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ARTICLE INFO ABSTRACT

Keywords: Land use and land cover change (LULCC) affects the climate through both biogeochemical (BGC) and biophysical
LULCC (BPH) mechanisms. While BGC effects are assessed at global scale and are at the heart of climate treaties such as
Biophysical effects the Paris Agreement, BPH effects are totally absent despite their increasingly recognized impact, especially at
temperature

local scale. This stems from the complexity in characterizing their climate impacts both at local and global scale,
which makes it impractical to offer clear advices for the development of climate policies. To overcome this
barrier, we built a prototype for an assessment tool to evaluate the local BPH impact of a series of land cover
transitions. It relies on a dedicated methodology, based on satellite remote sensing data, that can estimate the
local change in near surface air temperature associated with BPH effects of potential LULCC. This tool follows a
tiered methodological approach, using transparent methods and mirroring what is currently provided by the
IPCC to estimate the BGC effects, i.e. through different levels of increasing methodological complexity, from Tier
1 (i.e. default method and factors) to Tier 2 (i.e. similar to Tier 1 but with higher level of details and complexity)
and Tier 3 (i.e. tailored solution to address national circumstances). The prototype tool enables the evaluation of
the local impacts of land-related BPH effects, therefore facilitating a scientifically informed and comprehensive

land-based climate policies

assessment of land-based climate policies.

1. Introduction

Land use and land cover change (LULCC) alters the climate by
disrupting land-atmosphere fluxes of carbon, water and energy. A well-
known process by which this occurs is defined as the biogeochemical
(BGC) effect and depends on modifications in the net budget of
greenhouse gases (GHG), such as CO, from changes in vegetation and
soil organic carbon stocks, and CH4 and N0 in response mainly to crop,
pasture and wetland management. The other main land-driven pro-
cesses impacting climate depends on variations of the surface energy
budget mediated by albedo, evapotranspiration and roughness (bio-
physical BPH effects) (Pielke et al., 1998; Betts, 2000; Bonan, 2008; Lee
et al., 2011; Anderson-Teixeira et al., 2012; Mahmood et al., 2014;
Zhang et al., 2014; Li et al., 2015; Alkama and Cescatti, 2016; Duveiller
et al., 2018c).

To illustrate the differences between BGC and BPH climate effects of
LULCC, we can consider a generic conversion from forest to cropland.
From the biogeochemical perspective, this would contribute to global
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warming by releasing part of the carbon stock in the forest, in a form
and time that depends on the modality and scope of conversion (e.g.
burning for land clearing vs. use of wood for specific purposes), but also
by diminishing the carbon capture capacity of the ecosystem. From the
biophysical side, this deforestation process typically entails a rapid in-
crease in albedo and a concomitant decrease in evapotranspiration that
may ultimately lead to either a local cooling or a local warming effect
(Perugini et al., 2017), depending on which of the two processes
dominates (Davin and de Noblet-Ducoudré, 2010; Bright et al., 2017),
depending on the size and pattern of the LULCC perturbation (Pitman
and Lorenz, 2016), and depending on the background climate (Pitman
et al., 2011; Huang et al., 2018). BGC and BPH also differ in how fast
and how far their effects are felt. There will necessarily be some latency
between the moment when more net carbon is added to the atmosphere
as a consequence of local deforestation and its global greenhouse effect,
while the biophysical changes in albedo and evapotranspiration, and
thus temperature, are almost immediate. Analogously, the BGC effects
of local deforestation will be felt globally, while those of BPH will
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generally be concentrated on where it happened. However, LULCC can
also have non-local BPH effects due to changes in wide-ranging climate
circulation (Winckler et al., 2017), which is when LULCC at some place
affects the climate elsewhere via atmosphere or ocean teleconnections.
Finally, the BPH effects can be both direct and indirect (Devaraju et al.,
2018). An example of an indirect effect is how a decrease in evapo-
transpiration due to deforestation also changes the cloud regime,
thereby indirectly changing the incoming solar radiation.

To complicate matters, local BPH effects can act on top of ongoing
BGC climate effects to potentially exacerbate their impact and be highly
relevant for land use policy. This can occur despite the fact that local
BPH effects become negligible when averaged globally (as local
warming can be compensated by local cooling elsewhere), because lo-
cally they can magnify or dampen warming impacts due to BGC de-
pending on the location and type of LULCC (e.g. Huang et al., 2018). As
an example, let us consider the case of crop production. Climate change
is expected to expand cropland suitability in the Northern Hemisphere
high latitudes, while the tropics will experience a contraction of crop-
land suitability (Ramankutty et al., 2002). A recent study (Zhao et al.,
2017) further reports that, without CO, fertilization, raising tempera-
tures have consistently negative impacts on the yields of four major
crops (wheat, rice, maize, soybean) at the global scale, undermining
food security. From the BPH side, observations show a consistent re-
gionally-averaged local cooling of 0.6 °C on average in boreal areas due
to deforestation, with results ranging between -0.95 to +0.04 °C and a
warming of the same amplitude for deforestation in tropical area
(0.41 = 0.57 °C) (Perugini et al., 2017; Alkama and Cescatti, 2016;
Zhang et al., 2014; Lee et al., 2011). These immediate BPH effects of
LULCC alter the local ecosystem energy balance and could have further
impacts on crop distribution and production, possibly affecting food
supply in the long term. Understanding the environmental impacts of
land policies in a comprehensive way, including the temperature
changes due to BPH effects, can be of high importance for policy makers
to ensure proper land planning.

How can BGC and BPH effects be evaluated and monitored? The
answer depends on the effect. Global BGC effects can be inferred from
national GHG inventories and book-keeping techniques (Houghton and
Nassikas, 2017). Modelling, whether statistically-based extensions of
forest inventory data, such as the Carbon Budget Model (Kurz et al.,
2009), or mechanistic process-based models such as dynamic global
vegetation models (DGVMs) used in Earth System Models (ESMs), can
provide valuable feedback for evaluating carbon stocks and fluxes (Le
Quéré et al., 2018). Satellite remote sensing techniques could be very
valuable due to their synoptic coverage, but measuring carbon fluxes
and stocks directly from space is notoriously difficult (e.g. Stocker et al.,
2019). On the other hand, the complete BPH effect, including both
direct and indirect components as well as both local and non-local as-
pects, can only be quantified using land-atmosphere climate models.
Yet these models still show considerable uncertainties when analyzing
LULCC, specifically regarding the characterization of changes in non-
radiative fluxes (de Noblet-Ducoudré et al., 2012). More critically, the
computational complexity in running such coupled models makes it
currently unfeasible to provide policy-advice at the relevant local scale
at which LULCC occur and for all parts of the world. While recent
studies have been able to focus on finer representations of LULCC (e.g.
Winckler et al., 2017; Quesada et al., 2017), what is considered a local
change is still at the scale of an entire climate model grid cell (typically
= 10000 km?). Satellite remote sensing can provide a much finer es-
timate (< 5 km?) of local BPH effects (Zhang et al., 2014; Li et al,,
2015; Alkama and Cescatti, 2016; Duveiller et al., 2018c), which have
recently revealed further the discrepancies amongst models to capture
such local BPH effects at this scale (Duveiller et al., 2018a). However,
these remote sensing techniques can currently only provide the local
effects, and not the non-local effects (i.e. teleconnection).

There is also a stark contrast between how BGC and BPH effects are
considered in climate policies for land-based mitigation and adaptation.
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The Paris Agreement (PA) long-term goals include holding “the increase
in the global average temperature to well below 2°C” (Article 2). To this
aim, countries that ratified the PA are expected to communicate and
periodically update nationally determined contributions, i.e. their
pledges to reduce the greenhouse gases emissions (GHG) regulated
under the United Nations Framework Convention on Climate Change
(UNFCCC). The UNFCCC and its PA, in other words, implicitly assume
that reducing GHG (i.e. BGC effects) is the only way through which
countries may mitigate climate change. A high expectation for forest
mitigation emerges both in countries’ climate targets (i.e., the
Nationally Determined Contributions, NDCs), where forests are as-
sumed to provide up to a quarter of planned emission reductions by
2030 (Grassi et al., 2017), and in estimates of land-based mitigation
potential (Griscom et al., 2017) and pathways to achieve the 2°C target
(Rockstrom et al., 2017). However, forest and land based solutions for
climate mitigation and adaptation goals extend beyond the carbon cycle
(Ellison et al., 2017; Seneviratne et al., 2018).

The fact that BPH effects are still ignored by climate policies con-
tributes to an incomplete evaluation of the climate impacts of anthro-
pogenic LULCC. The reasons for such omission are primarily related to
the high level of complexity associated with quantifying the BPH im-
pacts, which has made it impractical to offer clear advice on the most-
effective policy and on which level policy makers can act (Perugini
et al., 2017). The combination of BPH and BGC effects at both local
and/or global levels would be advisable for the comprehensive assess-
ment of climate policies, but it is yet unclear how to compare the two
climate effects together. Several studies have already advocated a more
complete evaluation of the net climate effect of LULCC policies on cli-
mate, beyond the global warming potential (Pielke et al., 2002;
Marland, 2003; West et al., 2011; Gotangco Castillo et al., 2012), but
without providing any metric or composite index. While some metrics
have been proposed (Bright, 2015), they have not yet been adopted at
large scale due to complexity of monitoring them at the appropriate
spatial and temporal scales. The process of including land-based miti-
gation in the UNFCCC context has been a matter of long and complex
negotiations (UNFCCC, 2011b,a; United Nations, 2015; Grassi et al.,
2018). While adding the land-related BPH effects to the scope of
country reporting under UNFCCC (currently entirely focused on GHG)
would currently be very difficult from the political perspective, the
availability of concrete tools to assess the impacts of BPH effects
(mainly at local level) would facilitate a better informed and science-
based land planning by policy makers.

The objective of this study is to provide a prototype for an assess-
ment tool that can be used by policy makers to quantify the local bio-
physical impacts of LULCC. This impact is summarized by the expected
change in annual near surface air temperature over a given area fol-
lowing a specific LULCC transition occurring over the same area. The
tool follows a tiered methodological approach mirroring what is cur-
rently provided by the IPCC to estimate the biogeochemical effects
(IPCC, 2006), i.e. through different levels (Tiers) of increasing metho-
dological complexity, from Tier 1 (i.e. default method and factors) to
Tier 2 (i.e. higher level of complexity) and Tier 3 (i.e. tailored solution
to address national circumstances with finer granularity in both spatial
and temporal resolutions). Here, we generate and analyse the numbers
for Tier 1 and 2 based on satellite remote sensing observations, and we
discuss a blueprint on how the same methodology can be applied to
provide national solutions using dedicated data layers for a Tier 3 ap-
proach. All the numerical values behind the tool are available in the
supplementary section of this study.

2. Material and Methods
2.1. Retrieval of the local temperature change

The tool requires estimates of how local air temperature rises or falls
following a given land cover change. To obtain these numbers we apply
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Table 1
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IPCC LC classes and their descriptions (IPCC 2006, Vol: 4, Ch: 3; Page 3.6 in: http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.htmlhttp://
www.ipce-nggip.iges.or.jp/public/2006gl/vol4.html).

IPCC Land Use categories

Description

(i) Forest Land

(ii) Cropland

(iii) Grassland

(iv) Wetlands

(v) Settlements

(vi) Other Land

This category includes all land with woody vegetation consistent with thresholds used to define Forest Land in the national greenhouse gas inventory.
It also includes systems with a vegetation structure that currently fall below, but in situ could potentially reach the threshold values used by a country
to define the Forest Land category.

This category includes cropped land, including rice fields, and agro-forestry systems where the vegetation structure falls below the thresholds used for
the Forest Land category.

This category includes rangelands and pasture land that are not considered Cropland. It also includes systems with woody vegetation and other non-
grass vegetation such as herbs and shrubs that fall below the threshold values used in the Forest Land category. The category also includes all
grassland from wild lands to recreational areas as well as agricultural and silvo-pastoral systems, consistent with national definitions.

This category includes areas of peat extraction and land that is covered or saturated by water for all or part of the year (e.g. peatlands) and that does
not fall into the Forest Land, Cropland, Grassland or Settlements categories. It includes reservoirs as a managed sub- division and natural rivers and
lakes as unmanaged sub-divisions.

This category includes all developed land, including transport infrastructures and human settlements of any size, unless they are already included
under other categories. This should be consistent with national definitions.

This category includes bare soil, rock, ice, and all land areas that do not fall into any of the other five categories. It allows the total of identified land
areas to match the national area, where data are available. If data are available, countries are encouraged to classify unmanaged lands by the above
land use categories (e.g. into Unmanaged Forest Land, Unmanaged Grassland, and Unmanaged Wetlands). This will improve transparency and
enhance the ability to track land use conversions from specific types of unmanaged lands into the categories above.

a tested methodology (Duveiller et al., 2018c) to a new dataset of sa-
tellite-derived monthly air-surface temperature data (Hooker et al.,
2018). The methodology relies on comparing values of temperature
over neighbouring areas with similar environmental conditions but
contrasting land cover types, an approach that has also been adopted by
several other studies (e.g. Zhao and Jackson, 2014; Li et al., 2015; Peng
et al., 2014). The assumption is that the temperature measured over a
given land cover type, e.g. a grassland, is a valid estimation of the
temperature that a different land cover type in the vicinity, e.g. a forest,
would have if the latter was converted to the former (i.e. the result of
replacing a forest by a grassland). An advantage of this approach is that
estimations of temperature change can be made even when actual
LULCC has not occurred. Because this local temperature change
strongly varies both spatially and seasonally and depends on the
background climate (Pitman et al., 2011), it is difficult to rely on
ground measurements, which would typically not allow sufficient spa-
tial coverage to be representative for all areas across the world. How-
ever, current satellite Earth observation offers the capacity to sample
the globe systematically and consistently: an ideal technology for this
kind of application.

There is a difference between the radiant land surface temperature
(LST) that can be estimated directly from remote sensing and the air
temperature considered in climate policy. The latter is referred to here
as Ty, and is defined as the near-surface air temperature measured in a
weather station under standard conditions, which means in a white box
2 m above a trimmed grass canopy cover WMO (1996a,b). For the sake
of brevity, from henceforth in this text we refer to this near-surface air
temperature simply as air temperature or as Ts,,. To, also differs from
the LST retrieved from satellite in that the former does not have a clear-
sky bias. Under overcast conditions, the satellites used to generate the
LST cannot sample the surface below the clouds, generating a bias for
clear-sky days.

Since the relationship between LST and Ts,, is not constant in space
and time, Hooker et al. (2018) established a dedicated regression pro-
cedure leveraging on both geographic and climatic similarity criteria to
relate LST from the MODIS AQUA platform to monthly temperatures
derived from station data from the Global Historical Climatology Net-
work-Monthly or GHCN-M (Lawrimore et al., 2011). These regressions
were then applied to the exhaustive coverage of satellite LST to gen-
erate a Ty, dataset providing values for all places where station data are
not available. This approach has the added benefit of removing the
clear-sky bias inherent in the LST data. Research has shown that LST
and T, do respond slightly differently to LULCC processes such as
deforestation (Winckler et al., 2018), but this has been neglected in the
present study as the Hooker et al. (2018) dataset does not employ any

information of land cover explicitly when converting LST to T,,,. The
pixel-wise monthly-median values of this T,,, dataset are calculated
over the period 2008-2012 and used in combination with the ESA cli-
mate change initiative land cover map for 2010 (ESA, 2017) to generate
maps of local temperature changes following the methodology de-
scribed in Duveiller et al. (2018c). These temperature changes are ag-
gregated to a spatial resolution of 1°x 1° and averaged annually (from
their original monthly temporal resolution) for each considered land
use transition. In parallel, the same temporal aggregation is applied to
the original LST datasets provided by Duveiller et al. (2018b) to pro-
duce the same information for three variables: Ty, LSTqqy and LSTrgn.

2.2. Harmonization of land use classes

The study of Duveiller et al. (2018c) targeted vegetation cover
change and relied on the land cover classes of the ESA maps to define
the vegetation transitions that could be analysed. The resulting classes
are based on the global vegetation classification scheme of the Inter-
national Geosphere Biosphere Programme (IGBP). The same approach
is used here, but we aim to harmonize these vegetation classes with the
classes of land use defined by the IPCC and used in the assessment
framework for BGC effects (see Table 1 ). All different forest types in the
IGBP scheme, namely evergreen broadleaf forests (EBF), deciduous
broadleaf forests (DBF), evergreen needleleaf forests (ENF), deciduous
needleleaf forests (DNF) and mixed forest (MD), are gathered together
to represent the Forest land class in the IPCC nomenclature (IPCC,
2006). IGBP classes of savannas (SAV), shrublands (SHR), grasslands
(GRA) are grouped into the general Grassland definition of IPCC, which
tolerates isolated trees and shrubs. Forest land and Grassland are
complemented by Croplands and Wetlands, both directly remapped
from the respective cropland (CRO) and wetlands (WET) classes in the
IGBP scheme, to make up the 4 land uses classes considered here for
Tier 1. However, for Tier 2 all possible transitions amongst the IGBP
classes are considered. Table 2 summarizes the correspondence be-
tween the IPCC and IGBP classes.

2.3. Spatial gap-filling

While the space for time substitution behind the methodology of
Duveiller et al. (2018c) is capable of providing information on tem-
perature change in the absence of actual LULCC, it still requires a
certain level of co-occurrence of both land use types within a local vi-
cinity. In areas where a given land use type does not currently exists, no
information is available regarding its possible introduction, for instance
precluding the use of the tool to assess impacts of afforestation
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Summary of the correspondences between IPCC Land Use Categories System and the land cover categories at Tier 1 and Tier 2 level used in this study

IPCC Land Use Categories  Tier 1 Level  Tier 2 Level

Forest Land Forest Land

(DNF) Mix Forest (MF)

Evergreen Broadleaf Forest (EBF) Decidous Broadleaf Forest (DBF) Evergreen Needle-leaf Forest (ENF) Decidous Needle-leaf Forest

Grassland Grassland Savannah (SAV) Shrubland (SHR) Grassland (GRA)
Cropland Cropland Cropland (CRO)
Wetland Wetland Wetland (WET)

programs where there is currently no comparable forest. To mitigate
this caveat, we adopt an extra post-processing step to fill-in the spatial
gaps in the maps of local temperature change based on similarities in
local climate. For this purpose, the monthly temperature and pre-
cipitation for the period 2008-2012 are compiled at 1°x 1° spatial re-
solution from the CRU data version 4.00 (Harris et al., 2014). Based on
these values, the following four climate indicators are calculated for
each year: mean annual temperature (T), annual temperature range
(temperature difference between coldest and warmest months), cumu-
lated precipitation over the year (P) and aridity index for that year
(defined as P/(T + 30)). The 5-year median values of these indicators
are then used along with the values of local temperature change to train
a machine learning algorithm to estimate the latter from the former.
The trained algorithm can thus be used to predict local temperature
changes based on climate for areas where the original space for time
method had insufficient samples to produce data.

The machine learning method used here is the random forest
(Breiman, 2001; Ho, 1998), which consists in constructing a multitude
of regression trees and select the mean prediction of the individual
trees. We employ the R implementation within the randomForest
package with the default settings of 500 individual trees. The gap-filling
approach is applied to every annual temperature change map, i.e. for
every individual transition between land classes of either Tier 1 or Tier
2, and for all three variables (T2m,LST4q, and LSTyg,). However, pre-
cautions have been taken to ensure these predicted outputs remain
realistic. First, we remove all areas from the predicted outputs in which
neither of the two land use types involved in a given transition is pre-
sent according to the ESA land cover distributions (we consider absence
if the area covered within a 1°x 1° grid cell is below 5%). In practice it
is indeed possible to have a place with a climate that could potentially
host the land covers involved in a transition, but that neither of them
are actually present to a reasonable extent. Second, the random forest is
only used in interpolation, i.e. only using combinations of climate in-
dicator values that are actually observed for the transition in question.
This ensures that we avoid situations in which a given land use type is
assumed to be established in areas where the climatic conditions are not
appropriate for the corresponding vegetation type. Finally, we noticed
that the outputs of the random forest could have a clear systematic bias
with respect to the magnitude of the signal, i.e. underestimating posi-
tive values and overestimating negative ones (not shown here). To
correct for this effect, we applied a simple linear regression to ensure
the output is scaled to the range of the original data. As an indication,
the resulting root mean squared deviations with the original T, data
after the entire procedure (machine learning plus bias correction)
ranges between 0.17 °C and 0.19 °C for Tier 1 and between 0.13 °C and
0.33 °C for Tier 2.

2.4. Aggregation

The gap-filled maps of annual changes in local temperature due to
LULCC need to be aggregated to a single value per transition and per
climate zone. To do so, we use the climate zones shown in Fig. 1 , which
are defined by the IPCC based on elevation, mean annual temperature,
mean annual precipitation, frost occurrence, and the ratio between
mean annual precipitation and potential evapo-transpiration (IPCC,
2006). The climate zones are provided in a finer grid of 1/12° cells,

resulting in several climate zones attributed to each 1° grid cells of local
temperature change data that straddles across climate zone boundaries.
Therefore, when calculating a mean value for a given climate zone,
mixed grid cells are only counted proportionally to the fraction of area
within the larger 1° cell covered by the climate zone in question. To
ensure that the estimated means remain robust, these are only calcu-
lated when a minimum amount of samples are available for a given
transition within a specific climate zone. This minimum is set to 30 for
Tier 1, while 15 samples are tolerated for Tier 2, where values are
provided further divided in the sub-continental regions delimited in Fig.
1.

Another precaution taken in this aggregation step is to filter out
areas characterized by large local variations in topography from the
climate zone map. The reason for doing this is that the local tempera-
ture changes only relate to flat areas (Duveiller et al., 2018c), since
local differences in elevation would compromise the assumption of
comparable conditions when replacing space for time. Using the same
topographical masking rules described in detail in Duveiller et al.
(2018b), we mask out climate zone pixels where more than half the
area corresponds to unfavourable terrain prior to aggregation. These
final aggregated values are provided in a single table in the supple-
mentary material of this paper, containing the separate estimates for
Tom, LST4qy and LST g, This table is the basis of the prototype tool for
policy-makers. While LST values are provided for the sake of comple-
tion, the following results will only be discussed in terms of T,
However, all plots presented here are also available for both LST4,, and
LSTigh in the Supplementary Material of this paper.

3. Results
3.1. Tier 1: overview of global figures

The spatial patterns of the estimated mean annual changes in local
air temperature due to the transitions of the four land use classes
considered in Tier 1 are depicted in Figure 2 . The actual numbers we
propose to use in the tool are the values in Figure 2 aggregated by
climate zones, which are presented in Figure 3 . In both cases, transi-
tions are considered amongst two land systems in equilibrium, making
them symmetric, e.g. the change in temperature following a conversion
from forestland to cropland is the same in magnitude than that of a
conversion of cropland to forestland, but with an opposite sign. It
should be stressed that this symmetry is not expected immediately after
the perturbation generated by the land cover change, but only after a
given time lag during which the landscapes have reached a new bio-
physical equilibrium.

Figure 2 shows how the impact of deforestation follows a general
latitudinal gradient: a moderate local biophysical cooling effect due to
the increase in surface albedo from snow cover in large areas of cool
temperate and boreal regions and a clear warming effect due to both
evapotranspiration efficiency and surface roughness decrease in most
warm temperate and tropical regions. However, there can be stark
differences according to water availability, as seen by the clear change
in sign between dry and moist climates in North America. These pat-
terns are generally comparable whether forests are replaced by either
grasslands or croplands, but the warming effects seem more important
for grasslands in dry areas (see Figure 3).
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Fig. 1. Climate zones as defined by the IPCC and considered for aggregation in Tier 1 and Tier 2 of the proposed assessment tool. (IPCC 2006, Vol: 4, Ch: 3; Page 3.6
in: http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html). The delimited sub-continental regions are those used for the finer aggregation at Tier 2 level.

The conversion of grasslands to croplands leads to less pronounced
changes in temperature that do not follow the same latitudinal logic as
deforestation. Instead, these patterns might be more related to which
crops are planted and how they are managed in different regions across
the world. Irrigation in particular would favour a cooling of the surface
due to the enhancement of surface evapotranspiration (Thiery et al.,
2017). This may explain the considerable cooling observed in Figure 2
for the grassland to cropland conversion in places like North America,
Australia, Central and South Asia, while in Europe, where there is less
tendency to irrigate (Siebert et al., 2005), the trend is towards warming.
Another factor to consider is that the Tier 1 definition of grasslands also
includes shrublands and savannas, making a general interpretation of
such patterns more complicated.

The third type of land use conversion that can be explored in Tier 1
is the replacement of wetlands by either forestland, cropland or grass-
land. The clearest patterns appear in the case of wetlands to forestland
conversion, where there is a stark contrast between a mean annual
cooling in tropical regions and a mean annual warming effect in boreal
regions. Wetlands, whether composed of flooded forests or flooded low-
vegetation ecosystems, typically have lower productivity than neigh-
boring non-flooded forest, resulting in lower evaporative cooling.
However, they also have shallower roots. As they generally do not stay
flooded all year round, and they are exposed to a dry season during
which these shallower roots have a more limited access to water, they
evapotranspirate even less. In the case of tropical wetlands, this effect
during the dry season dominates the annual signal. In the case of boreal
wetlands, which generally consists only of non-forested ecosystems, this
effect is instead counter-balanced by the strong snow albedo effect
during winter and spring time. Snow over non-forested wetlands will
reflect more energy back into space, while the trees emerging from the
snow will absorb more radiation due to their darker surface, resulting in
an annual signal of warming when considering the conversion of wet-
lands to forests.

3.2. Tier 2: increasing detail

Whereas Tier 1 provides global values with a simplified aggregation
approach, Tier 2 offers more refinement both by focusing on the sub-
continental scale and by providing more granularity in the land use
transition typology that is considered (using 10 land classes instead of

4). The number of values for all transitions across climate zones and
sub-continental regions rises up to 816, making it difficult to present
them all synthetically in a meaningful figure. Therefore, the focus is
here placed on illustrating the increase in detail obtained when com-
paring Tier 1 to Tier 2 for the selected cases of afforestation in Europe
and the conversion from grassland to croplands in Asia. However, the
numbers for all other cases are available in the supplementary material.

The case of afforestation in Europe and its neighbourhood is re-
presented in Figure 4 . Afforestation is here understood as the Tier 1
transition from cropland to forestland following the IPCC land use class
definition, which can be obtained by inverting the sign around the
transition from forestland to cropland shown in Figure 2 . For each
subplot corresponding to one of the major climate zones encountered in
the area, the first bar provides as a reference the global temperature
change value used in Tier 1 (T1). The second bar is an intermediate
value (T1*) in which the general Tier 1 transition of cropland to for-
estland is averaged only over the considered sub-continental region,
thus revealing geographic specificities. For example, with the exception
of forests in cool temperate moist climates, forests in the other 4 main
climate regions have a tendency to cool more or warm less in this ex-
tended European region than in the rest of the world (i.e. the T1* values
are lower than the T1 values). The following bars depict how the
number can vary according to the type of forest that is considered for
afforestation. An example of different forest behaviour can be noted in
the warm temperate dry climate where the decrease in temperature is
higher when replacing DBF (which typically evapotranspirate more
under this climate and thus cool more the land) than when planting
ENF (which are generally darker, and thus warmer to begin with).
There are also some more surprising behaviours, such as the strong
cooling effect of planting EBF in cool temperate moist climate or the
warming behaviour of establishing a DNF in cool temperate dry cli-
mate. However such plant types are atypical in these climates and these
numbers might reflect a shortcoming in the gap-filling approach based
on too few samples or sub-optimal climate predictor variables for these
particular cases.

The second case featured in Figure 5 illustrates the Tier 2 refine-
ment of the Tier 1 grasslands to croplands transition in the Asia sub-
region. This conversion can be considered as an intensification of the
anthropic influence on the landscape, as croplands would typically be
managed more intensively than either savannas, shrublands or
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Fig. 2. Estimated values of mean annual temperature change as a cause of LULCC for different potential transitions at Tier 1 level. Grey areas indicate places where
no estimations are available because both classes do not co-exist and no gap-filling was possible.

grasslands (the 3 components of the Tier 1 grassland class). Figure 5
illustrates how the refinement of the final land use classes can change
the sign of the temperature change, e.g. in tropical wet or moist climate
the result is cooling when grasslands are converted to croplands, but it
turn to warming when the conversion targets more natural systems such
as shrublands or savannas. The regionalization benefit of Tier 2 is
visible for the polar climate of the Tibetan plateau, which is expected to
behave differently to other places with polar climates due to its location
at lower latitudes, exposing it to more solar radiation. Another example
is in the tropical dry region in South-Asia, where a considerable part of
croplands is under irrigation, which would cool more the land than
when considering all tropical dry zones globally.

4. Discussion

The framework described above for both Tier 1 and Tier 2 of the
proposed assessment tool not only serves as a proof-of-concept for the
methodological approach, but it can also be directly used in practice to
assess the local biophysical effects of LULCC. The numbers provided are
a trade-off between detail and simplicity in that only a mean annual
change in air temperature is provided per climate zone and (for Tier 2)
per region. Further refinements could be adjusted by provided metrics
informing on the resulting seasonal amplitude of temperature,

analysing the effects of extreme events, or increasing the spatial gran-
ularity to represent individual countries. However, to respect the logic
of the BGC framework with a 3-tiered approach, the increase in com-
plexity and detail should be reserved to the tool's Tier 3.

The construction of Tier 3 can be methodologically identical to that
of Tiers 1 and 2. Since the space-for-time substitution approach is not
dependent on scale (Duveiller et al., 2018c), both in terms of the spatial
resolution of the input data and the thematic detail of the input clas-
sifications, it can readily be applied at finer levels. Tier 3 could there-
fore consist of applying the method at country or region level, possibly
using finer spatial resolution remote sensing data if it becomes avail-
able. However the real added-value would be the use of local thematic
maps, which would both have a higher accuracy than the global land
cover maps and which can focus on land use, and thus management,
rather than only on land cover. This opens the possibility of tailored
solutions to tackle the different landscapes across the world, exploring
the effects of differences in forest structure, in crop types or in man-
agement practices (irrigation, zero-tillage). Regional examples could
include exploring the effect of shade in cocoa agro-forestry plantations
in West Africa (Abdulai et al., 2018) or using forest-structure classifi-
cations in Fennoscandia (Majasalmi et al., 2017).

Since no Tier 3 implementation is currently available, some further
discussion is warranted on the use Tier 1 and Tier 2. Despite the efforts
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Tier 1: Annual average per transitions for different IPCC climate zones
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Fig. 3. Bar charts showing the changes in mean temperature following potential transitions aggregated per climate zones at Tier 1 level. The error bars show the
spatial variability around the means and correspond to + 2 standard deviations of the population of all values for a given transition in a given climate.

to match the present classes with the IPCC categories, caution should be
taken in the interpretation since some inconsistencies may arise given
that the former refer strictly to land cover characteristics while in the
latter the land use often dominates over land cover. For example,
cropland currently covered by grasses as fallow, as part of the crop
rotation cycle, is usually classified as cropland in the IPCC reporting,
while it should be considered as grassland in the present tool, since the
biophysical effect is linked with the type of cover currently present on
site. In other cases, land management could strongly affect biophysical
exchange between land and atmosphere, as in the cases of irrigated
cropland vs. rain-fed where the presence of water will strongly affects
the local energy balance and thus the local climate. Another point is
that the current version of the tool does not include transitions invol-
ving the IPCC classes of “Settlements” and “Other lands” because the
original approach (Duveiller et al., 2018c) focused only on vegetated
classes. Furthermore, the surface to air temperature conversion (Hooker

et al., 2018) was not optimized for urban environments where differ-
ences between surface and air temperature are much larger than over
vegetated areas. A further refinement of the tool could target urban
dynamics using a dedicated input layer such as the global human set-
tlement layer (Pesaresi et al., 2016), but may require a dedicated source
of gridded near-surface air temperature for urban environments.
There are also other considerations beyond the classification con-
cepts that must be understood when using the tool to quantify the local
BPH effects of LULCC. First, the changes of temperature only relate to
the area where LULCC has occurred. The increase in temperature re-
ported following tropical deforestation is only going be felt locally,
unlike the biogeochemical repercussions which typically get averaged
in the atmosphere. However, these biophysical increases in temperature
may be more pertinent for local/regional policy-making as it is the one
that will be immediately affecting the people living there. In the same
vein, we re-iterate that non-local BPH effects of the potential LULCC
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Fig. 4. Illustration of the Tier 2 values for afforestation over the zone comprising Europe and its neighbourhood. The global Tier 1 values per climate zones are
reported for reference (labelled T1), along with the Tier 1 generic transition for only this spatial extent (T1*). The Tier 2 transitions, which involve a finer thematic
granularity, includes afforestation of cropland towards either evergreen broadleaf forest (EBF), deciduous broadleaf forests (DBF), evergreen needleleaf forests (ENF),
deciduous needleleaf forests (DNF) or mixed forests (MF). The map illustrates were the climate zones are located.

under consideration are not included in our estimates, as they are not 2019), these non-local effects can be important and they should be
directly detectable from the observations using the present metho- better understood to ensure that their contribution is not overlooked,
dology. As pointed out by recent modelling studies (Winckler et al., especially when larger contiguous patches of land are changed.
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Fig. 5. Illustration of the Tier 2 values for the expansion of croplands into grasslands within the ASIA zone. The global Tier 1 values per climate zones are reported for
reference (labelled T1), along with the Tier 1 generic transition for only this spatial extent (T1*). The Tier 2 transitions, which involve a finer thematic granularity,
includes the conversion to cropland (CRO) from either grasslands (GRA), shrublands (SHR) or savannas (SAV). The map illustrates were the climate zones are located.

Similarly, the effect of remote LULCC that effectively occur around the
world are not integrated either in our estimates. Third, the LULCC
considered in this tool are only small in spatial extent, i.e typically
smaller than 5 by 5 km? This is a necessary consequence from the
assumptions of the underlying methodology: when considering a small
enough spatial window and correspondingly small changes in LULCC,
local direct effects dominate over local indirect effects, and the latter
can therefore not affect substantially the hypothesis that neighboring
pixels are under similar and thus comparable environmental conditions.
Fourth, there is an assumption that land cover did not change sub-
stantially during the 2008-2012 period during which satellite ob-
servations were used to retrieve the changes in T5,,. As land cover is not
included in the LST to T,,, conversion by Hooker et al. (2018), this may
generate larger uncertainty for areas where land cover did occur. Fi-
nally, although we provide estimates in terms for LST 44, and LSTpgs, for

the sake of completion (for which relevant figures are available in
Supplementary Material of this study), we recommend policy-makers to
look mainly on the T, data, which was specifically designed to be
more consistent with the near-surface air temperature considered in
climate treaties. Furthermore, unlike LST, the data based on T,,, has the
added value of not suffering from any clear-sky bias since this is in-
tegrated in the procedure used to convert LST to Ty,

The present work does not provide a panacea for policy-makers.
They cannot presently combine the local BPH effects provided here,
which consists of a mean local annual change in T,,, with the BGC
effects reported by the IPCC, as these relate to the contribution of a
specific land use change to the global CO, budget and thus to the mean
global annual T,,. Furthermore, the non-local BPH effects are not
considered, while the local indirect effects are assumed to be negligible.
The solution to include all combined effects would involve fully-
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coupled climate models at very fine spatial resolution (e.g. 1 km), but
presumably after re-calibrating them with satellite-driven datasets to
improve their current shortcomings in estimating local effects
(Duveiller et al., 2018a). In the meantime, including the local BPH
response represents a substantial improvement over the present situa-
tion in which only the BGC response is considered. The spatial dis-ag-
gregation of the information we provide for local BPH effects is also
much finer than what policy-makers have currently available for BGC
effects. We expect this tool prototype, which takes the current form of
the look-up table provided as supplementary material to this paper, will
picked up by policy-makers as a first step towards considering the BPH
effects of LULCC in a comprehensive assessment of land-based climate
policies.

Finally, the effects of LULCC should also be evaluated within a
broader scope, both in terms of biophysics, such as its effects on pre-
cipitation, but also beyond exclusively climate-centric considerations.
Afforestation, for instance, also has large implications for other eco-
system services, such as increasing biodiversity and limiting run-off,
which should not be neglected or exchanged for purely BPH reasons.
Similarly, the results of Forestland to Cropland/Grassland in the
Northern hemisphere showing local cooling should not be interpreted
as advocacy for boreal deforestation.

5. Conclusions

The present study presents a proof-of-concept for an assessment tool
designed to estimate the potential local biophysical effects of LULCC.
The methodological approach enables to reach high quality estimates,
while at the same time being applicable worldwide taking into account
the criterion of cost-effectiveness in relation to the availability of data
and resources. The tool prototype provides a means for comprehensive
assessment of LULCC anthropogenic impact on local climate due to
radiative and non-radiative LULCC BPH effects. Through the use of this
tool, it is possible to assess potential trade-offs or synergies between
local and global mitigation, even if the diagnostic for BGC and BPH is
not yet fully compatible. For example, afforestation in boreal areas may
have a small undesirable BPH warming effect that could be at odds with
the mitigation effort of enhancing the carbon sink, even though, at the
local level, the warming may be considered beneficial to facilitate food
production for example, or reduce hazards to due cold spells in general.
Avoiding deforestation in tropical areas is a win-win situation when
considering both BPH and BGC processes, as both act towards miti-
gating of climate warming at both global and local scales. Full under-
standing of the complete spectrum of short and long term climate
consequences of land planning choices is key for an informed and sci-
ence-based policy making process. While such an endeavour still re-
quires some improvements, such as the incorporation of non-local
biophysical effects, the present prototype tool has the potential to di-
rectly contribute in the right direction.
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