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1 Introduction

1.1 Executive summary

This CAR document reports the work that has been done during the three years of the ESA HRLC project within
0KS Gt NPRdzOG ' daaSaavySyidée g2N] LI O1Fr3ASa o62twmpmn[gasz
Given that the HRLC products were not availdbléhe climate users during the first two years of that period,

part of the studies are based either on the MRLC maps and MERIS data at 300 m resolution, or on higher
resolution satellite products like Landsat and aerial imagery available through GoatileERgine platform.

These works helped firstly, to better diagnose some of the deficiencies of the MRLC product and of the methods
developed to use the land cover maps in climate modeling (especially the mapping of the land cover classes into
Plant Functinal Types used by global land surface models), secondly to develop the modeling tools that will be
used for the HRLC product assessment. As a resulthave carried out preliminary developments in the
ORCHIDEE land surface model and the LMDZ atmospheric model, in order to better describe the land cover
heterogeneity in every grid cell and improve some of the biophysical parameterizations linked to the surface
atmosplere coupling. A first version of the HRLC products which were only available over selected des, ha

also been used to assess the contribution of HRLC compared to MRLC in ORCHIDEE and helped to define the key

performance indices that will be used in tffieal step of the project to compare both productsSinally, we
present the simulations and analysis performed with the HRLC final production (static maps and historical
products).In summary, this first version of the CAR document presents the followsgts:

- some guidelines to improve the interpretation of the MRLC land cover classes in our studied regions
and to revise it regionally,

- the methodology developed to refine the Cross Walking Table used to translate land cover classes into
Plant Functional'ypes,

- the added value of auxiliary products like satellite derived Above Ground Biomass products (ABG) to
improve woody/herbaceous coverage fractions,

- some guidelines to revise the surface albedo calibration in ORCHIDEE and to better account for water
bodies, the setup of the optimization process and the results obtained globally,

- some guidelines to use the upcoming HRLC dataset in an optimal way and some first highlights of its
expected contribution for climate modeling, i.e., a better characterizatioth® croplands, in particular
of its woody character, a better separation between croplands and grasslands, a better characterization
of the vegetation organisation within the grid cell, a better characterization of the land cover changes
(class transitins and localisation),

- the ORCHIDEE and LMDZ simulations performed based on the final HRLC production and the results
obtained highlighting the crucial role of land cover and albedo on the-éambsphere feedbacks,

- a methodology for identifying the couplewle of land cover and climate change in the dynamics of
ecosystem functionality. This methodology was prepared with MR products and it was adapted to the
HR product version 1.

- the analysis of the relationship between the presented Ecosystem Funciigpals (EFT) model and
selected interesting land cover transitions

- the use of the quality layers of the HR product (first and second best classes and corresponding
probabilities) for filtering LC changes

- the KPlIs evaluation of the benefits of changing gpaesolution from MR to HR

2

t
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1.2 Purpose and scope

In this document, we report the methods/tools that we have developed to prepare the assessment of the HRLC
products for climate modeling and the results obtained with preliminary products. The differentagigions

that have been studied are the following:

how MRLC products allow to assess land cover (LC) and land cover changes (LCC) on our 3 study regions,
their deficiencies and the expected contribution of HRLC to better interpret the land cover classes i
terms of ORCHIDEE Plant Functional Types (PFTSs)

a complementary study on the potential of Above Ground Biomass data (estimated from satellite
observations) to improve the split of land cover classes in terms of tree versus short vegetation PFTSs.
the new CWTs developed for the HRLC products

the cohererce with the satellite albedo products and the capacities of ORCHIDEE to simulate the
observed values and time evolution

the results of a new albedo optimization method

the sensitivity of ORCHIDEE simulated energy, water and carbo)duxes to LCC

how the IPSL LMDZ climate model has been settled and performs in the studied regions and what are
the expected surface/atmosphere retroactions

the results of the simulations performed with the final HRLC production on the 3 studied regions,

the dynamics of Exsystem Functional Types (EFTs) as a result of an integrated model of climate and
land cover changes

the discrimination between climate and LCC drivers in the main detected EFT changes

the inclusion of quality layers of HR products for refinement of theHaDge analysis

the design elaboration for the climate assessment of HR products

1.3 Applicable documents

Ref. Title, Issue/Rev, Date, ID

[AD1] CCI HR Technical Proposal, v1.1, 16/03/2018

[AD2] CCI Extension (CCl+) PhagdNew ECVg Statement of Work, v1.322/08/2017, ESALACIPRGMEOPS
SW17-0032

[AD3] Data Standards Requirements for CCI Data Producers, v2.0, 17/09/20FlRGREOPS N-13-0009

[AD4] CCI_HRLC_PbIl.1 URD, latest version

[AD5] CCILGPUGV2, 20104-10

1.4 Reference documents

Ref.  Title, Issue/Rev, Date, ID
[RD1] The Gobal Climate Observing System: Implementation Needs, 01/10/2016, - @@DS

1.5 Acronyms and abbreviations
AGB  Above Ground Biomass

CCl Climate Change Initiative

CRS Coordinate Reference System
CRU Climate Research Unit

CWT Cross Walking Table

EFT  Ecosystem Functional Type

EO Earth Observation
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ESM
EVI
GCOS
GCM
HR
IPSL
JRA
KPI
LAl
LC
LCC
LCCS
LMD
LSCE
MR
MMAX
NDVI
NDWVH
PFT
RS
sCV
SPEI
URD

Earth System Models

Enhanced Vegetation Index

Global Climate Observing System
General Circulation Model

High Resolution

Institut Pierre Simon Laplace

Japanese ReAnalysis

Key Rrformance Indicators

Leaf Area Index

Land Cover

Land Cover Change

Land Cover Classification System
Laboratoire de Météorologie Dynamique
[Fo2NI 02ANB RSa {OASyO0OSa
Medium Resolution

Phenoloy, EFT component

Normalized Difference Vegetation Index
Productivity, EFT component

Plant Functional Type

Remote Sensing

Seasonality, EFT component
Standardized Precipitation Evapotranspiration Index
User Requirements Document
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2 Land Cover from MRLC on our 3 study regions (static and historical):
analysis and potential issues

The CCl MRLC product has been processed all over the available f882@018) to characterize the various
ecosystems present in our 3 studied regions and to analyse the class transitions, especially over the historical
region where the HRLC product will be focused. This analysis was performed with a critical eyeigiat hirgghl
potential uncertainties/biases. Therefore, the maps were in some regions compared to HR images and pictures
with the help of Google Earth platform, in order to assess the future contribution of the HRLC maps to better
interpret the mosaic classeand better translate the land cover classes into the Plant Functional Type (PFT)
categories used by the climate modelers to represent the land surface heterogeneity and the related processes
in their model grid.

2.1 LCand LCC (192P18) over Amazonia

Figure2.1 presents the LC maps and transitions derived from the MRLC product over the static and the historical
regions. The land cover is mapped for the year 1992 and the transitions are calculated between the two extreme
years of the study period to illustratée changes observed in 2018 compared to 1992. The conversion of the
evergreen forests into crops, grasslands or shrublands is clearly visible in the southern part of the Amazonian
Brazilian forest (Mato Grosso and Gran Chaco) as well as in Boliviaragdda The afforestation in protected

areas is also visible at different places, and in the historical zone in Cerrado province with an intensification of
this process since 2015. The water bodies class also shows some changes around the river beus] bria

by various dams implementation and the new flooded areas generated upstream, and by thenowet
dynamics of Amazonian rivers with moving river beds because of the flat terrain and their high sediment load. In
the historical region, the obserdechanges mainly concern the decrease of the evergreen broadleaf forests in
the northern part of the domain and of the deciduous broadleaf forests in the sautstern part (Bolivia,
Paraguay), by about 6% in favour of the increase of croplands, grasalah@dbrublands, all by around 2%. The
classification review against Google Earth HR data allowed to diagnose some issues of the MRLC product
particularly in the interpretation of the croplands/grasslands mosaic classes: managed grasslands for bovine
farming being classified sometimes as crops although their functioning regardinguhe eycles is closer to
grasses and shrubs, and some tree crops like palm trees being classified as crops, although they should be
considered as evergreen trees/shrubs in taed surface model. The interpretation of the mosaic classes in terms

of fractions of PFTs is thus associated with potential large uncertainties as it depends on the regions and the type
of crops / grasses and their usage. A regional interpretation sélussto be highly needed, as opposed to the
global interpretation used so far during the ESBI MRLC projects. The future HRLC product will therefore
certainly help to better characterize the land cover in these areas.
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Figure 2.1: MRLElassification and land cover transitions between 1992 and 2018, over the static and

historical regions of Amazonia and South Brazil.

2.2 LCand LCC (192R18) over Sahel

Figure 2.2 presents the same results over the Sahel static and historical regionthenlitG map of 1992 over

the static and historical regions and the transitions accumulated over the (13®13)

period. Here, the pattern

of the Great Green Wall afforestation project to combat the increasing desertification of Sahel is clearly seen in
the north of Sahel in the transition maps. Reforestation in the southern part of Sahel as well as intensification of
croplands are also clearly visible. In some places, like in Center Mali, Niger or Soudan, land degradation can be
seen with the conversionf@rasslands and shrublands to sparse or bare soils. The vegetation recovering since

2003 after the severe droughts of the last century, can be clearly seen on the ye

arly transitions. In the historical

region, the largest changes concern the decrease ofidands in the northwestern part by 3%, the
afforestation in Ethiopia and Eastern Sudan by 2% and a slight increase of croplands by 0.6%. It can be noted that
the afforestation is mainly done with deciduous tree species (Fetene et al., 2016), les-demt@nding than

the evergreens, in order to preserve the water resources. The fact that the HRLC product will be able to separate
evergreen from deciduous tree species will be very interesting to study the impacts of these replanting choices

on climate trems and future resources. The product will also help to see the de
per hectare), an important characteristic for modeling aspects.

nsity of the afforestation (tree
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40°E

Figure 2.2: MRLC classification and land cover transitions between 1992 and 2018, ovstdtieand
historical regions (right column) of Sahel and Ethiopia

2.3 LC and LCC (192P18) over Siberia

Over our static region of Siberia, as shown in Figure 2.3, the main land cover features concern the large flooded
area of the downstream part of the Qlver on the western part of the study region and the large part of Central
Siberia covered by the needleleaf deciduous trees (mainly larches). The northern part with extreme weather
conditions sees mainly shrubs, grasslands which move into lichen ancsnogghern. In the 2§ear study

period, the land cover transitions show some forest loss in favour of grasslands and shrubs on both sides of the
large Taiga forest which could be the signature of land drying and browning and fire disturbances increase
(Dyukarev, 2011, Miles, 2016). As described by Miles and Esau, 2016, the Taiga browning is species and spatially
dependent, affecting more evergreen coniferous trees compared to needleleaf deciduous (larches) more
tolerant to warmer temperatures and water feit. More to the North, forest/shrubs gain is observed, probably

a consequence of the Arctic tundra greening already observed by numerous works (Magias2012, Miles &

Esau, 2016). In the historical region, the main transitions concern the signifiearease of flooded shrubs by

2% in favour of forested areas, which could be explained by the drying of the region because of the increased
temperatures. Parallel increase of flooded shrubs could be the result of increased floods because of the larger
precipitation over the region. These transitions are expected to be better identified with the HR products with
the benefit of the higher spatial resolution and the SAR imagery. Such transitions from flooded grasslands and
shrubs to trees (and the other waigund) is expected to have a significant impact on the land surface processes
simulated by ORCHIDEE. The HR products will also help to characterize the water bodies especially the
thermokarst lakes due to the melting of soil ice in the permafrost regions.
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Figure 2.3: MRLC classification and land cover transitions between 1992 and 2018, over the static and
historical regions of Siberia.

3 Use of Biomass products to improve the interpretation of MRLC classes in
terms of Plant Functional Types for land suceamodels

3.1 Using biomass product with land cover data in ORCHIDEE

ORCHIDEE describes the heterogeneity of the vegetation in each grid cell by combining fractions of PFTs (15 PFTs
in the standard configuration) that share the same equations (with exceptions for the calculation of leaf
phenology) but differ in their paranters. The PFTs distribution usually comes from historical land cover
reconstructions and/or contemporary remote sensing products. Since the release of tHdRS2\ product, the

land cover maps have been used by the ORCHIDEE group to derive the PFTidistfibe original 38 land cover

classes (DiGregorio et al., 2005) of the MRLC areagped onto a set of generic PFTs at 0.25° resolution. Re
mapping for the years 1992 to 2015 is guided by &ated crosavalking table (CWT, Poulter et al., 2015)
defining the correspondence between the land cover classes and the generic PFTs. The fraction of each generic
PFTs for each land cover classes can be visualised under the web page:
https://orchidas.Isce.ipsl.fr/dev/lccci/tools.php

However, the CWT has been defined globally and there are large uncertainties in terms of PFT fractions especially
for specific LCCs like: mixed vegetation, cropland, mosaic vewegtatic. In this context, several actions were
initiated to revise / improve the CWT and to define specific CWTs per region (by large ecosystems). Before using
the upcoming HRLC products, we started to revise the CWT for the African ecosystems, usitegpamndiznt

product: satellite driven estimates of above ground biomass data (AGB).

The main objective of this parallel project is to assimilate AGB data into ORCHIDEE in order to improve the
simulation of forest carbon stocks and their fate under climatande. Assimilating AGB is a complicated task,
because simulating forest C stocks combine not only the uncertainties linked to C input, C allocation, mortality
and recruitment over the history of the forest ecosystem but also the uncertainties in land deseription.
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More specifically the partition between tree and short vegetation is likely to be a first order driver of the AGB
distribution (C stocks in trees are two orders of magnitude larger than in grasses). In this context, we propose to
test a stepvise approach for Africa with the Bouvet et al. (2018) AGB maps, as described in Figure 3.1, below:

In a first step we use the satellite AGB map to refine the fraction of tree / grass / bare soil PFTs of each
grid cell in Africa, given the uncertainties time current PFT map derived from the standard CWT
presented above and applied to the MRLC product (Bontemps et al., 2013).

Second, we will define at the resolution of the model (0.5 degree) the maximum AGB for each grid cell
(ABGmayx, using the 95 pertde of the raw AGB values) as a function of mean annual precipitation
(MAP), as in Yang et al. (2020). The AGBAP relationship will be the target of the ORCHIDEE
parameter optimisation, i.e. the potential AGB that ORCHIDEE should simulate witirget |
disturbances. The maps in Figure 3.2 illustrate the approach with a preliminary comparison of the AGB
estimates.

Finally, the simulated AGB from the optimised model will be compared to the raw EO AGB of Bouvet et
al. (2018). Remaining differenceslvpitimarily inform on all processes not simulated in ORCHIDEE.
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Land Cross-walking Plant 5 | Remote-
n e table functional | | sensing
— type ; 3 AGB
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Figure 3.1. Overview of the three model applications with the AGB product, i.e., (1) model initialization, (2)
parameter optimization, and (3) model evaluation, that are explored in this study.
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Figure 3.2: (from G. Marie, personal communication). Sphtilistribution of the AGB simulated by the
ORCHIDEE model and from satellite observations (Bouvet et al., 2018) together with a diagram for each
product of the AGB versus Mean Annual Precipitation for the whole of AFRICA. Such relation will be the
observdion operator in the Data Assimilation step.

3.2 Refinement of the description of LC classes in terms of PFTs with Biomass data

The first objective is thus to improve the CWT linking the 43 land cover types of the ESA MRLC product to the 15
PFTs distinguishday ORCHIDEE, using the information contained in the AGB product (and also from an annual
mean precipitation data).

Because of the large difference in biomass between woody and herbaceous biological entities, the biomass
observed at each pixgb, (B) canbe written as:

sz Fp,free ’ Bref tree + Fp,lzerb 'Bref herb (1)

where R tree and Fp nerbare the fractions of the surface area of a given pixel p covered by woody and herbaceous
vegetation respectivelyBret.e andBrefrerhare the reference biomass of the tree and the herbaceous vegetation
respectively. Equation (1) can be further simplified:

Bp: F - Bref + (1 - F ) - Bref herb )

p,tree tree p.tree

Equation (2) will be used to refine the existing CWT that links 38 damer types to 15 PFTs. We thus simply
express the biomass of each land cover typeBigg)(as a function of the mean tree cover of edectype ('O )
and the mean reference biomass for tree and hebs (%Q andd i ''Q ) following:

Bp,lc:Ftc,.free. Bré{f ic,free+ ( - Flc,mﬂe) ’ B?‘Ef le, herb

®)

The estimation of O  will be then used to update the CWT and thus the PFTs of ORCHIDEE. Equation (3)
assumes that the referendgomasses are constant across space for a given land cover type. This is true only if
land cover types are restricted in a narrow range of climatic characteristics. In a further refinement of this
approach (ongoing) we will make the reference biomaasmatfon of the mean annual precipitation.

The different terms of Eq. 3 are associated with an uncertainty that was accounted for in the method used to fit
this model to the AGB data. A Bayesian approach was used to estimate the 95% confidence inféryal &r

each LC. The approach requires to set prior values and statistical distributions for each unknown of the equation,
which were chosen to follow a normal or gamma distribution.

The first results that we obtained are:

On average therop or mosaierop land cover classes (classes 10, 11, 12, 20, 30) appear to need more

tree PFTs than the original assessment in the CWT. The main reason is that there are vegetation
classified as crops in the MRLC product that correspond more to trée8 @ R2> LJ £ Y GNBS:
carbon cycle.

The split of the mosaic and shrubland classes (classes 40, 100, 110, 120, 121, 122) into tree and short
vegetation PFTs is also slightly modified compared to the original split, with less trees.

We are currentlyfinalising this regional CWT following the information provided by the AGB data. We will apply
the CWT to the MRLC product in order to create a new PFT map for the year 2010 and to simulate the African
biomass. This work also prepares the use of the upngnHRLC products as we will try to combine the
information for the HRLC maps and the information from the AGB map to better define the fraction of trees for
each class of the MRLC product.
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4 New CrossWValking tables (CWTSs) to convert HRLC classes to GeRETs
and to ORCHIDEE PFTs

¢KS TF2ftft2g¢gAy3 (loftSa aKz2g (GKS DSYSNRO tcCce¢a |yR GKS
simulations):

Table 4.1: Generic PFTs (left) and ORCHIDEE PFTs (right).

Broadleaved Evergreen || PFT1: Bare Soil
Broadleaved Deciduous || PFT2 : Tropical Evergreen
TREES - - -
Needleleaved Evergreen || PFT3 : Tropical Raingreen
Needleleaved Evergreen || PFT4 : Temperate Needleleaf Evergreen
Broadleaved Evergreen PFT5 : Temperate Broadleaf Evergreen
Broadleaved Deciduous |l PFT6 : Temperate Broadleaf Summergreen
SHRUBS
Needleleaved Evergreen || PFT7 : Boreal Needleleaf Evergreen
Needleleaved Evergreen | | PFT8 : Boreal Broadleaf Summergreen
Natural Grasses PFT9 : Boreal Needleleaf Deciduous
GRASSES
Crops PFT10 : Temperate Natural Grassland (C3)
Bare Soil PFT11 : Natural Grassland (C4)
Water PFT12 : Crops (C3)
Snow and Ice PFT13 : Crops (C4)
Urban PFT14 : Tropical Natural Grassland (C3)
No Data PFT15 : Boreal Natural Grassland (C3)

4.1 CWTFHRLC: HREHG-Generic PFTs

In contrast with theMRLC classification, the HRLC pixels in most cases tend to represent more homogeneous
classes due to the higher resolution, and thus, the legend is different. For this reason we needed to revise the
previous interpretation of the land cover classes in teraf PFTs and we had to adapt our previous MRLC CWT.

We decided to build regional HRLC CWTs, one for Amazonia and Sahel and another for Siberia, because the
vegetation features (species, density, phenology) are different when comparing tropical and fegjieak.

Given that ORCHIDEE lacks from shrub PFTSs, the shrub classes are converted already in this stage into trees PFTs,
prioritizing their seasonality (evergreen/deciduous) and assigning 100% of them to broadleaved PFTs in
Amazonia and Sahel and 25%btoadleaved/75% to needleleaved PFTs in Siberia. The flooded vegetation was
treated in a similar way: 20% water in every region and 80% broadleaved evergreen trees in Amazonia and Sahel
and 80% needleleaved evergreen in Siberia.

-HRLC can be found hergtps://orchidas.lsce.ipsl.fr/dev/lccci/hr_regions.php
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Table 4.2. CWFHRLC (Amazonia and Sahel): HRLC classes to Generic PFTs
Sourcenhttps://orchidas.Isce.ipsl.fr/dev/lccci/hr_regions.php

CCI CLASS] NAME TREES SHRUBS GRASSES Bare Soil| Water | Snow and Ice| Urban | No Data
TrBrEv | TrBrDe | TrNeEv | TrNeDe | ShBrEv | ShBrDe | ShNeEv [ShNeDe | NatGr |Crops
No Data 100
TreelEverg-Broad 100
Tree/Everg-Needle 100
Tree/Decid-Broad 100
TreelDecid-Needle 100
ShrublEverg 100
Shrub/Decid 100
Grassland 100
Cropland 100
Woodyiflooded 80 20
Herbiflooded 80 20
Lichens-Mosses a5 15
Bare area 100
Built-up 100
Water/Season 100
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Water/Permanent 100

=
@

Snow-ice 100

Table 4.3. CW-HRLC (Siberia): HRLC classes to Generic PFTs
Sourcehttps://orchidas.Isce.ipsl.fr/dev/lccci/hr_regions.php

CCI CLASS NAME TREES SHRUBS GRASSES Bare Soil| Water | Snow and Ice| Urban | No Data
TrBrEv|TrBrDe [ TrNeEv | TrNeDe | ShBrEv |ShBrDe | ShNeEv | ShNeDe NatGr | Crops
No Data 100
TreelEverg-Broad 100
Tree/lEverg-Needle 100
Tree/Decid-Broad 100
Tree/Decid-Needle 100
ShrublEverg 100
Shrub/Decid 25 75
Grassland 100
Cropland 100
Woodyiflooded 80 20
Herblflooded 80 20
Lichens-Mosses 85 15
Bare area 100
Built-up 100
Water/Season 100
Water/Permanent 100
Snow-lce 100
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4.2 CWTORCH v2: Generio-ORCHIDEE PFTs

4.2.1 New KoppenGeiger map

hw/ 1 L599Qa& tC¢a FNB &SLINFY¥GSR FOO2NRAYy3I (2 GKSANI RA
classification (for crops and grasses). The climate zones are defined using a-&@igpenmap adapted from

Peel, M. C., Finlayson, B. L., and McMahoA, (R007)

In order to fix possible biases due to an oversimplification of the previously used k&mgar map (needed to
RAAGNROdzIS G(GKS DSYSNAO tceca Fy2y3d RAFFOENByG OfAYIGS
excessive, so we decided foy Of dzZRS (G KS &! NAR 2 N¥Y§¢& YR G! NAR /[ 22¢f ¢
NERAAGNAOGdzi SR (KS LINBOA2dza SEGSyaAazya 2F a. 2NBFf 2| NN
With this new classification we intend to have a more realistic split and global distribution of f&Ttha

conversion from Genertw-ORCHIDEE PFTs.

This new Koppesseiger map is currently used for the PFT construction, and it could eventually be used to
regionalize the albedo optimization in the future (Section 10).


https://orchidas.lsce.ipsl.fr/dev/lccci/hr_regions.php
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Figure 4.1: Previous Koppe@eigr climate zone map (300 m resolution, 5 climate zones). Original data:
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Figure 4.2: New Kdppeeiger climate zone map (300 m resolution, 7 climate zon€s)ginal data: Peel, M.
C., Finlayson, B., and McMahon, T. A (2007).
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4.2.2 C3/C4 classification

The distinction between C3 and C4 for grasses and crops was improved through the combination of two detailed
products with higher resolution:

a) Grassesproduct provided by C.Still at 1/6=0.166° forl@sses: C3 herbaceous cover, C4 herbaceous
cover and C3 tree cover

b) Crops product provided within TRENDY2020 (land use harmonization data) at 0.25° for 12 classes: primf
(forested primary land), primn (neforested primary land), secdf (potentially foregteecondary land),
secdn (potentially notforested secondary land), urban (urban land), c3ann (C3 annual crops), c4ann
(C4 annual crops), c3per (C3 perennial crops), c4per (C4 perennial crops), c3nfx (C3-finiregen
crops), pastr (managed pasture), gg(rangeland)

4.2.3 CWTFORCH v2

Using the new KoppeGeiger map, the C3/C4 map I8till et al. (2009 and 2018) anithe LandUse
Harmonization data (LUHZ2, 2020), we built a new CWT {ORUOH v2; Tables A.1, A.2 and A&pipendix Ajo
convert the Generic PFTisto the ORCHIDEE PFTs solving some biases found usirQRIMATV1. The future
implementation of this new CWT will bring the following changes and improvements to the PFT translation:

Arid classes are added. Arid Warm assigns the same PFTs as TropleahridhCool behaves as
Temperate Warm.

Temperate Broadleaved Evergreen (PFT 5) in Boreal areas (warm or cool) are converted to Boreal
Needleleaved Evergreen (PFT 7).

Temperate NeedleleaveBvergreen (PFT 4) in Tropical areas are converted to Tropical Broadleaved
Evergreen (PFT 2).

Tropical areas only present tropical PFTs (PFT 2 or 3) and Boreal Cool areas only present boreal PFTs
(PFT 7, 8 or 9) prioritizing the seasonal properties (eeergor deciduous) coming from the generic

PFTs.

5 HRLC in ORCHIDEE: PFT building and comparisons with MRLC
5.1 Maps for 2019 over the historical regions

We built and compared ORCHIBEETs maps using HRLC and MRLC as an input over the three historical regions
for 2019. In order to build the MRLC and HRLC maps for the first comparisons presented below, we used for each
dataset its respective LandCowerGeneric PFTs CWT (CWRLC or CWHRLC), and then, the same CWT from
Genericto-ORCHIDEE PFTs (GWRICH v1) fdroth datasets. In this way, the main differences between the two

are related to the changes introduced by the HRLC product and its improved land cover classification: better bare
soil detection, higher distinction between grasses and shrubs (which dveléttin the trees PFTs in ORCHIDEE),

no mosaic classes (in the MRLC dataset, mosaic classes are distributed in a generic way globally, bringing biases
and unrealistic distributions of PFTS, such as broadleaved evergreen trees in boreal regions).

5.1.1 Amazon

In Figure 5.1 we can see the HRRCE &SR hw/ 1 L599Q4a tC¢a F2NJ GKS !'YIT2y
comparison with the MRLC PFTs, presented as the fraction differencesKHRIG]}. The differences are mapped

for each PFT (upper plot) and summarized in bize plots below. The results show a reclassification of an

important fraction of broadleaved evergreen trees to broadleaved summergreen trees, possibly showing an
improvement in the seasonality detection by HRLC. We can also find an important amount ©fdvtiplands

that are detected as grasses and bare soils by the HRLC, as well as a reclassification of the MRLC needleleaved
trees as broadleaved trees.
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Figure 5.1. ORCHIDBE®-Ts maps built with HRLC first production over Amazonia (top left), maps
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5.1.3 Siberia

The LC differences in the two maps in Western Siberia concern mainly a redistribution of grasses PFTs to trees
and bare soil. In reality, the increase of the trees' PFTs are mostly coroimgain increase in shrublands
(interpreted as trees in ORCHIDEE PFTSs).
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Figure 5.1. ORCHIDBE®-Ts maps built with HRLC first production over Siberia (top left), maps comparison
AAOxAAT (2, #8 O AT-BFTs(p righd) &nd ba piofs shdwitgdction differences (bottom).

6 Coherence of MRLC and surface albedo changes in satellite products and
comparison to ORCHIDEE

Surface albedo is critical in land surface and climate modeling since it determines the surface net radiation, i.e.,
the part of thesolar radiation that will be available to heat the soil and the atmospheric boundary layer or to
evaporate land water (from soil and vegetation surfaces). In ORCHIDEE, it is calculated at each timestep according
to the vegetation and snow coverage. The graeterisations used for this calculation have been calibrated
against MODIS albedo products (in the visible and near infrared domains) acquired during th@20p1

period. Since the albedo can vary significantly with land cover (a bare soil presertalehigher values
compared to a vegetated area and forest covers present lower albedo than grassland covers), drastic land cover
changes as deforestation or afforestation could produce high changes. In this work, we wanted to see if the land
cover changs detected in MRLC have impacted the surface albedo, quantify these changes, compare with
ORCHIDEE and diagnose potential albedo issues in our parameterizations that would need prior corrections. For
that purpose, it was important to use a product whichshnot been used in our calibration process. The
GlobAlbedo time series availablefdtp://globalbedo.org/ have therefore been used.

6.1 GlobAlbedo product

GlobAlbeddhas been derived from European satellites (ATSR2, SPEGETATION and SPOESETATIGN

as well as AATSR and MERIS) and is available feyemrlperiod from 1998 to 2011 (Muller et al., 2012). It is
produced at different spatial resolutions at 0.05fd0.5° and also at different time scalesd@y and monthly).

In this work, we used the monthly dataset and the 0.5° resolution to assess the time evolution and the links with
land cover changes.

6.2 Albedo changes observed

Figure 6.1 shows the albedo chasgderived from the GlobAlbedo dataset (annual averages for the Amazonia
and Africa regions, summer monthly minimum for Siberia to avoid potential snow effects), calculated over the
time period (1998 2011). The differences have about the same order of mitade in the 3 regions and the

spatial variations are close to the LCC patterns. The transitions from forests to crops or shrublands in Amazonia
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or Sahel show higher albedo values (values around 0.04 but up to 0.2 higher), (the opposite is observed in the
afforested regions), and an overall small decrease is observed in Siberia northern of the larch forest (values
around 0.02 lower), corresponding to the observed intensification of shrubs. In the extreme Arctic regions, the
albedo seems to have increasetldawe have to confirm if this is not the result of remaining snow impacts or/and
potential directional effects not correctly removed in the satellite product.

Albedo Difference Globalbedo
Sahel_Static 1998-2011

Albedo Difference Globalbedo
Amazon_Static 1998-2011

#|Mean =0.006
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Figure 6.1: Albedo differences/changes extracted from GlobAlbedo product between 1998 and di011
Amazonia, Sahel (both in annual mean) and Siberia (monthly minimum)

6.3 Comparison with ORCHIDEE

To assess the capacities of ORCHIDEE to reproduce the observed albedo trends and patterns, we have performed
a model simulation over the same time period. IRCHIDEE, the surface albedo is calculated at each time step
according to the land cover type and fraction (which evolves daily with the seasonal evolution of the biomass/LAl)
and the variations of the snowpack (mass, temperature, coverage and aging) ifTaeyparameterization was
calibrated against MODIS albedo datasets using the ORCHIDAS data assimilation tools developed at LSCE
(https://orchidas.Isce.ipsl.fr/ Bastrikowet al., in preparation). The calibration was done with one albedo value

(for the visible and for the near infrared) for each vegetation PFT and with one albedo for each grid cell for the
bare soil PFT. The performed simulation (called in the followingHOD¢H UC) used the CRIRA reanalysis
(Kobayashi et al., 2015, Harris, 2019) as atmospheric forcing over the period20B8pRwith a éhourly time

step and at a resolution of 0.5°. In this simulation, the MRLC land cover product is used to map the Plan
Functional Types (PFTs) used in ORCHIDEE to prescribe the vegetation properties and is updated yearly as
described in Lurton et al., 2020.

Figure 6.2 illustrates the albedo differences simulated by the ORCHIDEE model between the two years 1998 and
2011.As for GlobAlbedo dataset, the annual mean has been used for Amazonia and Sahel, the monthly minimum
value has been extracted for Siberia, in order to remove the perturbing effects of snow cover. The comparison
with ORCHIDEE shows the same patterns ajrsaén in GlobAlbedo, confirming that the vegetation trends and
changes are correctly accounted for. However, the differences are significantly lower than in the GlobAlbedo
product, with differences generally lower than 2%, suggesting that the variatrensraerestimated even if the

trends are correctly represented. This underestimation points to the need for a better calibration of the different
vegetation PFT albedo coefficients. It is noteworthy also to highlight that the positive trend observedarttihe

of Siberia at the limit with the coastline is not present in ORCHIDEE simulations. In the historical region, the
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region which shows significant transitions between flooded and-rtmoded forests and shrubs, show also
different trends in ORCHIDE&mpared to the satellite observations. A positive trend is simulated in ORCHIDEE
in this region showing an increase of flooded vegetation. This incorrect variation could be the consequence of
one of the deficiencies of ORCHIDEE (like most of the climadels)avhich represent land water as bare soils.

In ORCHIDEE, the flooded class 180 6MRLIC, assigns a fraction of 30% to water, therefore to the bare soil
PFT. Such an increase of the bare soil fraction could have led to an unrealistic increassunfaite albedo.

This point which has to be confirmed with a deeper analysis of the bare soil values assigned to bare soil in
ORCHIDEE in this region, highlights the importance of the land cover mapping for climate modeling and the
expected improvements #it will be brought by the HRLC dataset which will allow to better identify the flooded
areas and their dynamics.
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Mean =0.000
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Figure 6.2: Albedo differences modeled by ORCHIDEE on the time period (19982011)

In Figure 6.3, the mean errors between ORCHIDEE hedos and GlobAlbedo time series have been calculated

for the 3 study regions and are plotted at 0.5° resolution. The mountainous areas show the larger errors because
of the variability of the snow coverage which could differ from model to observatiotiseomonthly time series.

Apart from these regions, we see some interesting features starting from the Amazon (showing the lower RMSE),
where the rivers and surrounding flooded areas (e.g., Pantanal in South Brazil) show significant underestimation
in ORCHDEE, suggesting that the albedo of bare soil/water is not well calibrated. Positive errors also appear in
the transition regions from forests to croplands and shrublands, suggesting that the vegetation albedo could be
slightly overestimated for these ecgstems. In Sahel, the RMSE are slightly larger compared to Amazonia (0.032
compared to 0.023) and a positive bias is clearly seen on the bare areas highlighting that the bare soil albedo in
this area could be overestimated. A negative bias is observédtindrth of the Sahelian band, showing that the
albedo is underestimated in ORCHIDEE for shrublands and croplands contrary to the Amazonian case. This could
be the result of too large fractions of bare soils assigned to these ecosystems by the CWTibratioraissues,

both assumptions suggesting that regional CWTs and/or PFTs parameterizations are necessary to improve the
representation of the surface albedo in ORCHIDEE.

Finally, in Siberia, apart from the mountainous area of Central Siberia Plateturgnated by snow, the albedo
seems to be underestimated overall with a mean error of about 2%, suggesting either incorrect albedo calibration
or incorrect land cover fractions assigned by the CWT. In the south, the albedo could be overestimated in some
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places mostly covered by crops. All these discrepancies have to be analyzed more in depth, in line with other
satellite datasets like biomass and LAI to confirm and drive the revision of the CWT as well as the calibration
process.

Note finally that pat of these model GlobAlbedo differences can be due to the fact that for ORCHIDEE the
albedo parameters and especially all gpidint bare soil albedo values were calibrated with a different albedo
product, i.e., from MODIS instruments.
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Figure 6.3: Alledo errors ORCHIDEBJC / GlobAlbedo (average RMSE, biases, max and min errors)
calculated over the period (19982011) at monthly time step.

7 Use of MRLC in ORCHIDEE to assess LCC impacts on carbon, water and
energy surface budgets

To assess the impact$ kand cover changes on thevec budgets and the contribution of yearly updated land
cover maps for climate modeling, we proposed to compare 2 simulations performed with ORCHIDEE based on
either a static land cover map representative of the nineties (QBREH-1X), or a dynamic one, updated each

year accounting for the land cover changes observed (ORCHIDEEimulation already presented in section

4.3). For this task, we performed the second simulation (ORCHID&Eforced with the same atmospheric
forcing CRUIRA than for the ORCHIBDBREC simulation, the only difference being the not updating of the LC
map, therefore of the PFT fractions. Both simulations were done at a scale of 0.5° and for the peri@91392

A spin up period of 10 years was chioder the initialisation of the model variables with the static map of 1992

for the prescription of the land cover.
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7.1 Analysis

7.1.1 Globally

Figure 5.1 presents at global scale and in annual mean, the differences between the two simulations (GRCHIDEE
LUC minus GEHIDEFEIX), for different prognostic variables: surface albedo, LAI, latent and sensible heat fluxes,
GPP and surface temperature.

The plots show clearly how the LCCs translate in albedo changes, the conversion of forest to croplands/grasslands
in Amazorme leading to albedo increase, and in the contrary, the gain of forests in Siberia to albedo decrease. But
even if these changes are the consequence of similar amplitude of variations on vegetation coverage (LA, i.e.,
LAl decrease in Amazonia and increasgestern Siberia by about 0.4), these changes do not translate on surface
fluxes in the same way and with the same amplitude: in Amazonia, the lower LAl values impacts negatively the
evapotranspiration but positively the GPP and the sensible heatdading to larger surface temperatures. In
western Siberia, the increase of flooded areas translates into lower albedo values, larger surface water and
carbon fluxes and slightly lower temperatures. Note that the increase of GPP with a reduction of
evapotranspiration is due to the fact that grass/crop PFTs have a larger maximum photosynthetic capacity than
tree PFT, on average.
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Figure 7.1: Differences between the 2 ORCHIDEE simulations (ORCHIDEEinus ORCHIDEHEX) forced
by the same CRURAatmospheric forcing.

7.1.2 South Brazil

To better understand how the LCC impacts the surfagecetransfers, Figure 5.2 shows summer averages
(December to February) over the historical region of South Brazil. In the-nastern part of the domain, the
converson of evergreen forest to crops translate in higher albedo values, lower LAIs (around 0.5), lower
evapotranspiration (latent heat flux lower by a few Winbut higher GPP (around 0.3 Kg@&jm because crops

and grasslands are more productive than foreatthe ORCHIDEE model, and larger surface temperatures up to
0.6°C because of the reduction of the evapotranspiration. In Paraguay, the conversion of evergreen forests to
mosaic of croplands in the northern part and the conversion of deciduous foresbsaimof shrublands in the
southern part, produce opposite impacts on LAI, surface fluxes and finally surface temperatures, with higher
temperatures on the shrublands compared to the croplands (a few tens of degrees). The different phenology of
deciduous tees compared to evergreen species, combined with the two different climates (warmer and dryer in
the South with lower soil water availability), result in opposite effects on LAI, evapotranspiration and surface
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temperature. This point highlights the imparice of land characterization in land surface models and of the
crosswalking table that will interpret the land cover classes in terms of PFTs. The uncertainties already
highlighted in this region where managed grasslands are mostly classified as alopsere mosaic classes are
difficult to interpret, show the improvements that will be brought by the HRLC product, by a better mapping of
the vegetation and an improved translation in terms of PFTs.
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Figure 7.2: Albedo, LAI, surface fluxes (Latent ands8ala Heat, GPP, transpiration, soil evaporation) and
soil temperature differences between the 2 ORCHIDEE simulations (ORCHIDEEninus ORCHIDHHX)
over South Brazil

8 First use of HRLC in ORCHIDEE to assess the improvements or
deteriorations on the carlon, water and energy budgets with respect to
MRLC

ORCHIDEE model was run on 4 regions of Amazonia, Ethiopia and Siberia, corresponding to the 4 tiles processed
for the roundrobin (RR) task, at the first production delivery. The climate and evaluationstegported some
deficiencies in the classification results, e.g., overestimation of water/flooded areas in Amazonia or some
confusions between grasslands and croplands in Sahel. However, these HRLC maps have been used to assess
the impacts of the land a@r changes (compared to MRLC maps), on the surface fluxes and states simulated by
ORCHIDEE. This preliminary assessment allowed us in addition, to set up some evaluation metrics, to quantify
the changes and be able to show further improvements or detations in the simulations. These metrics,

named KPIs (Key Performance Indices) in the following, have been defined according to the observations
available to evaluate the simulations. They are presented in Section 13.1, the analysis of the new maps and the
contribution in ORCHIDEE are discussed in the following.

8.1 New vs MRLC land cover maps

The 4 regions which were studied correspond to the 4 RR tiles shown in Figure 8.1, i.e., 2 tiles-AnGwicth,

named in the following Amazon (21KXT) and AmazobR®), 1 tile in Ethiopia (37PCP) named Sahel and 1 tile

in Siberia (42WXS). In this work, only the most likely class provided in the files was used to map LC and generate
the PFTs maps required for ORCHIDEE, following the methodology presented in&2ction
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Figure 8.1 Land cover mapping of the 4 regionsttiles studied
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In each of these regions, the PFT comparison with the previous Jd&iM@d PFT maps, highlighted
discrepancies summarized in Figure 8.2.
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Figure 8.2: Changes in ORCHIDEE PFTs fractions for the 4 RR tiles studied.

The main changes for each region are:

in Amazon tile: different fractions of broadleaf evergreen/raingreen trees, less needleleaf evergreen

species, larger fractions of bare saild grasslands and lower fractions of crops
in Amazon?2 tile: different fractions of broadleaf evergreen/raingréees, larger fractions of bare soil
and crops and lower fractions of grasslands

in Sahel tile: lower fractions of trees, except for temperate broadleaf evergreen species, larger fractions

of bare soil and crops and lower fractions of grasslands
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in Sibera tile: larger fractions of bare soil and needleleaf deciduous trees, lower fractions of grasslands
Many differences in the tree species identification (needleleaf/broadleaf, evergreen/summergreen)
were noted.

8.2 ORCHIDEE results

The model was run over theegod (19922018) over the 4 different tiles, at three different resolutions (0.025°,
0.1° and 0.25°) forced by the same atmospheric forcing {IH¥RUreanalysis).

As expected, the PFT changes highlighted previously, translated into changes in the aibgetation
momentum, thermal and hydrological properties, leading to significant differences in the surface fluxes and
variables simulated. However, similar changes do not impact the surface fluxes in the same way. For example,
an increase of trees in Sili@ would negatively impact the albedo, increase the available energy at the surface,
the turbulent fluxes and lead to lower temperatures in summer but larger temperatures the rest of the year. This
is explained by the larger contribution of the sensibdatflux compared to the latent heat flux, part of the year.

In the Sahelian tile, the larger fractions of bare soil and lower fractions of trees, explained the higher values
simulated, the lower evapotranspiration and the increased surface temperaturaseguently. Figure 8.3
illustrates the results obtained on the Amazon tile where the larger fractions of evergreen trees impact the LAl
seasonality negatively, with lower agreement with the observations provided by the Eumetsat8AF The

effect of the latent heat flux appears however very small when averaged on the sagtern part of the tile

with a quite good agreement with the observations
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Figure 8.3: Comparison of the LAl and latent heat flux (mean seasonal cycles averaged over the firibd 2
2019), simulated by ORCHIDEE with the two land cover maps MRLC and HRLC, compared to the observations
from the SAFLand. The values were averaged over the seatstern part of the tile.

Given the small size of the new tiles and the deficienciehefalbedo parameterization in these ORCHIDEE
simulations, we did not go further in the analysis of these preliminary simulations, seeing them as a way to
prepare the work on the whole historical regions, i.e., set up of the most relevant observationabtatand
development of the visualization and data processing tools.

9 Implementation and validation of LMDZ IPSL ESM on our 3 studied regions

We have seen previously how LC impacts the land surface variables simulated by ORCHIDEE (albedo, surface
fluxes, soil water content and surface temperature); the objective in this project is to go further in order to
understand the relationships between a&hges in surface properties induced by LCC and changes in the
atmosphere (physics and dynamics) and the possible feedbacks. For that purpose, we need to work with an
interactive atmosphere, fully coupled with the land surface, therefore with a climate iddeLMDZ. In this

part, we show the work which has been performed to settle the model on our 3 regions using the zoomed
configuration of the coupled LMBDORCHIDEE model.

9.1 LMDZ description

LMDZ is the atmospheric General Circulation Model (GCM) tisbéan developed for about thirty years at the
G[F02N)IG2ANBS RS aSiS2NR{23IAS 58ylFYAldz$S o[ a50éd ¢KS
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that the horizontal grid is stretchable in both longitude and latitude. The model is composed phtigo i) a
dynamical core in which the three dimensional primitive equations are discretized on a longtitdde
horizontal grid, and ii) a physical part in which the vertical transfers of heat, moisture and momentum associated
with physical parametézations are computed. The mass and energy transfers at the land interface are calculated
by the ORCHIDEE land surface model (Cheruy et al., 2020).

9.2 Zoom implementation in the 3 study regions

LMDZ (version 6.1.9) has been implemented in 3 configuratioomed in the historical regions. Figure 6.1
presents the grid structure zoomed over South Brazil, Ethiopia and Western Siberia. In these configurations, the
dimension of the grid is 142x144 boxes horizontally and 79 levels vertically. For all the coitiigyratzoom

factor of 5 was used, meaning that the grid cell is divided by 5 at the center of the zoomed area. As a
consequence, the size of the grid cell is equal to 54.8 km x 28.2 km at zoom center in Ethiopia, to 52.9 km x 28.2
km in Brazil and to 21 Km x 28.2 km in Siberia.
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Figure 9.1: LMDZ grid for the three zoomed configurations over South Brazil, Ethiopia and Western Siberia

9.3 Simulations performed

Three simulations were performed over the time period (198615) with each configuration, all of them were
done using the nudging capacity of the model to constrain the large scale dynamics of the winds. In practice
wind-nudging consists in relaxing therizontal winds of the model towards those of the reanalysis produced by
numerical weather forecast centers with a typical time constant of several hours (in our case a reanalysis from
ECMWF)ByY constraining large scale features (dynamics) to be closleet observed ones, nudging allows to
derive meteorological time series which can be confronted on alyegay basis to observations with much
smaller errors than using a free GCM (Coindrau et al., 2007, Cheruy et al., 2013).
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The three LMDZ simulatiop&rformed were compared to the independent CBRIA atmospheric reanalysis on

a fiveyear period (2011 2015), in order to verify that the model configurations are correctly defined and that
the simulated atmospheric variables are realistic. The idea set@ validate the model dynamics and quantify
the systematic errors and internal model noise in order to allow the interpretation of differences between
simulations. We recall that the objective is to run the model with different land cover maps to sephm
respective roles of the land surface and of the global climate patterns on the simulated surface variables.

Figure 9.2 shows the comparison of various atmospheric and surface variables (rainfall, shortwave and longwave
radiations, LAI, sensible afatent heat fluxes, air temperature and total soil water content) simulated by LMDZ

in the African configuration with the CRIRA forcing resampled at 0.5° on the time period (20Q15). The
differences (coupled GCM minus GBRA reanalysis) in annual meare plotted here. Given that the 3
configurations give the same results, we present only one model configuration (the simulation zoomed on
Ethiopia).
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Figure 9.2: From left to right and top to bottom: rainfall, downward shortwave, longwave radiatioh8,
sensible and latent heat fluxes, soil and air temperatures and total soil water content simulated by LMDZ and
compared to CRLURA reanalysis. The differences (LMDZ minus-ORRA) are plotted globally and on annual
mean over the time period (201:122015).

The plots confirm that LMDZ with its zoomed capacity and with a simple nudging of the winds with reanalysis, is
able to correctly reproduce the atmosphere dynamics and the global climate. The albedo comparison (not shown
here) shows that the surfacelleedo is slightly overestimated in the northern latitudes, explaining the bias
observed on the shortwave radiation. The snowfall comparison shows that in the same area, the snowmass is
larger in the coupled simulations leading to higher albedo values. derate bias of about 20 W/m2 is also
observed in the atmospheric longwave radiation, probably linked to larger cloudiness (to be confirmed with more
analysis). Spatial differences in the rainfall can also be noted, for example over the north of Amesg=. Th
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differences explain the differences in the LAI and in water and carbon fluxes, and the resulting surface
temperatures.

Looking at the monthly time series of air temperature, rainfall and LAI averaged on the three historical regions
for the 3 model onfigurations (Figure 9.3), shows that the seasonal cycles are well represented and well phased
compared to the reanalysis. Over Ethiopia, a negative bias on the air temperature (around 1°C) is highlighted,
probably linked to the excess of cloudiness atmras on the high reliefs, but the monthly rainfall and LAI
present very good agreement. Over South Brazil, the air temperature is positively biased, especially during the
start of the rainy season (above 1 °C). This bias corresponds to a positive ti@sstiortwave radiation; LAI

time series show larger seasonal amplitude but lower values especially in the dry season (up to 1 lower) which
may be linked to the higher air temperatures which induce larger hydric stress. Over Siberia, rainfall and air
temperatures are correctly represented, snowfall differences (not shown here) which is larger in the coupled
model, explain the larger soil water capacity and the larger productivity of the vegetation (forest, shrubs and
grasslands) present in this area. Alstcomparison and the overall good agreement between-@iRA and our
LMDZORCHIDEE simulation shows that LMDZ in the 3 configurations that we have developed in our study
regions is really reliable and can be used in later experiments to understand tlaetisnpf LCC on the regional
climate.
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Figure 9.3: Monthly time series of air temperature, rainfall and LAl over the five years (2@01l5), averaged
over the 2 historical regions (from left to right: Ethiopia, South Brazil and Western Siberia).
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10 New abedo optimization in ORCHIDEE

Before launching the final ORCHIBER 5 %
optimization scheme has been developed and implemented.

The optimization is carried out in three steps, aiming to sucgeSsi &
dependent snow albedo and the soil background albedo (bare soil albedo).
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The full description of the procedure is describedhitips://orchidas.Isce.ipsl.fr/dev/albedo/3_steps.php

The evaluation work performed during the project, in the evaluation against GlobAlbedo and MODIS products as
well as the revision of the CWTs, allowed us to define more reatistiges of variations of the parameters
(intervals assigned to constrain the optimization process) and to use higher resolution and more recent auxiliary
products like the prior background albedo whose resolution has been increased by a factor 50, frem®@%°.

The optimization was performed at the global scale and also regionally on our 3 study static regions. The final
results for the leaf albedos are given in Table 10.1

We can see that the albedo difference between trees and grasses PFTs hasad¢fiesble 10.1), and we expect
that this effect, together with that of the improved snow and soil background albedo, will bring a global
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Amazonia andareas where the background albedo has a high impact on the overall albedo, such as in the
Sahelian grasslands and shrublands.
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Table 10.1: Global vegetation albedos obtained at the end of the optimization process

PFT2

D.23
0.17
D.25
0.204

PFT2

(.04
D.02
D.06
D022

PFT2

0.14
D11
-2.18

PFT3

D.1E
017
D.24
0,189
PFT3

0,04
0.02
D.0E
0.0z

PFT3

011
0.10
-0.55

PFTA PFTS
018 0.2
0.1 0.1
0.23 0.24
015 0.176
PFT4 PFTS
0.0 004
0.01 0.01
009 0.08
0.023 0.023
1 1
PFTA PFTS
011 012
0.09 0.10
-2.35 -2.05

PFTE

0.24
0.16
0.24
0.228
PFT6
003
0.0z

[LLLE)

0.0z

PFTE

014

012

-1.10

PFT?

15

1129

PFY7

.03

D.01

0.05

o023

PFT?

0.0

0.8

-1.38

PFTE

0.26
0.1
0.33
0.263
PFTE

0.03
n.o2
0.04
n.o2

PFTE

0.15
0.14
40.35

PFTS

0.2
016
0.23
0.178
PFT2

003
0.02
0.04
.02

PFTS

0.12
0.10
-1.60

PFTI0 FFT11

0.24 027
0.1 017
0.36 036
0.296 0.258
PFTI0 PFT11
.06 0%
0.02 004
0.18 0.18
0.046 0048
4 5

PFT10 PFT11

D15 17
0.17 .15
+2.12 -1.18

PFT12

0.28
0.46
0.259
PFT12
.06
0.02
0.23
0.051
3
PFT12
0.17
0.16

-1.49

FFT13 PFT14 PFT15

0.26 0.24 0.24
015 0.1 0.2
036 0.29 0.35
0.292 0.222 0.323
FFT13 PFT14 PFT15
LK RN 0.06
005 0.02 D.04
015 0.16: 0.1
QudEn ooz 0.04

PFT13 PFT14 PFT15

0.16 0.15 0.15
0.138 0.12 D.18
+1.63 -2.50 +3.15

Table 10.2: Global calibration of snow albedo parameters

~ Fullspectra ~ PFT1  PFT4/57 PFT6/8/9 PFT10-15
snow_aged prior
snow_aged post
Difference
snow_dec_prior
snow_dec_post
Difference

0.50
0.60
+0.1
0.15
0.18

+0.03

0.30
0.15
-0.15
0.15
0.01
-0.14

0.30
0.32
+0.02
0.15
0.03
-0.12

0.50
0.61
+0.11
0.15
0.09
-0.06
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Snow albedo parameters have been also revised using daily MODIS albedo products and the new values are given
in Table 10.2. The two parameters that have been calibrated are related to the albedo of aged snow and a
parameter controlling the decay of snowbaldo with age. The new values of aged snow are larger for bare soil
(PFT1) and short vegetations (PFT 6 to 15) and lower for tree PFTs. The decay parameters are lower for all the
vegetation types except for bare soils. Such values should lead to largalatgch albedos during the snow
periods with consequences on the duration of the snow cover (increased duration with lower melting rates).

11 Analysis of land coveg atmosphere feedbacks with ORCHIDEEDZ

We used the HRLC products to analyse the impafcts lwetter characterization of the vegetation and related
properties such as the surface albedo, on the surface eremfgr and carbon budgets and the boundary
atmosphere. For that task, we run our land surface model ORCHIDEE in 6 different configureitiores
prescribed atmosphere given by atmospheric reanalysis (CRUJRA dataset, similar as in the previous simulations)
and fully coupled with the atmospheric model LMDZ and using 3 different land cover maps: the former MRLC
product for 2 different years995 and 2019 and the new HRLC product (static map for year 2019). The analysis
of the simulations performed with 2019 HRLC and MRLC maps allowed to analyse the benefit of the HRLC
developments, whereas, the comparison of the simulations performed with #2819 MRLC maps allowed

to assess the impacts of the LC net change that occurred between 1995 and 2019 on the regional climate. Finally,
the comparison of forced and coupled simulations allowed assessing the atmospheric feedbacks in our study
regions fa which these feedbacks are known to be important. To summarize, the six simulations performed for
each of the 3 studied regions are the following:

1 Forced ORCHIDEE simulation with the static MRLC 2019 map and CRUJRA atmospheric reanalysis
Forced ORCHIDERslation with the static MRLC 1995 map and CRUJRA atmospheric reanalysis
Forced ORCHIDEE simulation with the static HRLC 2019 map and CRUJRA atmospheric reanalysis
Coupled ORCHIDEEIDZ simulation with the static MRLC 2019 map and CRUJRA reanalysis
Couplal ORCHIDHEBMDZ simulation with the static MRLC 1995 map and CRUJRA reanalysis
Coupled ORCHIDERDZ simulation with the static HRLC 2019 map and CRUJRA reanalysis

= =4 —a —a A

The forced simulations have been done at the resolution of the-TRAJdataset (i.e., with grid mesh of 0.5°),

and the LMDORCHIDEE simulations have been performed in the same zoomed configuration presented in
section 9.2, but after refocusing the zoom on the center of the static region (accounting for the new limits defined
during the projet) and relaxing the wind nudging inside the zoom (no nudging in the boundary layer and upper
in the atmosphere using a nudging frequency of 10 days). The wind nudging outside the zoom was kept to the
default value of the time step of the ERA5 reanalyséslus constrain LMDZ (i.e., 6 hours). The simulations were
done on the time periods (1978014 in forced mode, and 199814 in coupled mode) and the results are
analysed on the same time period (202614).

In this report, given that the static maps weaailable only for year 2019, we focus on the analysis of the
simulations performed with the maps of 2019. The analysis of the simulations performed in 1995 will be part of

the next section on the historical regions. Then, for each region, we presenthiirglifferences between the

PFT maps used in the MRLC and HRLC simulations, the impacts of the PFT differences on the surface fluxes and
variables in forced mode and the atmospheric feedbacks identified.

11.1 Amazonian region

The statiHRL@nap coers the region limited by the following coordinates-8.5S, 62W43W). The new CWT
presented in section 4 was used to interpret the LC classes in terms of ORCHIDEE PFTs. To generate the global
PFT maps needed to run ORCHIDEBZ, we used the MRIEE-Tglobal maps and replace the data where the
HRLEPFT data where available.
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11.1.1 PFT maps used in the simulations

The PFT maps are all available on our websitgtas://orchidas.Isce.ipsl.fr/mapper/ Figurell.1 presents for

each of the ORCHIDEE PFTs its fraction in the HRLC product and the fraction of changes when moving from MRLC
to HRLC maps. The study region covers a part of the Amazonian broadleaf evergreen fbeeabithteastern

part, some broadleaf raingreen trees southern shared with grasslands and croplands (mainly C4 types)
(Figurel1.1, left). Compared to the former MRLC product, we observed in the HRLC dataset, that there is slightly
more broadleaf evergree(PFT2) and less raingreen trees (PFT3) at the benefit of grasslands (PFT11), slightly less
crops and a rearrangement between C3 and C4 crops, because of the revising of the LarBFTo@eoss
Walking Table. If we look only to the variation in tree amofafiter aggregating the various tree species) and in
order to get a global picture of the dominant changes, we can see in Figurell.2 that the tree fraction has
significantly decreased along a diagonal-N®/up to 20% and increased in the region of the Amaielta and

along the 50°W meridian. If we compare those changes to the ones that can be related to the forest deforestation
between 1995 and 2019 (Figurell.l, central plot), we can see that the changes are of the same order of
magnitude and present a lger extension. We will see in the following that the impacts on the surface processes
and the atmosphere are coherent and can be used to better understand the vegettiorsphere feedbacks

in this region.

2019 Amazon MRLC (0.25) 2019 Amazon HRLC vs MRLC (0.25)

PFT3 © PET4 PFTL

PFTS PFT6 PFT7 PFT8 PFTS PFTE PFT7 PET8 0.25

PFT9 PFT10 PFT11 PFT12 & PFT9 PFT10 -0.25

= —0.50

e FT13\ PFT14 PFT15

?

PFT14 PFT1S -0.75

0.0

-1.00

Figure 11.1: ORCHIDEE PFT fractions derivednf HRLC product (left) and differences between the HRLC
and MRLC products aggregated at 0.25° (right).
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Figure 11.2: from left to right, tree cover fraction from MRLC2019 and differen®¢RLC1995MRLC2019)
and (HRLC201MRLC2019)
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11.1.2

The analysis of the simulations performed with a prescribed atmosphere show the impacts of moving from the
MRLC to HRLC product in ORCHIDEE. Changesduf atbeseen in the regions where LC is different but also
elsewhere because of the refinement of the albedo model. We observe an overall decrease of the surface albedo
up to 0.02% (in absolute value) and a slight increase on the diagonal where the teredeaveased. These

albedo changes translate in a larger amount of available energy where albedo decreased (and the other way
round where albedo increased), a decrease of the surface latent heat flux where tree cover decreased
compensated by an increase s#nsible heat flux, leading to more water in the soils (not shown here) and lower
simulated LAl and GPP values in these regions. The differences in C3/C4 crop fractions (less C4, more C3 in the
SE quarter) and in grasses/crops fractions (more grasslamtiess crops) explained also part of the LAl and GPP
impacts, since C4 crops are more productive than grasslands in ORCHIDEE. As a result, surface temperature
shows variations explained by the variations in the turbulent fluxes partition with largerceutéanperatures

where sensible heat decreased, all these processes strongly related to the amount of soil water available. Thus,
a similar variation of tree cover in the humid northern part has more impact on the transpiration and sensible
heat fluxes andurface temperature (especially in summer season) than in the more arid south region.

Impacts of HRLC-MRLC differences on surface variables

FG2.BRAZIL.STATIC.NEW vs FG2.BRAZIL.STATIC

2005-2014

albedo

0.020

0.015

0.010

FG2.BRAZIL.STATIC.NEW vs FG2.BRAZIL.STATIC
ANM

2005-2014

fluxlat [W/m2]

FG2.BRAZIL.STATIC.NEW vs FG2.BRAZIL.STATIC
2005-2014 fluxsens [W/m2] ANM
=

& :__. ::ﬁ .

¥
0.005 . !
10°s s .
iy
0.000 ! 0 L 0
-0.005 -1
-2
-0.010  20°S 2
Mean = 0. e
Min = -8.8 L,
~0.015 Rk o - I \
i RMSD = 1. i 289 i -
- -0.020 - . - g
60°W 50°W 40°W 60°W 60°W 50°W 20°W
FG2.BRAZIL.STATIC.NEW vs FG2.BRAZIL.STATIC
FG2.BRAZIL.STATIC.NEW vs FG2.BRAZIL.STATIC FG2.BRAZIL.STATIC.NEW vs FG2.BRAZIL.STATIC 2005-2014 temp_sol [*C] ANM
2005-2014 lai [m2/m2] ANM 2005-2014  gpp [kaC/m2/y] ANM —T
1
W Y
o
0 073 o . 04 ‘x 7&% s
0.50 s IRy =
02 0.2
. .
0.25 oo 10°6 L L
10°5 10°5 = .n} ]
. 0.0
h . 0.00 LA | foo ] -
LS ‘ - 5
Bt -0.25 L )l = i ] 02
o | -02 0% Ilh i
oS —0.50 2075 phlean.a) lean 547 :
Mean = -0, m&‘:'%‘ i g axz—rﬁ'g‘ [t o —o4
Min = 1.2 RMSD = 0.239 = o0a MSD = 0253 7/
5'&25-3‘3 -0.75 Total = -0.827PgCly {/ ;
. o — ERY 50°W 0w

Figure 11.3: Upper panel: surface albedo, latent heat and sensible heat fluxes simulated by ORCHIDEE; Lower

60°W

panel: LAI, GPP and stémperature; all variables are annual averages for the period (202614)

11.1.3

Land cover z atmosphere feedback analysis

The atmospheric impacts of the land cover and albedo changes between MRLC and HRLC simulations can be seen
on Figurel11.4 which display tharee surface variables (surface temperature, sensible and latent heat fluxes) as

well as air temperature, wind speed and total rainfall. The same features identified using a prescribed
atmosphere can be seen but amplified in annual mean. Surface temperfatuegample show larger amplitudes

in annual mean, with maximum differences in summer (JJA) up to 7°C in daily mean (compared to 1.4°C in forced
mode). This amplification is probably the result of the increased wind speed in the regions where tree amount
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decreased leading to an increase of the turbulence and of the surface fluxes. The increased surface temperatures
in the less forested regions, lead to larger air temperatures that will themselves amplify the surface fluxes.
Rainfall is slightly impacted thilower precipitation (up to 0.4 mm/jour in annual mean) where tree amount
decreased, mainly linked to a decrease of convective precipitation and larger rainfall elsewhere resulting from
the increase of large scale precipitation due to the larger windklandsea temperature gradients.
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Figure 11.4: Upper panel: soil temperature, latent heat and sensible heat fluxes simulated by LMDZ; Lower
panel: air temperature, wind speed and rainfall; all variables are annual averages forghgod (2005
2014)

11.1.4 Comparison with observations

Comparison to observations allow to see if the HRLC changes compared to MRLC lead to improvements in the
simulation of surface variables by ORCHIDEE. Here, we used various satellite products for LAI, albedo,
evapotranspiration, soil moisture, surface temperature as well as surface fluxes, to quantify the model
improvements or degradations. The products used are the following:

- Albedo products:
MODIS MCD43C3 16 days global dataset at 0.05° from 2000 to 2020 (Schaaf and Wang, 2015)
GLOBALBEDOGgd8ily,0.05°, from 1998 to 201(uller et al., 2011)
GLAS®\VHRR, dai) 0.05°, from 1981 to present (Liang et al., 2020)
- LAL
GIMMS
Copernicus, SPOT/VEGETATION, PROBRmM, 1992020, v2.0, (Verger et al., 2014)
-LST
SAHF.and, 0.05°, 2002019, Trigo et al 2011
- Latent, sensible heat fluxes, GPP
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FIuxXNETMTE, 0.25°, Jung et al., 2009
- Evapotranspiration, Soil moisture
GLRAM, V3., 0.25°, 19802021, Martens et al., 2016

Figure 11.5 presents the comparison of the 2 coupled simulations (MRLC based) and HRLC based with the
observations in annual mean. The model errors show about the same amplitudes but some slight impitsvemen
may be seen in some parts of the domain. For example, we can see that the LAl and GPP errors have decreased
in the center of the domain (between 10°S and 20°S, 60°W and 50°W) a region where tree amount and crops are
lower to the benefit of grasslands HRLC compared to MRLC. Improvements are less visible on the albedo and
the other surface fluxes (latent and sensible heat fluxes, not shown here), but it is important to note that the
albedo data are not independent since they were used to calibratedhmadr MRLC version. More datasets are

then needed to evaluate the simulations.
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Figure 11.5: Differences (simulatedbservations) for LAI, albedo and GPP obtained for 2 LMDZ simulations
based on the former MRLC land cover map (uppanel) and with the new HRLC product (lower panel).

11.2 Africa

TheresizedAfrican static maovers the region 18°N§0°, 10°E; 43°25E. Same protocahd methodology was
used to perform the simulations in prescribed atmosphere and coupled to LMDZ and with the 3 different LC maps
(MRLC1995, MRLC2019 and HRLC2019).

11.2.1 PFT maps used in the simulations
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In this region, the vegetation ranges from tropicalnfarest in the southwestern part to broadleaf raingreen

trees, grasslands and crops northern. Further north, the southern part of the Sahara presents large fractions of
bare soils (Figurell.6 left). The same figure shows the differences between the HIRMREBC derived PFT
maps aggregated at the resolution of 0.25°. Tree PFTs fractions are generally lower in the northern part of Sahel
but larger southern. More grasslands and different partition of C3 and C4 crops is also seen. The fraction of bare
soil has also changed in the northern part of the region (more for longitudes larger than 20°E and less below)
and translated to grasslands changes. Considering only the variations of tree coverage in Figurell1.7, we see that
tree fractions decreased up to 20%tire northern part of Sahel and increased in about the same proportions in

the southwestern part of the domain and that extreme values can be up to 58%. If we compare to the LC changes
that were mapped in the MRLC product between 1995 and 2019, we sedhhathanges are much more
important between the 2 products with extrema less than 20%.

2019 Africa MRLC (0.25) 48 2019 Africa HRLC vs MRLC (0.25) 60
p—y . ——_— |
. v J \
PFT1 PFT24 0 W v PFT4 pFT1 - PFT2. PFT4 0.75
i e, . 4 e N
& J | Mt 0.50
i
PFTS | PFT6 PFT7 PFT8 06 PFTS | PFTE PFT7 PFT8 0.25
¢ “F )
. 0.00
%
] A ‘
i \ § 0.4 ¥ 2
PFT9 PFT10 ,W : PFT12 ; : PFT9 PFT10 “§ 1 % -0.25
Wy o g
3 4
4 L= -0.50
I‘v\ 02 )
ﬂ 'PFTI13 PFT14 PFT15 PFT14 . PFT15 -0.75
' it ¢
e vy T 4
LA 4 T T 0.0 A T — T -1.00

Figure11.6: ORCHIDEE PFT fractions derived from HRLC product (left) and differences between the HRLC
and MRLC products aggregated at 0.25° (right).
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Figure 11.7: from left to right, tree cover fraction from MRLC2019 and differences (MRLCL9$8_C2019)
and (HRLC201MRLC2019)

11.2.2 Land cover impacts on surface variables

Figure11.8 shows how these LC differences translated in surface processes in prescribed atmospheric conditions.
The albedo difference map shows lower values up to 4% in absolute values where the tree fraction is larger and
opposite variations where tree aneased. In consequence, turbulent fluxes vary following the energy budget
variations, soil moisture follows the evapotranspiration changes and GPP the tree cover changes and the changes
between C3 and C4 grasslands/crops differences, as what was obge@athzonia.
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Figure11.8: Upper panel: surface albedo, latent heat and sensible heat fluxes simulated by ORCHIDEE; Lower
panel: soil temperature, soil water content and GPP; all variables are annual averages for the d@008-
2014)

11.2.3 Land cover z atmosphere feedback analysis

The impacts on the atmosphere are shown on Figir®, and display different features. The soil temperature
present similar variations compared to the forced simulations but the latent heat flux appeare impacted

with a larger RMSD (4.63W/m2 compared to 2.63 in annual mean) and larger extrema, whereas sensible heat
flux presents about the same statistics. Air temperature, wind speed, LAl and rainfall presents variations
explained by the tree coverariations with larger impacts on the convective precipitation which dominates the
rainfall contribution compared to the large scale one in the regions impacted by the tree cover changes (central
Africa).























































































































































