing for the historical period specifically (e.g. the IRRMIP project:
https://hydr.vub.be/projects/irrmip). These type of intercompar-
isons would allow to asses consistency and assess the need for more complex pa-
rameterisations (e.g. in CESM multiple irrigation methods have been implemented
(Yao et al., 2022) while most ESMs only model flood irrigation). However, LUMIP
should aim beyond just irrigation and also include other management practices such
as crop albedo management, wood harvesting, and nitrogen fertilisation.

3. Consideration of sub-daily output. A more technical aspect is the data which is

https://hydr.vub.be/projects/irrmip
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outputted within an intercomparison project, as this constrains the type of potential
analyses. LUMIP made a great step forward with the inclusion of subgrid-scale
output within the simulation protocols (Lawrence et al., 2016). Here we suggest to
complement this with a sub-daily (e.g. 3-hourly output stream) for selected variables,
such as precipitation, near-surface temperature and specific humidity. This would
allow for a more consistent comparison of the diurnal cycle and heat extremes as well
as facilitate the calculation of impact-relevant metrics such as heat stress (Buzan and
Huber, 2020), which at this point remain understudied and uncertain.

5.2.4 The potential for land-based mitigation and adaptation

Land-based mitigation is a key tool for achieving low-warming scenarios (Rogelj et al.,
2018). However, the research in this thesis highlights some important issues. For example,
unintended non-local biogeophysical effects following afforestation could undo any cool-
ing due to an enhanced carbon sink (see Chapter 2). Recent research has highlighted other
issues such as longevity and resilience of forest in a future and warmer climate (Fuss et al.,
2018; Curtis et al., 2018; Hartmann et al., 2022; Forzieri et al., 2022) which further de-
creases the viability of afforestation for future mitigation. Ho (2023) highlights that even if
all human beings on the planet would plant a tree, assuming these trees would survive and
benefit mitigation efforts, it would only make up for 43 hours per year of GHG emission
at current trends. Therefore, it is becoming increasingly clear that the mitigation potential
of afforestation is highly limited. Future research on LCLMC should shift focus to the
adaptation potential of these changes with the climate mitigation potential as a potential
co-benefit of future LCLMC rather than the main goal.

To improve the utility of dedicated LCLMC ESM simulations for climate adaptation, we
need to extend our analyses from purely climate variables to also include impact cate-
gories such as human health, economic impacts, and water availability. Currently, this
strand of research is underdeveloped, but there is potential to move fast. In regards to the
effects of LCLMC on water availability and moisture recycling, Chapter 3 showed that
current approaches to analyse LCLMC-induced effects on moisture based on reanalysis
derived recycling ratios (e.g. Tuinenburg et al., 2020) only render an incomplete assess-
ment, as LCLMC-climate feedbacks are completely neglected. Future analysis of dedicated
LCLMC simulations can help further constraining these effects by performing moisture
tracking analyses on existing or future simulations of realistic future and historical scenar-
ios. However, at this stage more work should go into understanding the strongly different
hydrological cycles (illustrated by differing length scales) across ESMs through consistent
comparison and evaluation of these metrics to reanalysis-based products. A low-hanging
fruit in the applicability of ESMs for climate adaptation is heat stress. ESM-based studies
should move beyond reporting effects on temperature and temperature extremes without
the inclusion of a moisture dimension. A possible way forward is to include moist heat
stress metrics within the default setups of ESM simulations which allows for the calcula-
tion of these metrics at the models native time step as was done for CESM (Buzan et al.,
2015).
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We do not live in the forest. To achieve useful information for impacts on humans, we need
to move beyond local biogeophysical effects as reported by observational studies. ESMs
are the only tool to date that can capture possible non-local effects and thus the full breadth
of the climate effects. The development of an urban tile within ESMs is a promising avenue
as this will allow even coarse grid ESMs to provide information at a useful level for climate
adaptation. As land-based mitigation efforts are being initiated in Europe and beyond, we
need to provide robust scientific information needed for supporting future land use plan-
ning.
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