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SYMBOLS AND ACRONYMS 

AMIP : Atmospheric Model Inter-comparison Project 

AOD : Aerosol Optical Depth 

ATBD : Algorithm Theoretical Basis Document 

BC : Brockmann Consult 

CCI : Climate Change Initiative 

ECV : Essential Climate Variables 

EOS : End Of the Season 

ESA : European Space Agency 

ESM : Earth System Model 

ET : Evapotranspiration 

fAPAR : fraction of Absorbed Photosynthetically Active Radiation 

GLWD : Global lake and wetland database 

GPP : Gross Primary Production 

HM : Hydrology Model 

K-G : Köppen-Geiger 

ISLSCP : International Satellite Land Surface Climatology Project 

LAI : Leaf Area Index 

LC : Land Cover 

LC_CCI : Land  Cover Climate Change Initiative 

LCCS : Land Cover Classification Scheme 

LCU : Land cover classification uncertainty 

LSCE : Laboratoire des Sciences du Climat et de l’Environement 

LSM : Land Surface Model 

LSP2 : Land surface parameter 2 

MAAT : Wetland ecosystem map 

Met UM : Met Office Unified Model 

MISR : Multi-angle Imaging Spectro-radiometre 

MODIS : Moderate-Resolution Imaging Spectroradiometer 

MOHC : Met Office Hadley Center 

MPI-M : Max Planck Institute for Meteorology 
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MSC : Mean Seasonal Cycle 

NDVI : Normalized Difference Vegetation Index 

NIR : Near Infrared 

NWP : Numerical Weather Prediction 

PFT : Plant Functional Types 

SIND : Satellite derived inundation 

SOS : Start Of the Season 

TBM : Terrestrial Biosphere Model 

UN : United Nations 

WEED : Wetland Extent Dynamics 

WFDEI  : WATCH Forcing Data methodology applied to ERA-Interim data 

WB : Water Body 
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 1 USING THE LAND COVER CCI PRODUCTS 

IN MET OFFICE UNIFIED MODEL (MOHC) 

1.1 Introduction 

In the Earth system, vegetation plays an important role in the exchange of carbon, heat, moisture and 
momentum between the land surface and the atmosphere. In land surface models (LSMs), that form 
part of larger Earth System Models (ESMs), the vegetated land surface is simplified into plant 
functional types (PFTs), which describe how groups of plants with similar physiology interact with 
the atmospheric boundary layer and soil. The distribution of these PFTs is defined using land cover 
maps that are spatially aggregated, and thematically translated into fractions of PFTs according to a 
cross-walking table approach [RD.12]. The interaction between a PFT and the atmosphere is 
simulated by a series of equations that describe how plants exchange carbon, heat, moisture and 
momentum with the atmosphere. Exchanges of CO2 between the PFT and the atmosphere, are 
controlled for example via equations for photosynthesis and autotrophic respiration (e.g. [RD.7]), 
which are limited according to availability of light and rubisco, and rate of transport of photosynthetic 
products (C3 photosynthesis), or PEPCarboxylase (C4 photosynthesis). Exchanges of heat, moisture 
and momentum between the land surface and the atmosphere are also affected by PFT, according to 
the rate of photosynthesis, the leaf level stomatal conductance of moisture, the amount of radiation 
intercepted by the vegetation canopy, and the roughness of the surface.  

Assessment of the uncertainties in simulating these interactions has so far been focused on land 
surface model structural uncertainty [RD.15], parameter based uncertainty [RD.8], and uncertainty in 
meteorological driving data for the land surface models [RD.6, RD.11]. Despite the increasing 
diversity of land cover maps, little work has been published on how to improve the predictive skill of 
weather or climate models by reducing the uncertainty in global land cover maps. [RD.13] showed 
that over the UK, uncertainty in global land cover maps affects land carbon fluxes in land surface 
models. In comparison to a land surface model driven by a high spatial resolution (25m) land cover 
dataset, differences in Gross Primary Production (GPP) of between -15.8% to 8.8% were found when 
different global land cover maps were used. Furthermore, [RD.11] show that the error due to land 
cover and meteorological driving data is 3.1 PgC yr-1, which is larger than the 1.5±0.7 PgC yr-1 net 
emissions from land use change for the period 1990-2005 reported by [RD.7].  

The Met Office Unified Model (Met UM) is a scale-able model that can be formulated to run over a 
range of different spatial and temporal scales. It can be used at short time scales and high spatial 
resolutions for Numerical Weather Prediction (NWP), medium range time scales for seasonal 
forecasting, and over much longer time scales for climate change projections. To date, the Met UM 
has used land cover information from the IGBP DISCover dataset [RD.9] for global and regional 
scale forecasts and climate projections. Land cover information is converted via a cross-walking 
matrix to a fractional coverage of 9 land surface tiles. Of these tiles, 5 represent the spatial coverage 
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of plant functional types: Broadleaf tree, needleleaf tree, shrub, C3 grass and C4 grass. These 5 
vegetation tiles determine how the vegetated land surface interacts with the boundary layer of the 
atmosphere.  

This report presents results from further tests by the Met Office Hadley Centre on the impact of using 
the Land Cover CCI (LC_CCI) products in the Met UM. These simulations are standardised tests that 
are part of the procedure for assessing improvements to the MetUM at both NWP time scales and 
Climate time scales. The LC_CCI datasets have been shown to precisely describe land cover classes 
[RD.1], thus allowing for a more precise cross-walking conversion from land cover to PFTs [RD.12]. 
However, before the LC_CCI data can be adopted in Met Office operational models, these tests need 
to be conducted to show that the changes have improved model performance. This report presents the 
results of some of those tests for the following experiments: 

1. Global NWP forecast model at n768 resolution 

2. Global climate simulations at n96 resolution (HadGEM3-AO) 

1.2 Methodology 

Here, we use an Atmospheric Model Inter-comparison Project (AMIP) setup of the Hadley Centre 
model HadGEM3-A [RD.5] and a high resolution global forecast model to demonstrate the impacts of 
the LC_CCI revised land cover ontology in a coupled atmosphere-ocean model. Both model setups 
involved using observed sea surface temperatures and observed climate forcings (greenhouse gas 
concentrations, aerosols and sea ice) were used to simulate the historical climate.  

For HadGEM3-AO, simulations were run for a 20-year period from 1990 to 2009 at a spatial 
resolution of 1.875 x 2.5 degrees (n96 resolution). A control simulation was run with the default 
model setup, including PFTs derived from the IGBP DISCover land cover map for 1992-1993 [RD.9]. 
The LC_CCI epoch 2010 was used to represent the distribution of plant functional types, as 
previously discussed in the Land Cover CCI Phase 1 Climate Assessment Report [AD.6]. The 
LC_CCI classes were converted to PFT distributions [RD.12], and used instead of IGBP DISCover in 
a separate simulation to investigate the impact of improvements in land cover.  

For the high resolution global forecast model [RD.16], observed climate forcings were assimilated 
into operational NWP global hindcasts to run case study examples for the Northern Hemisphere 
winter of 2010 and 2012, and summer of 2011 and 2012.  

1.3 Analysis of Results 

1.3.1 High Resolution NWP hindcast case studies 

1.5m Air Temperature 

For 1.5m air temperature, small reductions in mean bias were found for northern hemisphere land 
temperature of 0.1 degrees kelvin, relative to observations (Figure 1-1), averaged over the whole land 
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area. This was the case for forecast lead times of 24 to 132 hours. The plots in Figure 1-1 show an 
improvement in both the mean error (top row) and RMS error (bottom row) at a range of forecast lead 
times. Using the LC_CCI to define fractional cover types resulted in a reduction of mean bias in 
northern hemisphere surface air temperature of between 0.05 and 0.1 Kelvin, compared to 
observations, for forecast lead times of 72 to 132 hours. 

 

Figure 1-1. Summary of the change in the mean error and RMS error of summer time temperature (K) forecasts 

for northern hemisphere land points (90N to 20N) between 10/06/2011 and 23/08/2012. Red lines denote 

results from the control simulation using IGBP land cover, and blue lines denote simulations using LC_CCI 2010 

epoch. On all 4 plots, x-axis shows forecast range time, and y-axis shows mean absolute error in comparison to 

observations (top left), change in mean error (top right), RMS error (bottom left), and change in RMS error 

(bottom right). Error bars show standard error at 68% confidence level. 
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Larger improvements were found for tropical land areas (20S to 20N) during the northern hemisphere 
summer (Figure 1-2). Here, reductions in mean bias of 0.12 to 0.18 Kelvin were found at forecast lead 
times ranging from 24 to 132 hours. 

 

Figure 1-2. As above, but for 1.5m air temperature over tropical land (20N to 20S) during northern hemisphere 

summer 
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Figure 1-3. Spatial changes in Root Mean Squared (RMS) error for 1.5m air temperature during the northern 

hemisphere summer (2011-2012) at a forecast lead-time of 48 hours 

The spatial pattern of the improvements in northern hemisphere tropical 1.5m air temperature at 48 
hour lead times can be seen in Figure 1-3. Generally, northern hemisphere improvements of 
approximately 0.5 to 1K are found in the cropland area extending from the Black Sea, into Ukraine 
and Russia. Additionally, reductions in RMS error are found in the agricultural mid-West region on 
North America, and semi-arid regions extending from the Arabian Peninsula to the edges of the 
desertic area east of the Caspian Sea. In tropical regions, reductions in mean error are also found in 
semi-arid regions such as the Atacama desert in Chile, and central and Western Australia, as well as 
the open woodlands of Angola. Increases in RMS error are generally located in either sparsely 
vegetated or agricultural areas. This includes western North America, where an increase in shrub 
cover in LC_CCI coincides with an increase in RMS. 

The use of LC_CCI did not result in improvements in all regions. In tropical land areas during the 
northern hemisphere winter (December to February), using LC_CCI resulted in an increasing of the 
negative temperature bias (Figure 1-4 top row), and an increase in the RMS error compared to 
observations (Figure 1-4 bottom row). Figure 1-5 shows that these changes are largely due to 
increasing errors in semi-arid savannah regions of West and East Africa, in a belt extending from 
Senegal to Ethiopia. Furthermore, increases in temperature biases are found in India and Myanmar in 
largely cropland regions during the December, January, February period. Finally, increases in RMS 
error in the northern high latitudes (northern Russia and northern Canada) appear to coincide with 
areas of flooded vegetation in LC_CCI. 
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Figure 1-4. As above, but for surface air temperature over tropical land areas during the northern hemisphere 

winter (2010 to 2012) 
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Figure 1-5. Change in RMS error of 1.5m air temperature during northern hemisphere winter at a forecast lead 

time of 48 hours 

Relative humidity 

Changes in surface relative humidity are also evident in the LC_CCI simulations. During the June-
July-August period, reductions in the RMS error were found at all forecast lead times for North 
America land points (Figure 1-6). For tropical land points (Figure 1-7) small reductions in RMS error 
were found at forecast lead times of greater than 60 hours. In North America, the general 
improvement in RMS error is related to increases in relative humidity by greater than 1% (Figure 
1-8), however, this is less clear over tropical areas.  
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Figure 1-6. Summary of the change in the mean error and RMS error of northern hemisphere summer time 

relative humidity (%) forecasts for North America land points (90N to 20N) between 10/06/2011 and 

23/08/2012. Red lines denote results from the control simulation using IGBP land cover, and blue lines denote 

simulations using LC_CCI 2010 epoch. On all 4 plots, x-axis shows forecast range time, and y-axis shows mean 

absolute error in comparison to observations (top left), change in mean error (top right), RMS error (bottom 

left), and change in RMS error (bottom right). Error bars show standard error at 68% confidence level. 
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Figure 1-7. As above, but for tropical land points only 
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Figure 1-8. Absolute differences in surface (1000hPa) relative humidity (%) for northern hemisphere summer, at 

a forecast lead time of 48 hours 

1.3.2 HadGEM3-AO Results 

Increases in mean March-April-May 1.5m air temperatures are found in high northern latitudes under 
the LC_CCI simulations, relative to the HadCRUT3 global monthly mean temperature dataset [RD.2]. 
In north-western Canada and Alaska, a temperature increase of up to 4K is found, correcting a large 
negative bias in this area (Figure 1-9). Similar changes also appear to occur in north and north-eastern 
Russia; however, it is more uncertain whether these increases are improvements given the lack of 
climate observations in the region (Figure 1-9; panel d). Simulated air temperature at 850mb height 
(close to the surface in the vertical dimension) was also compared to ERA-Interim reanalysis (Figure 
1-10) for the March-April-May period. This also showed an improvement in mean temperatures for 
the season due to an increase in mean temperature by 2-3K. 
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Figure 1-9. Change in March-April-May mean 1.5m air temperature in HadGEM3-AO simulations with LC_CCI 

compared to IGBP land cover. Model simulations are compared to HadCRUT3 surface temperature 

observations for 1979-1998. Panels show (a) spatial distribution of temperature (Kelvin), (b) temperature 

difference between the two simulations (positive numbers show increases in LC_CCI w.r.t. IGBP), (c) 

temperature anomaly for IGBP simulations compared to HadCRUT3, and (d) temperature anomaly for LC_CCI 

simulations compared to HadCRUT3. 
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Figure 1-10. As above, but for temperature at the height of 850mb air pressure compared to ERA-Interim for 

the period 1989-2008 

In the LC_CCI simulations, small changes are found in the RMSE of monthly GPP. However, in 
comparison to monthly estimates by [RD.19], notable improvements of up to 10 g/m2/day are found in 
eastern China, central and eastern Europe, and the eastern Amazon. In Europe and China, these 
reductions in RMSE account for up to 50% of the IGBP error (Figure 1-11; bottom right). Decreases 
in annual GPP in the western Amazon are also associated with reductions in RMSE. 
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Figure 1-11. Change in simulated monthly Gross Primary Production (GPP) in relation to monthly GPP estimates 

by [RD.19] for the period 1982-2011. Panels show mean annual GPP estimates from [RD.19] (top left), absolute 

difference between the IGBP and LC_CCI simulations (top right), change in root mean square error (RMSE), and 

fractional change in RMSE (bottom right).  
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Changes in RMSE for latent heat flux (Figure 1-12) are mostly found in arid or semi-arid areas, such 
as northern Australia, central North America, eastern Brazil, and the area stretching from Iraq to 
Kazakhstan. Notable areas of increases in RMSE are found in eastern China and Central and Eastern 
Europe, coinciding with the area of improvement in GPP estimates. In these locations, an increase in 
GPP has led to an increase in photosynthetic activity, which leads to an increase in latent heat flux via 
transpiration. 

 

Figure 1-12. Change in simulated monthly latent heat flux (Wm
2
) in relation to monthly estimates by [RD.19] 

for the period 1982-2011. Panels show mean annual latent heat flux estimates from [RD.19] (top left), absolute 

difference between the IGBP and LC_CCI simulations (top right), change in root mean square error (RMSE), and 

fractional change in RMSE (bottom right).  
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Differences in sensible heat flux between the LC_CCI and IGBP simulations (Figure 1-13) are 
associated with areas of sparse vegetation or bare soil. In the high northern latitudes of Russia and 
Canada, increases in RMSE were found in locations where patches of sparse vegetation mixed with 
tree cover. Additionally, big increases in the bare soil fraction (Figure 1-14) in the deserts of Central 
Asia, the middle East, central Australia, and the Sahel, have led to reductions in sensible heat flux, 
which compared to [RD.19], represents a reduction in RMSE (Figure 1-13; bottom left). 

 

Figure 1-13. Change in simulated monthly sensible heat flux (Wm
2
) in relation to monthly estimates by [RD.19] 

for the period 1982-2011. Panels show mean annual sensible heat flux estimates from [RD.19] (top left), 

absolute difference between the IGBP and LC_CCI simulations (top right), change in root mean square error 

(RMSE), and fractional change in RMSE (bottom right). 

Atmospheric Dust 

Dust emissions from the land surface play a key role in the short-wave and long-wave radiation 
budget of the Earth. High concentrations of atmospheric dust can have a large radiative cooling effect 
on the both the land and ocean surface as it reflects solar energy that would have reached the surface, 
and consequently leads to a warming of the atmosphere. The radiative effect of dust also affects 
regional wind and rainfall patterns, and has been shown to have impact on the global carbon cycle 
[RD.10]. Therefore, dust is an important element of the earth system, and provides a mechanism by 
which land cover, in particular bare soil fraction, can impact earth system models.  
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Dust emissions occur from dry bare soils, therefore the fractional coverage of bare soil can influence 
the amount of dust available for transport in the atmosphere. The LC_CCI 2010 product shows 
relatively large increases in bare soil fraction over most of the Earth’s arid environments (Figure 
1-14). Increases in bare fraction, relative to the IGBP land cover, are found over central Australia, 
central Asian deserts, and on the edge of the Sahara. Smaller increases of up to 30% extra bare soil 
fraction are found in central North America, southern Africa and the high northern latitudes. Many of 
these changes can be traced to both larger extents of bare soil and sparse vegetation classes, as well as 
differences in the cross-walking conversion matrix between LC_CCI and IGBP approaches.  

 

Figure 1-14. Bare soil fraction derived from LC_CCI (top left) and IGBP (top right) land cover maps. Absolute 

difference (IGBP – LC_CCI) is shown in the bottom left, and fractional difference ((IGBP – LC_CCI)/IGBP) in the 

bottom right. 
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Figure 1-15. Total dust emissions (mg/m
2
/yr) derived from each land grid cell for simulations using IGBP 

(antica; top left) and LC_CCI (dloib; top right). Absolute difference is shown in the bottom left (LC_CCI – IGBP), 

and fractional difference ((IGBP – LC_CCI)/IGBP) in the bottom right. 

Figure 1-15 shows that the emission from the land surface has increased under LC_CCI in many of 
the regions where an increase in bare soil fraction was found. This is especially the case in central 
Asia, Australia, Sahelian Africa, and North America, where dust emissions have increased by more 
than 100%. This is also evident in Figure 1-16, which shows the total dust load in the atmosphere. 
Here, northern Australia and central Asia stand out as locations where the atmospheric load of dust 
has increased by more than 100%. This equates to up to an extra 255 mg/m2 of dust in the atmosphere 
over Australia and central Asia. Large fractional increases in dust load are also found over central 
North America and north-western Russia; however, atmospheric dust concentrations are generally 
much lower in these regions. 
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Figure 1-16. Total dust load (mg/m
2
) in the atmosphere for simulations using IGBP (antica; top left) and LC_CCI 

(dloib; top right). Absolute difference is shown in the bottom left (LC_CCI – IGBP), and fractional difference 

((IGBP – LC_CCI)/IGBP) in the bottom right. 

A major limitation of the assessment of climate models for dust emissions and transport is the lack of 
availability of long-term, spatially explicit observations of atmospheric dust. Where site-specific 
observations are available, one study found that climate models systematically underestimate dust 
emission, transport, and optical depth [RD.4], although this study fails to account for the fact that 
satellite products are to some extent also models with assumptions that maybe incompatible with 
climate models. The Moderate Resolution Imaging Spectro-radiometre (MODIS) and Multi-angle 
Imaging Spectro-radiometre (MISR) sensors onboard NASA’s Terra satellite both provide estimates 
of aerosol optical depth (AOD) at 550nm wavelength. This wavelength is sensitive to a range of 
particle sizes (from 0.5 to 9microns), and provides a measure of the amount of solar radiation that is 
reflected or absorbed by all atmospheric aerosols.  

Climate models are also able to calculate aerosol optical depth at 550nm wavelength, for comparison 
with satellite observations. The AMIP simulations used in this report account for observed historical 
emissions of sea salt, sulphate, black carbon, biogenic and organic carbon aerosols, which in addition 
to modelled dust emissions from the land surface, provide a reasonable basis for comparison with 
satellite observations. However, when making a simple comparison of satellite AOD to modelled 
AOD, there are a number of caveats to consider. These include the spectral properties of the 
underlying soil, cloud screening algorithms [RD.14], non-sphericity of dust [RD.8] and the 
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reflectance properties of the mineral dust particles suspended in the atmosphere. Generally speaking, 
satellite observations of AOD are less reliable over very bright land surfaces [RD.17]. Additionally, 
the HadGEM3 dust scheme assumes that dust from all sources has the same size-dependent radiative 
absorbing and reflecting properties, that are calibrated based on observations over the Sahara (the 
largest global source of dust). The combination of both of these factors means that land based 
comparisons of satellite and modelled AOD has significant uncertainty.  

Given the above caveats, Figure 1-17 shows that both simulations used in this study underestimate 
AOD, in comparison to satellite observations (Figure 1-17; row 1 compared to row 2). However, the 
increase in dust emissions in the LC_CCI simulations (Figure 1-15 and Figure 1-16) also appears to 
lead to an improvement in AOD, especially in locations such as central Asia and Australia. Here, the 
absence of stippling in the LC_CCI simulations (Figure 1-17; row 3 and 4, column 2) shows that the 
dust contribution to AOD is more than 50%. In these locations, we would expect improvements to the 
AOD to be related to increases in the dust load. This is indeed the case in central and northern 
Australia, and in a belt stretching from the Caspian Sea across central Asia to Mongolia. Simulated 
AOD using LC_CCI is quite similar to MISR estimates of AOD in these areas. Increases in the dust 
load over West Africa (Figure 1-16; bottom left) were also found to lead to a reduction in the 
underestimation of AOD for the region, and for the related dust plume in the Atlantic Ocean.    
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Figure 1-17. Comparison of aerosol optical depth (AOD) at 550 nm wavelength derived from MODIS (top left) 

and MISR (top right) to AOD from IGBP simulations (2
nd

 row left) and LC_CCI simulations (2
nd

 row right). 

Differences between both simulations and MODIS (3
rd

 row), and MISR (4
th

 row) are also shown. The absence of 

stippling denotes areas where the total simulated AOD is comprised of more than 50% dust. 
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1.4 Summary 

Global NWP Case Studies 

The key messages from the LC_CCI simulation in comparison to the IGBP simulation are: 

• There are small improvements in 1.5m air temperature and relative humidity for many land 
areas. These include: 

o June-July-August (JJA) improvements for Northern Hemisphere land and Tropical 
land 

o December-January-February (DJF) improvements in relative humidity for Northern 
Hemisphere land and Tropical land areas. 

• Improvements do not occur everywhere, and in some cases, RMS error increases. For 
example, RMSE increases in 1.5m air temperature over the Sahel during the dry season 
(DJF). 

Currently, the small improvements found in the above results are not sufficient to include the LC_CCI 
product in the next version of the Met Office UM. However, it is expected that further benefits will be 
found when other model prognostic variables such as leaf area index and canopy height are included. 
Therefore, the conclusions from these simulations are that model improvements will be further 
enhanced by greater consistency in model prognostic variables. 

Global Climate Simulations: HadGEM3-AO 

The various configurations of HadGEM3 form the basis for the UK’s next generation Earth System 
Model. Therefore, current developments are focused on improving model skill in relation to many 
different aspects of the earth system, such as the carbon and hydrological cycles, and the earth’s 
energy budget. Work is currently on-going to increase the number of plant functional types in 
HadGEM3, and this will involve using the LC_CCI epochs and cross-walking table to create new PFT 
distributions for static land cover simulations. Therefore, the testing of LC_CCI in HadGEM3-AO is a 
timely contribution. These simulations with Land Cover CCI 2010 epoch have shown improvements 
in the following: 

• 1.5m air temperature in high northern latitudes in March-April-May (MAM). The same 
locations however show deterioration in RMSE for sensible and latent heat fluxes compared 
to [RD.19] estimates, which themselves maybe uncertain.  

• GPP improvements in RMSE for eastern China, Central and Eastern Europe and the western 
Amazon, with regard to [RD.19] estimates. Caution should be taken in interpreting these 
comparisons however, because [RD.19] estimates are based on flux tower observations up-
scaled using satellite fAPAR, CRU climate observations and the SYNMAP global land cover 
map (a synthesis of GLC2000, MODIS, and GLCC land cover products). 

• Over most global arid areas, reductions in RMS error were found in sensible and latent heat 
fluxes relative to [RD.19] estimates. These changes were related to increases in bare soil 
fraction in warm arid areas. However, increases in bare soil fraction in high northern latitudes 
lead to increases in RMS error relative to [RD.19]. 
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• In LC_CCI simulations, a doubling of the dust load over many of the large global deserts was 
found. In comparison to aerosol optical depth estimates from MODIS and MISR sensors, this 
represents an improvement at 550nm wavelength.  
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 2 EVALUATING THE LAND COVER AND 

WATER BODY PRODUCTS IN THE 

CONTEXT OF CLIMATE MODELING (MPI-

M) 

2.1 Summary 

In the frame of the LC_CCI project, the following activities have been conducted at the Max Planck 
Institute for Meteorology (MPI-M): 

1) Evaluation of the Water Body (WB) product in the context of climate simulations; 
2) Cross-walking procedure is revisited and updated. In the interaction with the lc-user-tool 

developers, we also supported debugging of the tool and further development;    
3) Exploration of Normalized Difference Vegetation Index (NDVI) and Snow seasonality 

product has been made in order to update other surface parameters consistently with PFT; 
4) Evaluation of the evapotranspiration product (ET); 
5) Sensitivity study in order to estimate uncertainty of the LC maps and cross walking 

procedure.  

In the section 2.2, the experimental setup is described including recent developments of JSBACH. In 
the section 2.3, simulations with the wetland extend dynamics scheme and comparison of simulations 
with WB product and other available wetland observations are presented. Section 2.4 contains the 
description of updated JSBACH cross-walking procedure and comparison of simulations with 
reference MPI PFT distribution and updated LC_CCI PFTs. In the section 2.5, a first attempt to 
separate albedo into soil and vegetation fraction using NDVI and Snow product is presented. 
However, it seems that the current NDVI data are not sufficient to complete the task. Therefore, 
requirements for desired properties of NDVI and Snow products are listed. Contribution to the 
evaluation of ET product is part of the section 4.7 of the ET deliverable. Common efforts to estimate 
uncertainty of the LC maps are described in section 4 of this report.         

2.2 JSBACH land surface model 

JSBACH is the land surface component of the Max Planck Institute for Meteorology’s Earth System 
Model (MPI-ESM). It represents the lower atmospheric boundary condition in MPI-ESM, but it can 
be also set up to run decoupled, i.e. in an offline mode. In that case, daily atmospheric forcing is 
needed to drive the model. We follow that approach in our experiments and make use of WFDEI 
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(WATCH Forcing Data methodology applied to ERA-Interim data) meteorological forcing data 
developed by [RD.30, RD.31]. Individual characteristics of JSBACH are summarized. 

JSBACH has been developed by isolating the land components from ECHAM5 [RD.27] representing 
numerical parametrization of the soil hydrology, the soil heat transport, and the land surface energy 
balance. In order to simulate complexity of other terrestrial processes such as carbon and vegetation 
dynamics JSBACH is substantially extended. A large number of modules have been added including 
but not limited to photosynthesis and canopy radiation components, prognostic phenology scheme, 
carbon exchange module between vegetation and soils and vegetation dynamics. Here, we do not 
employ the dynamic vegetation module since we are interested in the effect of prescribed land cover 
and its conversion to PFT. Two major developments have been included in the operational JSBACH 
version compared to LC_CCI Phase 1: a new soil carbon module (YASSO7) and a five layer soil 
hydrology scheme [RD.21]. In addition, a scheme for wetland extent dynamics (WEED) was recently 
implemented into JSBACH that is based on [RD.28]. The latter will also be evaluated regarding its 
skill to represent the global wetland distribution. 

2.3 Water Body evaluation 

The assessment of ESA LC_CCI WB product is threefold. The first two applications are a comparison 
of ESA LC_CCI WB product with other available observations and the evaluation of simulated 
surface water bodies generated by the JSBACH-WEED and the MPI Hydrology Model (MPI-HM). 
The third assessment is based on the comparison of JSBACH simulations using prescribed ESA 
LC_CCI WB product boundary conditions at the land surface and with the dynamical WEED scheme. 
JSBACH and MPI-HM simulations are driven by WATCH forcing data based on ERA-Interim 
(WFDEI) at T63 resolution and 0.5 degrees, respectively.   

2.3.1 Simulations and observations 

Three JSBACH simulations have been performed for the purpose of this comparison: 

1) Reference simulation, denoted JSB-OFF on figures without WEED scheme; 
2) Simulation with wetland extends dynamics, denoted JSB-WEED on figures; 
3) Simulation with prescribed wetland extends from ESA LC_CCI WB product, denoted 

JSB-ESA on figures.    

The implementation of the WEED scheme into JSBACH is still work in progress. The characteristics 
of the scheme which solves the water balance of wetlands and estimates their extent dynamically are 
described in [RD.28]. Table 2-1 shows the current status of development and implementation of the 
WEED scheme into JSBACH. 
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Table 2-1. Status of the development and implementation of WEED scheme into JSBACH 

 

Albedo and heat capacity calculations according to the wetland distribution are currently missing. 
Lateral flow (downstream transport) implementation is still work in progress. Current status is, that 
lateral outflow from one grid cell is already included and is given to the routing scheme (HD-Model), 
but no lateral inflow into the wetland can occur yet. Therefore lateral inflow does not yet contribute to 
the wetland extend.  

The WB product is delivered as a stand-alone data set within Phase 2 but it is also incorporated in the 
global LC maps as the class 210. The following observational data sets are compared to the ESA 
LC_CCI WB product as well as to distributions simulated by JSBACH WEED and MPI-HM:  

a. Global lake and wetland database (GLWD) by [RD.22];  
b. Land surface parameter 2 (LSP2) by [RD.20];  
c. Wetland ecosystem map (MATT) by [RD.23];  
d. Satellite derived inundation (SIND) by [RD.25, RD.26].   

All of these datasets differ in their definitions of water bodies, resolutions, period of observation and 
observational methods. Therefore they show reasonable disagreement among each other. However, 
some agreement between all the datasets can be found as it will be shown in the following section. 

2.3.2 Wetland extend comparison 

Figure 2-1 shows the global maximum extent of the wetlands according to various datasets. Bottom 
rows are three model simulations. Both simulations with the wetland dynamics extend scheme (JSB-
WEED and MPIHM) strongly overestimate extension of wetlands in tropical latitudes, especially in 
the Amazon and Congo River basins. The simulation with prescribed wetland boundaries (JSB-ESA) 
reduces the wetland extend even in comparison with ESA-CCI-WB. 
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Figure 2-1. Maximum wetlands extend according to various observations and model simulations. 

This is to be expected, since the LC_CCI WB product represents maximum wetland extend. Therefore 
JSB-ESA cannot be larger than LC_CCI WB. However, there are some grid cells inside prescribed 
boundaries of LC_CCI WB for which the available water calculated from the surface water balance 
does not support the formation of wetland in the respective grid point. Also seasonal dynamics may 
contribute to the decrease of the simulated extend of actual wetlands that is smaller than the maximum 
extend. Thus, JSB-ESA will on average be always less than LC_CCI WB. Not fully implemented 
lateral flow might also contribute to the reduced wetland extend in the JSB-ESA. Outflow that might 
reduce wetland is included in the scheme, but inflow that might increase the size of a wetland is still 
missing (see Table 2-1).     

The zonal distribution of wetlands (Figure 2-2) provides quantified insight into the extension of 
wetlands according to various observations and simulations. Except in the tropics, all models are in 
the range of uncertainty of observations. While JSBACH-WEED and MPI-HM simulations in tropical 
latitudes strongly overestimate wetland extend, JSBACH-ESA simulation remains on the lower limit 
of the uncertainty of observations. 
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Figure 2-2. Zonal extend of wetlands from various datasets. 

Figure 2-3 demonstrates that simulations with implemented wetland scheme either dynamical 
(WEED) or prescribed (ESA) introduce physically consistent changes into the JSBACH model. A 
comparison with Figure 2-1 demonstrates that the introduction of wetlands in the model leads to an 
increase of evaporation and a cooling of the surface. In certain parts of the world (eastern North 
America, tropical eastern South America, tropical Africa) evapotranspiration is stronger in the WEED 
simulation (and therefore cooling as well) than in the ESA simulation, as the dynamical scheme 
allows for a larger horizontal extend of wetlands than prescribed by ESA LC_CCI WB product. 
Comparison of pond evaporation and pond depth (Figure 2-4) between WEED and ESA simulations 
suggest that excess water in the ESA simulations is deepening the pond reservoir while in the WEED 
simulations it contributes to the increase of evapotranspiration. It is worth to note here again, that 
these are both offline simulations, where the same amount of precipitation is prescribed by the forcing 
data, but it will be interesting to see how the wetland extend will affect precipitation in simulations 
coupled to an atmospheric component. Figure 2-5 shows seasonal cycles of evapotranspiration and 
runoff for three river basins (Amazon, Niger and Nile). It demonstrates that the implementation of 
WEED does not provide a systematic improvement of evapotranspiration. In the Amazon River basin, 
all three simulations strongly underestimate the seasonal cycle of evapotranspiration, while in the 
Niger River basin all three are in good agreement with observations. In the Nile river basins, the 
LC_CCI WB simulation shows slightly better agreement with observation than the other two 
simulations. For the total runoff we have systematic decrease of runoff peaks for all three basins. The 
reference simulation has the highest amplitudes, while the WEED simulation has the lowest.              
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. 

Figure 2-3. From top to bottom surface temperature, evapotranspiration and runoff. In the middle are absolute 

values for the reference simulation (REF) without wetlands, and on the left hand side difference WEED-REF, and 

on the right hand side ESA-REF 
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Figure 2-4. Pond evaporation and pond depth for ESA simulation (top) and difference WEED-ESA (bottom) 

 

Figure 2-5. Seasonal cycle of evaporation (top) and total runoff compared with GRDC river discharge (bottom), 

for river basins of Amazon, Niger and Nile. Note that there must be a delay between total runoff and discharge 

as the former does not include the lateral transport through the river network. 
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2.3.3 Conclusions and outlook 

Global observational datasets of wetland extend differ in their definition of a wetland, resolution, 
period of acquisition, method of observation and data processing. This results in a large range of 
uncertainty in the observational data. Model simulations with JSB-WEED and MPI-HM fit in that 
range of uncertainty, except in the equatorial latitudes and in particular in the Amazon and Congo 
River basins. This is probably due to underestimated evapotranspiration and a lack of lateral flow 
implementation into the WEED scheme. However, wetlands in the equatorial latitudes are usually 
below the huge treetops, which might be another issue that contributes to the discrepancy between 
model and observation, since satellites misinterpret wetlands for forest. Nevertheless, the JSB-ESA 
simulation with prescribed boundaries managed to reduce overestimated wetlands in the tropics by 
accumulating excess water in the terrestrial water storage. In general, JSBACH simulations with 
wetland extend dynamics scheme introduce physically consistent changes into the model. However, 
there are no significant improvements in annual cycles of evapotranspiration, indicating that problems 
are probably due to parametrization of evapotranspiration in JSBACH (in addition and especially its 
calculation using forcing data). In Phase 1, it was pointed out that JSBACH coupled with atmosphere 
component ECHAM6, yields a better seasonal cycle of ET than the offline JSBACH forced by 
WFDEI. In general this analysis shows some impact of the WEED scheme implementation on 
JSBACH simulations. However, some processes are still poorly represent or missing, such as lateral 
flow, and consistency between surface albedo and heat capacity. Improvement and update of the 
WEED scheme is planned for the next stage. Though the ESA LC_CCI WB product fits quite well 
into the range of uncertainty of available observations, several requirements have been recognized 
from the modelling perspective that might significantly improve quality of the data set: 

1) Temporal information should be included on monthly time scale or finer and extend over 
longer periods (10 years or longer). Thus, information on climatology and trends can be 
derived ; 

2) Flood events and flood plains seem to be lacking in existing products at some locations while 
simulated by several models. This could be due to corrupted observations for snow or 
vegetation cover regions (e.g. in the Amazon basin). Here, it needs to be verified and 
communicated whether such floodplains do not exist or just have not been detected by the 
satellite. 

Additional valuable information that are not directly related to spatial mapping are: 

1) Local time series of water depth with uncertainty information ; 
2) Periods with frozen surface water bodies and the thickness of the frozen layer ; 
3) Temperature time series in surface water bodies ; 
4) Identification of the dominant surface water body type (lake/wetland/...) for a grid cell. 

2.4 Revision and update of the cross-walking procedure for JSBACH           

In the frame of the ESA LC_CCI project, a new global LC data set was produced. LC is classified as 
one of Essential Climate Variables (ECV), and defined as the physical material at the surface of the 
earth (for example: trees, grass, bare soil, water). The ESA LC_CCI product complies with the United 
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Nations Land Cover Classification Scheme (UN-LCCS). However, the UN-LCCS set of rules is not 
directly suitable for climate modelling. Therefore, the ESA LC_CCI categorical classes need to be 
converted to model specific PFT distributions. 

2.4.1 ESA LC_CCI product and lc-user-tool 

In the frame of the cross-walking procedure from LC classes to PFTs, an evaluation and beta testing 
of the lc-user-tool (a software package developed by Brockmann Consult (BC) for manipulation of 
the ESA LC_CCI data) was performed. For that purpose, two versions (June 2014 and August 2014) 
of the ESA LC_CCI data have been tested. The LC data are available for three epochs: 2000, 2005 
and 2010. Aggregations to a regular 0.5° resolution and a Gaussian T63 resolution (N48 grid 
corresponding approximately to 1.875° resolution) were performed.  

The data for each epoch were cross-walked for the use with JSBACH (at T63 ~1.875° and 2° spatial 
resolutions) using the following steps: 

• lc-user-tool is used to aggregate and convert LC classes into PFTs. Table 2-2 contains 
information on the cross-walking procedure. The first step of this conversion yields 10 
vegetation types: Trees (Tr) and Shrubs (Sr) that can be Broadleaf Evergreen (BrEv), 
Broadleaf Deciduous (BrDe), Needleleaf Evergreen (NeEv), Needleleaf Deciduous (NeDe), 
and Grass that can be natural (NatGr) or managed (ManGr); 3 non-vegetated types: bare soils 
(BaSo), water bodies and wetlands (WB/WL), and snow-ice (SnoI);   

• JSBACH currently supports 21 PFTs. However, in the standard configuration only 13 types 
distributed over 11 tiles (Table 2-3) are used. In this step, the 10 types from the previous step 
need to be converted into 13 JSBACH-PFTs. This process includes reducing of 4 tree types 
into 2 (evergreen and deciduous) types since the processes that will make use of distribution 
of needleleaf and broadleaf trees are still not implemented into JSBACH. The same applies 
for shrubs, with one exception. JSBACH in the recent version does not have implemented 
processes with evergreen shrub. Therefore, this type is treated as a raingreen shrub.  Pasture 
and crops do not exist in the output of lc-user-tool. Therefore, additional maps and some 
educated guessing are applied to estimate the distribution of those types. The ratio between 
crops and pasture is kept the same as in the original JSBACH map and some unrealistic 
consequences of that assumption have been corrected. Pasture is generated from one third of 
managed grass and one third of natural grass. Crops are generated from two third of managed 
grass and the rest of two third of natural grass is treated as a grass in JSBACH. The non-
vegetated type of polar ice caps is designated as glacier and ice, and is essentially the same in 
JSBACH as in the lc-user-tool output. Bare soil in JSBACH has an explicit treatment. 
Therefore this type is scaled to other tiles so that sum of all JSBACH PFT fractions adds to 1.  

• In this step, we apply climatic and photosynthetic pathway rules. For that purpose, an updated 
world map of the Köppen-Geiger (K-G) climate classification adopted from [RD.24] is used. 
The photosynthetic pathway, i.e. the C4 vegetation percentage, is taken from International 
Satellite Land Surface Climatology Project (ISLSCP) Initiative II [RD.29] data. The rules are 
adopted from [RD.11] as follows: classes 1, 2, 3, 4, 6 are tropical, 5 and 7-28 are extra-
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tropical classes. The polar classes 29 and 30 are not used here. Photosynthetic pathways larger 
than 50% are set to C4 and the rest to C3. 

Some adaptations are needed in order that PFT maps correspond better with reality. C4 vegetation 
rarely appears in K-G 8-28 climate zones, thus C4 pasture for K-G classes 8-28 is converted into C3 
grass. For the same reason, unrealistic distribution of C4 grass in K-G 8-28 zones is reassigned to be 
C3 grass. In the first approximation we treat evergreen shrubs as a raingreen shrub in JSBACH. 
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Table 2-2. Cross walking table for converting ESA-CCI-LC classes into JSBACH PFTs.               
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Table 2-3. PFT types used in JSBACH. Tile column indicates types used in this study and their distribution, while 

ID column indicate so far implemented types into JSBACH.   

 

Figure 2-6 shows the main properties of the new PFT distributions. There are less trees (33% Tropical 
Evergreen (TrET), 47% TrTD (Tropical Deciduous), 47% Extra-Tropical Evergreen (ExET), and  
20% Extra-Tropical Deciduous (ExDT)) and more herbaceous types (more grass (C3Gr and C4Gr), 
less pasture (C3Pa and C4Pa), similar crops (C3Cr and C4Cr)). Deciduous shrubs (DeSh) were almost 
nonexistent in the reference JSBACH distributions and raingreen shrubs (RgSh) has similar amount as 
the reference JSBACH PFT distribution.  
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Figure 2-6. Total area of JSBACH PFTs for various epochs. E2000, E2005 and E2010 are for PFT maps derived 

from the various ESA-CCI-LC epochs. The others are JSBACH reference maps representing various years in time. 

Figure 2-7 shows new global PFT distribution and Figure 2-8 the difference with the reference 
distribution. These two figures summarize the geospatial differences between the default JSBACH 
PFT distributions and newly derived from the ESA LC_CCI products. The most striking differences 
appear in herbaceous types, especially C3 and C4 grasses, and extra tropical evergreen forest in the 
northern latitudes.     
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Figure 2-7. PFT fractions of ESA-CCI-LC map for the 2010 epoch. 
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Figure 2-8. PFT fraction differences between ESA-CCI-LC and JSBACH reference map. 
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2.4.2 JSBACH offline simulations 

Two JSBACH simulations driven by WFDEI data were performed at T63 resolution. The simulation 
with default JSBACH PFT distributions is labelled MPI and ESA is the simulation with PFTs derived 
from the CCI_LC maps. These simulations are evaluated for the 1981-2010 period. Sensitivities of the 
hydrological, energy and carbon cycles are investigated. The following variables are compared 
between simulations with the new LC_CCI and the old reference PFT distributions: (i) 
evapotranspiration and runoff as an indicator of changes in hydrological cycle, (ii) temperature and 
albedo as an indicator for changes in the energy cycle and (iii) GPP as an indicator of carbon cycle 
sensitivity. 

2.4.3 Results 

Less evergreen trees in northern extra-tropical latitudes (Figure 2-8, T3) leads to an increased annual 
mean albedo (Figure 2-9) and decreased evapotranspiration (Figure 2-9). Net effect is cooling up to 
0.5 K at those latitudes (Figure 2-9). In South America, probably an increase in extra-tropical trees 
(Figure 2-8, T3 and T4) results in a decrease in albedo (Figure 2-9). However, similar as for the other 
regions of the world, the net effect on surface temperature depends on regional factors. Due to the 
global decrease of trees, GPP is also decreased globally but there is also slight increase in certain 
regions of the world (Figure 2-9). 

The hydrological cycle is investigated in more detail for the world’s major river basins (Murray, 
Parana, Amazon, Mississippi, Mackenzie, Congo, Niger, Nile, Ganges/Brahmaputra, Yangtze and 
Danube). Annual mean biases of evapotranspiration and runoff show a small decrease for the majority 
of the river basins except for Niger, Nile and Yangtze (Figure 2-10). Both model simulations show 
similar annual cycles of evapotranspiration which is in good agreement with Land-FLUX observation 
for some basins especially in the late summer and the autumn (Danube, Mackenzie, Mississippi and 
Lena). Annual cycles of evapotranspiration are shown for Danube and Congo River basins in Figure 
2-11. An interesting feature is shown for the Congo River basin in which both simulations differ from 
each other, which is caused by larger differences in the PFT distributions. Here, LC_CCI derived PFT 
distributions have 35% less tropical evergreen trees and tropical deciduous trees are reduced by more 
than 50% in comparison to the reference PFT distribution. Therefore, this change in 
evapotranspiration might be due to deforestation in the basin that was not included in the JSBACH 
reference data. The annual cycle of albedo from the LC_CCI simulation (Figure 2-12) shows better 
agreement with some satellite observations (GLOBALBEDO-DHR and GLOBALBEDO-BHR). 
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Figure 2-9. Spatial differences between ESA (PFT distributions derived from ESA-CCI-LC) and MPI (default 

JSBACH PFT distributions) simulations: broadband albedo, surface temperature, evapotranspiration and GPP.   
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Figure 2-10. Relative annual mean biases for the major river basins of the world: evapotranspiration (top) and 

runoff (bottom). 
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Figure 2-11. Annual cycle of evapotranspiration for Danube (top) and Congo (bottom) river basins 
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Figure 2-12.  Albedo seasonal cycle 

2.4.4 Conclusions and outlook 

Since Phase I of the project, JSBACH has gone through several revisions and updates. The most 
notable one being the introduction of a new five layer soil hydrology scheme in which not only the 
root zone is differentiated into several layers, but also layers below are added [RD.21]. There were 
also updates of ESA LC_CCI data and some improvements in the cross-walking method including the 
further development of the lc-user-tool. Similar as in Phase I, there are some differences between the 
reference and ESA LC_CCI simulations but first results do not show huge impact of the new PFT 
distributions on the simulations. However, there are still some features that can be improved or 
implemented into the current CCI_LC maps and/or cross-walking procedure. The biggest source of 
inconsistency between LC data and PFT distribution currently implemented into JSBACH comes 
from the lack of information about pasture and crops, i.e. there is no clear guidance on how to convert 
natural and managed grass into crops, pasture and grass. Similar is the case with shrubs phenotypes. 
Currently, JSBACH distinguishes between evergreen, raingreen and summergreen shrub types, while 
the LC_CCI maps provide information about evergreen and deciduous shrubs distribution. These 
issues are recognized as a first priority in order to improve consistency and conversion of the LC_CCI 
map into JSBACH PFT distribution. Other nice features will be to have delineation of climate zones 
and distinction between C3 and C4 photosynthetic pathways. 
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2.5 Diversification of albedo into vegetation and soil fraction 

In order to calculate albedo of the snow-free land in JSBACH, the background albedo needs to be 
separated into vegetation and soil part. For the current version of the JSBACH maps of background 
albedo (visible and Near Infrared (NIR) bands) have been derived from MODIS data. This leads to an 
inconsistency with the PFT distribution derived from the ESA LC_CCI data, therefore we were 
exploring possibilities how to separate background albedo from GLOBALBEDO dataset into 
vegetation and soil fraction. Ideal for this exercise would be to have at least a couple of years with a 
monthly time series of vegetation fraction which is consistent with the GLOBALBEDO data set and 
to apply multiple linear regressions. Additionally, the snow seasonality product for the same period is 
needed. However, since vegetation fraction is available only as an annual average for 5 years epochs, 
NDVI seasonality product is used as a proxy for vegetation fraction, but first results turned out to be 
unrealistic. There are several reasons, for which that might be or any combination of them: 

1) Inconsistency between the GLOBALBEDO dataset and the NDVI seasonality product; 
2) Too short period of availability of the NDVI seasonality product; 
3) NDVI does not seem to be a proper proxy for vegetation fraction; 
4) Linear regression may not be a proper model for relationship between NDVI and albedo.           

Separation of background albedo into soil and vegetation fraction is recognized as the highest priority 
task in order to assure consistency between albedo scheme and PFT distribution in JSBACH.  
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 3 USING THE LAND COVER CCI PRODUCTS 

TO ASSESS PHENOLOGY AND LAND 

COVER TRANSITIONS (LSCE) 

3.1 Using the NDVI seasonality product to evaluate phenology in the 

Orchidee Land Surface Model 

3.1.1 Introduction 

The aim of this work was to investigate how the NDVI seasonality product produced by the LC_CCI 
project can help to evaluate and improve the phenology of the ORCHIDEE Terrestrial Biosphere 
Model (TBM). Leaf phenology, the timing of leaf onset, growth and senescence, is a critical 
component of the coupled soil-vegetation-atmosphere system as it directly controls the seasonal 
exchanges of carbon, C, as well as affecting the surface energy balance and hydrology through 
changing albedo, surface roughness, soil moisture and evapotranspiration. In order to make realistic 
predictions of interactions between vegetation and the carbon, water and energy cycles it is crucial to 
account for these feedbacks in TBMs through prognostic leaf phenology schemes [RD.32, RD.35]. 
Model evaluation studies have shown that there are biases in the growing season length, magnitude of 
the Leaf Area Index (LAI) and uncertainty in the inter-annual variability predicted by TBMs when 
compared to ground-based observations of leaf emergence and LAI [RD.33, RD.38] or satellite-
derived measures of vegetation greenness and LAI [RD.34, RD.37]. As expected, incorrect 
representations of the timing of leaf onset and senescence, as well as the rate of leaf growth and fall, 
results in inaccurate model predictions of the seasonal carbon, water and energy exchange. 

The objective of a recent study by [RD.36] was to investigate whether biases in LAI simulations were 
the result of inaccurate parameters in the model or an incorrect structural representation of phenology. 
In order to test this, they performed an optimisation of the phenology-related parameters in the 
ORCHIDEE TBM using satellite-derived NDVI from the MODIS instrument. The MODIS data were 
used as they are widely available to download online. However the prior (reference) simulation and 
posterior (optimised) simulations need to be compared to independent datasets. In this study therefore, 
we use the LC_CCI NDVI seasonality product to evaluate the optimised ORCHIDEE phenology 
simulations.  

In addition, [RD.36] raised questions about how best to perform the optimisation of such models. 
Currently, different phenology models are assigned to different PFTs in ORCHIDEE, therefore the 
parameters are optimised for each PFT independently. However, the optimisations did not work well 
for some PFTs, and others, such as natural C3 grasses, span a wide range of climate types. Thus 
[RD.36] suggested optimising by PFT may not the best approach and that parameters may be better 
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grouped according to different climate types. One way to examine the behaviour of different 
vegetation types at global scales is to examine the distribution of phenology metrics depending on 
how those vegetation types are grouped. In this instance, phenology metrics refer to the Start of 
Season (SOS) and End of Season (EOS) dates that give the time of leaf onset and senescence. These 
metrics can be calculated from the data. Although [RD.36] use the full daily NDVI time series to 
optimise the phenology-related parameters of the model, essentially the aim was to improve the 
predictions of the SOS and EOS. Comparing the distribution of SOS and EOS dates grouped by PFT, 
land cover type or climate type can give us an idea whether the PFT-dependent parameterisation is the 
best approach.  

3.1.2 Methods 

Firstly the NDVI seasonality product was aggregated to the model grid cell resolution of 0.72o using 
the aggregation tool provided by the LC_CCI project. 

Two issues arose when considering using the NDVI seasonality product to evaluate the model 
phenology. Firstly, as only the Mean Seasonal Cycle (MSC) of the complete NDVI time series is 
provided per pixel, an evaluation of the full model time series cannot be performed. Secondly and in 
relation to the first issue, the model does not simulate NDVI; instead it calculates the fraction of 
Absorbed Photosynthetically Active Radiation (fAPAR) as a function of the LAI. The fAPAR is 
linearly related to NDVI thus we can compare the model fAPAR and NDVI by normalising the both 
to their maximum and minimum values. The simulated fAPAR have already been normalised to their 
maximum and minimum values based on the whole time series, but we cannot do the same for the 
NDVI seasonality product as we only have the MSC. 

Thus in this study, we do compare the MSC of both the model and the data, but we do not expect their 
magnitudes to be similar. However we can still see if the overall phase (timing) of MSC is better 
captured by the optimised model. The MSC was compared to the NDVI seasonality at global scale 
and for the following latitudinal regions boreal (60-90o), temperate (30-60o) and tropical (0-30o) 
regions north and south of the equator (where relevant). 

As we cannot directly evaluate the magnitude of the model fAPAR, instead we evaluate the month in 
which the model reaches the maximum fAPAR compared to the month in which the NDVI is at its 
maximum value. Lastly, we calculate the SOS and EOS dates for each grid cell. These are defined as 
the point in the time series where the fAPAR or NDVI are half the value of the annual amplitude. 
Pixels with two seasonal cycles are ignored. Again, as we are looking at the MSC, these are mean 
values. In all of the abovementioned analyses, both the prior and posterior model simulations are 
compared with the LC_CCI NDVI seasonality product. 

Finally, in order to investigate the secondary objective of this work, the SOS and EOS dates that were 
calculated for each 0.72o grid cell are grouped according both PFT and then climate type. The K-G 
climate classification of [RD.24] was used for this purpose. However, there are ~30 climate classes in 
the original classification. TBMs typically group their vegetation classes into larger units, focusing on 
tropical, temperate and boreal biomes. Here we follow the methodology of [RD.11] for grouping the 
K-G classes into 5 super classes: tropical, temperate warm, temperate cold, boreal warm and boreal 
cold. The distributions per PFT and per biome are then compared, in order to test the hypothesis that 
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some parameters of the model should be optimised per biome and not per PFT, as was done in 
[RD.36]. 

3.1.3 Results 

Evaluating the optimized phenology in ORCHIDEE 

Figure 3-1 clearly shows that the optimisation has improved the timing mean seasonal cycle of the 
model fAPAR when compared to the LC_CCI NDVI in the northern hemisphere, especially with 
regard to the end of the growing season. Indeed, the main result of the optimisations was that the end 
of the growing season started much earlier after optimisation, as a result of an increase in the 
temperature threshold needed for senescence to occur [RD.36]. Although the full time series of the 
LC_CCI NDVI data need to be normalised in order to more directly compare the overall magnitude of 
the seasonal cycle, it is certainly promising that the optimised model compares more favourably with 
an independent dataset. In future, we aim to discuss performing a more extensive evaluation of the 
ORCHIDEE phenology with the full time series of data in collaboration with the LC_CCI team. 

 

Figure 3-1. Plots showing the mean seasonal cycle for the modelled fAPAR (prior = blue; posterior = red) and LC 

CCI NDVI (grey) for 4 regions (boreal, temperate and tropical northern hemisphere (NH) and the tropical region 

in the southern hemisphere (SH)).  

Figure 3-2 shows the mean SOS dates calculated from the model and the LC_CCI NDVI seasonality 
product. The prior map shows the model simulation with the default parameter values (Figure 3-2a), 
and the posterior map shows the simulation after the optimisation (Figure 3-2b). The difference 
between the two is shown in Figure 3-2c. The optimisation has resulted in an earlier start of the season 

Boreal NH (>60oN) Temperate NH (30 – 60oN) 

Tropics NH (0 – 30oN) Tropics SH (0 – 30oS) 
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by ~30 days for much of the northern hemisphere and the dry tropical regions in the southern 
hemisphere. This has not changed the spatial patterns considerably in the northern hemisphere with 
respect to the LC_CCI product (Figure 3-2d). However, the predicted SOS dates along the southern 
limit of the Sahelian region better match the LC_CCI product, as does the savannah region south of 
the Central African Rainforest. Areas that still require improvement include central South America 
and central Australia. 

 

Figure 3-2. Global maps showing the modelled prior and posterior SOS dates (a, b) and their difference (c) 

compared to those derived from the LC CCI product (d).  

Figure 3-3 shows the same maps as Figure 3-2 but for the EOS dates. As seen in Figure 3-1, the most 
dramatic impact of the optimisation was the dramatic reduction in growing season length caused by 
the earlier start to leaf senescence of ~100 days (Figure 3-3b,c) across the northern hemisphere; only 
the Sahelian region and the drylands of southern USA experience a later onset of leaf fall after the 
optimisation (Figure 3-3c). When compared to the independent LC_CCI product, we can see that the 
optimisation has resulted in a dramatic improvement in the predicted end of the growing season across 
the northern hemisphere and Sahelian region. Evergreen regions were not included in this model 
analysis as they do not have specific phenology models in the ORCHIDEE TBM. 

 

 

a) b) 

c) d) 
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Figure 3-3. Global maps showing the modelled prior and posterior EOS dates (a, b) and their difference (c) 

compared to those derived from the LC CCI product (d). 

One issue with this analysis is that the mean SOS and EOS dates of the ORCHIDEE model were 
derived for a different time period than for the LC_CCI data. Another is that the SOS and EOS dates 
for the LC_CCI product were calculated on the basis of the weekly data provided in the NDVI 
seasonality, and not daily data as were used for the ORCHIDEE calculations. This means that the 
SOS and EOS dates derived from the LC_CCI product are more uncertain than if daily data could be 
used. Still, the global maps presented here still show that at large scale the data can be used for an 
evaluation and that the ORCHIDEE model performs better after optimisation.  

Evaluating the global distribution of SOS and EOS dates per PFT and per 
biome 

The aim of this work was to investigate whether the SOS and EOS dates derived at global scale are 
more tightly distributed when grouping by climate type rather than by PFT. In current generation 
TBMs, the parameters are generally defined based on PFTs and not on any other grouping. [RD.36] 
suggested that some parameters might be better defined on the basis of species or underlying climate 
or environmental conditions. Since the objective is to improve the phenology models, which simulate 
the start of leaf onset and senescence, we can start by examining SOS and EOS dates derived from 
data, in order to investigate the above hypothesis. 

a) b) 

c) d) 
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Figure 3-4 to Figure 3-6 show the distributions of SOS and EOS date per PFT and per climate biome 
for tropical, temperate and boreal biomes, respectively. Most forest PFTs in ORCHIDEE are 
designated as tropical, temperate and boreal, and therefore are compared to the distribution by that 
specific biome type. Figure 3-4 shows that the distribution across the tropical PFTs is similar to the 
case where the pixels are grouped based on the tropical biome type. There is wide range of values in 
all cases, likely related to the fact that these are generally water-limited environments that exist within 
different precipitation regimes. Thus the parameters of the model may need to be optimised and 
defined at regional or species level, rather than at large scales of PFTs or biomes. 

 

Figure 3-4. Box and whisker plots showing the distributions of SOS (a) and EOS (b) dates per PFT (top panel) and 

by climate type (bottom panel) for Tropical regions. PFT 2, 3 and 11 are defined as tropical PFTs in the 

ORCHIDEE TBM.  

Contrary to the tropical regions, the distributions for temperate and tropical PFTs are all smaller than 
if the grid cells were grouped by climate type, which is the opposite of the hypothesis presented 
above, except for PFT 5 (Figure 3-5). The reason for this could be related to the fact that PFT5 
(temperate broadleaved evergreen PFT) encompasses species that exist both in Europe and in south-
eastern Australia, and the northern and southern hemispheres are approximately 6 months out of phase 
in their growing seasons. 

 

a) SOS b) EOS 
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Figure 3-5. Box and whisker plots showing the distributions of SOS (a) and EOS (b) dates per PFT (top panel) and 

by climate type (bottom panel) for Temperate regions. PFT 4 – 6 are defined as temperate forest PFTs in the 

ORCHIDEE TBM, and PFT 10 is natural C3 grass which is found in temperate and boreal regions. The bottom 

panel shows the distribution for both temperate warm and cold regions as defined by the K-G classification and 

following [RD.11]. 

This is a surprising result, especially in the case of natural C3 grasses (PFT10) that are widely 
distributed across the globe. Clearly for vegetation types with phenology that is mostly driven by 
temperature or daylength, and not moisture availability, the underlying physiology and structural 
differences between the PFTs are important, and thus grouping parameters on the basis of PFTs is 
justified in this instance. 

 

Figure 3-6. Box and whisker plots showing the distributions of SOS (a) and EOS (b) dates per PFT (top panel) and 

by climate type (bottom panel) for Boreal regions. PFT 7 – 9 are defined as boreal forest PFTs in the ORCHIDEE 

TBM, and PFT 10 is natural C3 grass which is found in temperate and boreal regions. The bottom panel shows 

the distribution for both boreal warm and cold regions as defined by the K-G classification and following 

Poulter et al. (2011). 

 

a) SOS b) EOS 

a) SOS b) EOS 
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However, the analysis could be taken to the next step by calculating the underlying phenology 
parameters on the basis of the SOS and EOS dates calculated here. This has not been done yet because 
the SOS and EOS dates derived from the LC CCI product were based on weekly data based on the 
mean seasonal cycle, and not on the full time series. However, a more complete investigation could 
take place in the future in collaboration with the LC CCI data providers. 

3.1.4 Discussion and Conclusion 

The results presented her represent a very preliminary analysis to illustrate how the LC_CCI NDVI 
seasonality product can be used to evaluate and improve the phenology models in the ORCHIDEE 
TBM. It is crucial to validate the results of an optimisation with an independent dataset, and the 
LC_CCI product has allowed us to do that. This shows that these data are also valuable to land surface 
modellers for model evaluation, rather than just using the land cover maps to drive the simulations. 
We have shown that the optimisation of the ORCHIDEE phenology has resulted in a better match in 
the timing of the mean seasonal cycle of the model for northern hemisphere regions when compared 
to the LC_CCI data, as a well as a marked improvement in the predicted EOS dates.   

However, several issues arose when performing the analysis, which limited the extent to which we 
could use the LC_CCI data. Firstly, the SOS and EOS dates would ideally be calculated using daily 
data to improve the accuracy of the derived dates, as leaf onset and senescence can take place quite 
rapidly for some vegetation types. Secondly, only having access to the mean seasonal cycle limited 
the analysis we could perform. Ideally, the full NDVI time series would be used. This would also 
enable the modellers to compare the model and data from the same time period. Finally, and in 
relation to the last point, in order to compare with modelled fAPAR, we need to normalise the model 
simulations and the NDVI data. This cannot be achieved when only the mean seasonal cycle is 
provided.  

Furthermore, the major questions in related to the vegetation seasonal cycle in the context of climate 
change are the trends and inter-annual variability in the phenology-related metrics such as SOS and 
EOS. This type of analysis cannot be performed without the full time series. There are currently only 
a few long time series of NDVI available to the public. The NDVI record used in the LC_CCI project 
therefore represents a valuable added product that could be widely used for the type of analysis 
presented and discussed here. We therefore suggest to the LC_CCI project team that they consider 
calculating phenology related metrics for each year and releasing this as a “seasonality product” with 
the CCI project. Or that they consider releasing the full time series, although we appreciate this would 
be a considerable effort. 

3.2 Assessing land cover transitions 

3.2.1 Introduction 

Land Use change is thought to be an important contributor to the total anthropogenic emissions of 
CO2, second only to emissions from fossil fuel burning. Therefore, this process must be accounted for 
in earth system model simulations. Current estimates of land use change emissions based on FAO 
data [RD.40] are 0.9 ± 0.8 PgC yr-1 during the past decade [RD.39]. However this estimate is still 
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uncertain. Given its importance understanding the impact of anthropogenic changes to the biosphere, 
further quantification and evaluation of the current estimates are needed. [RD.41] have recently 
contributed to this effort by publishing estimates based on 30m resolution Landsat data. The new 
state-of-the-art land cover maps produced in the LC_CCI project can significantly aid in this regard. 
As deforestation is the primary source of land use change emissions, the aim of this work was to 
calculate the forest transitions between the three epoch maps (2000, 2005 and 2010) and to compare 
these estimates with those produced by [RD.41] and the FAO [RD.40]. 

3.2.2 Methods 

In order to calculate the initial forest area in 2000, the LC classes were converted into the 13 PFTs 
used in LSMs using the “cross-walking” table defined in Phase 1 of the LC_CCI project and 
described in [RD.12]. The transitions between the PFTs were then calculated in the following steps: 

i) The LC maps between the different epochs were compared to determine which classes 
had changed; 

ii)  The possible transitions between the LC classes were then calculated (e.g. Forest to Grass 
(F to G) or Crop to Forest (C to F), etc. 

iii)  The transitions in the LC classes were translated into the PFTs as described above. 

3.2.3 Results 

This section presents the main results at global scale of the LC transition study. A more detailed 
description of the results, including LC transitions per region and country, will be provided in 
[RD.42], which will be submitted to an EGU journal in June 2015 and will include partners from the 
LC_CCI project. 

The gross loss and gain in forest area at global scale between 2000 and 2010 was 172,171 and 9,844 
km2, respectively. A gain in forest area was only found during the second period, from 2005 to 2010. 
The gross loss in forest area decreased from 144,482 km2 during 2000-2005 to 27,689 km2 during 
2005-2010 [RD.42]. A similar trend of decreasing deforestation rate was also presented in FAO’s 
report [RD.40]. Global maps of net forest loss using the LC_CCI products are compared to those from 
[RD.41] study in Figure 3-7 [RD.42]. The gross forest loss and gain from 2000 to 2012 reported by 
[RD.41] are 2.3 and 0.8 million km2, respectively. Thus, the net global forest loss (1.5 million km2) is 
much higher than that from the ESA LC_CCI product (0.16 million km2). The largest disagreements 
can be seen in the Northern Hemisphere high latitude regions of Canada and Siberia. In the tropical 
areas, the net forest loss is also much lower in the estimates derived from the ESA LC_CCI product 
compared to [RD.41]. The reasons behind this are likely the high spatial resolution of Landsat 
[RD.41] and the multiple year integration of the ESA LC_CCI maps. Although there is a strong 
difference between the absolute areas, the geographical distributions are roughly similar (Figure 3-7). 
The mutual hotspots of net forest loss are concentrated in South America, Middle Africa and 
Southeast Asia.   
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Figure 3-7. The net forest loss from 2000 to 2010 in the estimates of ESA (left) and the net forest loss from 2000 

to 2012 in the estimates of Hansen et al. (2013) (right). 

Transitions were observed between most major LC types but not pasture. Nine transitions were found 
for the 2000 to 2005 period, and twelve for the 2005 to 2010 period, although the total transition area 
is much lower in the 2nd period ~42,500km2 compared to ~1,700,000km2 [RD.42]. Figure 3-8 shows 
the transition matrix between all forest and all other land cover types globally. The majority of the 
transitions are related to conversion from forest to crops. During 2000-2005, the LC transitions with 
the largest area are forest to crop, forest to bare soil, and forest to shrubs, accounting for 50%, 17%, 
and 14%, respectively, of the total transition area (Figure 3-8, middle). During 2005-2010, the largest 
transitions are forest to crops and shrub to crop, representing 49% and 16% of the total, while the 
percentages of bare soil to crops, forest to shrub, and forest to grass are small but similar, ranging 
from 6% to 8% (Figure 3-8, middle) [RD.42].  

 

Figure 3-8. The global transition matrix (left), the global composition patterns of all transitions (middle), and 

the global composition patterns of crop gain (right) during 2000-2005 and during 2005-2010. In the matrix, the 

row names represent the sources of transitions, and the column names represent the gains. The colour 

represents the global area of each transition. 
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3.2.4 Discussion and perspectives 

The differences between the LC_CCI estimates and the [RD.41] datasets are likely due to the different 
resolution of the satellite products used and the fact that multiple years were integrated to produce the 
LC_CCI maps [RD.42]. The release of yearly land cover maps has been discussed in Phase 2 of the 
LC_CCI project. This would certainly be beneficial to studies such as this, as well as to climate 
modellers who require annual land cover maps to run historical simulations. The higher resolution 
(30m) Landsat data used in [RD.41] can be used to detect smaller-scale changes in land cover, such as 
forest harvest and replanting. Thus the LC_CCI estimates probably underestimate the true magnitude 
of net changes in forest area, although the fact that the geographical distribution corresponds well 
with [RD.41] dataset is encouraging [RD.42]. The FAO estimates [RD.40] are also higher than those 
found with the LC_CCI, though comparing with these data is not trivial as the FAO data are derived 
from multiple different sources, including field- and satellite-based estimates. 

One puzzling result in this study is that forest gain is only detected between 2005 and 2010. This 
needs to be further discussed with the LC_CCI project members involved in algorithm development 
and the production of the LC maps.   

Detecting land cover transitions is of key importance for climate modellers. This study focused on 
forest transitions; however, as other LC changes are included in the product (for example from grass 
to crops) this study will be extended to give a more complete picture of land cover change emissions 
over the past 15 years, with the hope of providing a more accurate estimate for the climate modelling 
community.  
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 4 EVALUATION OF THE LC-PFT MAPPING 

UNCERTAINTY  

4.1 Introduction 

Current generation LSMs use the concept of PFTs to group different vegetation types and species 
according to similar physiological, biochemical and structural characteristics. The model equations 
are largely the same for all PFTs, except for certain processes, but the parameters (fixed values) of the 
equations are mostly PFT-dependent. Thus it is crucial to have accurate information on the PFT 
fractions in each grid cell. However, PFTs cannot be mapped directly – instead the PFT fractions are 
derived from species or LC maps that are obtained from other sources of information. The process of 
converting species or LC classes to PFTs (so-called “cross-walking” procedure) relies on various rules 
and/or other data sources such as a climate or biome classification, and thus is somewhat subjective 
[RD.11, RD.12]. Firstly, the LC classification itself can be interpreted in different ways, for example, 
what fraction of a tree PFT should be assigned to the “closed to open forest” class, which is classified 
as >40% tree cover? Mixed LC classes pose a particular problem in this regard. Secondly, many 
LSMs further divide PFTs according to climatic biomes (e.g. into boreal, temperate or tropical 
biomes). This requires a climate classification, the most commonly used of which is the K-G 
classification. The K-G system prescribes certain rules to divide the climate data “surfaces” into 31 
classes within 5 main types: equatorial, arid, warm temperate, snow and polar. Several sources of 
uncertainty may arise in this step alone, one being that although various studies have followed this 
classification they have used different underlying climate datasets (e.g. [RD.44], [RD.24]). Also, the 
K-G system produces maps with different types of biomes than are used in LSMs, and therefore they 
themselves have to be grouped depending on how they fit within the LSM description. A third major 
source of uncertainty in the cross-walking procedure is how to split between C3 and C4 grasses. In the 
past, each LSM has followed certain rules based on temperature thresholds (e.g. [RD.11]) or using 
C3/C4 maps derived in other studies (e.g. [RD.45]).  

The question of how PFT mapping uncertainty impacts model simulations has been addressed in the 
previous studies. [RD.13] showed that inaccuracies in satellite-derived LC maps, the aggregation of 
satellite data to coarser resolution and uncertainty in the LC-to-PFT conversion gave rise to 
differences of up to ~15% in the gross annual carbon uptake (GPP) across the UK. However [RD.46] 
found that different meteorological driving data produced greater differences in modelled GPP than 
different land cover products. 

In Phase 1 of the ESA LC_CCI Project, the Climate Users assessed the impact of driving the models 
using new PFT maps derived from state-of-the-art land cover maps provided by the project. However, 
only one cross-walking procedure was followed – there was no assessment of the impact of the 
accuracy of the LC map itself, or of the subjective choices which are made in the LC-to-PFT cross 
walking procedure. In this study we attempt to address this issue with the aim of understanding the 
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relative influence of the mapping and cross-walking uncertainty on the spatio-temporal patterns of 
carbon, water and energy fluxes. However, in order to properly account for all the possible sources of 
variability detailed above we would need to perform tens to hundreds of model simulations. Here, we 
simplify the problem by investigating scenarios of “extreme uncertainty” in the context of biomass. 
We achieve this by quantifying either “minimum” or “maximum” biomass maps for each source of 
uncertainty: cross-walking uncertainty and land cover uncertainty. We run 3 offline LSMs with both 
extremes of biomass derived from different sources, and examine their impact on carbon, water and 
energy fluxes. The key scientific questions we aim to answer are: 

i) Which locations have the greatest amount of uncertainty in the fractional cover of PFTs?  
ii)  Do these locations differ according to the source of uncertainty? 
iii)  How does the balance between PFTs change according to different sources of 

uncertainty? 

The motivation for this work is to both advice the land cover mapping community about the accuracy 
requirements for land cover maps, and to provide insights to the earth system modelling community 
on the implications of decisions taken when converting from land cover to PFTs.  

4.2 Methodology 

The aim of this experimental design is to quantify the effect of uncertainties in the land cover 
information used in climate models on key indicators of processes in the carbon, hydrological and 
energy cycles. In order to achieve this, we express uncertainty in the context of either minimizing or 
maximizing biomass. Using this framework, we quantify the sensitivity of land surface models to 
uncertainty deriving from the land cover classification approach, and from the cross-walking 
conversion of land cover classes to fractions of PFTs. In addition to PFT fractions produced with the 
reference map and cross walking table, 4 different perturbations of PFT fractions were generated, as 
follows: 

1. Land cover uncertainty with alternative classes selected only when 
a. biomass is minimized ; 
b. biomass is maximized ; 

 
2. Cross walking table uncertainty with fractions adjusted to 

a. minimise biomass ; 
b. maximise biomass. 

4.2.1 Land Cover class uncertainty 

Land cover classification uncertainty (LCU) was assessed using plausible alternative land cover 
classes that were identified during the land cover classification procedure. An alternative land cover 
class was deemed to be available for a 300m pixel when the likelihood of it being correct was above 
85%, according to the maximum likelihood classifier [AD.7]. The alternative class was chosen for the 
resulting minimum (maximum) biomass land cover map if it occurs below (above) the first choice 
class in the biomass hierarchy shown in Table 4-1. If the alternative class was lower down (higher up) 
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the hierarchy of biomass than the first choice class, then it was selected for the minimum (maximum) 
biomass map. Where no alternative class was available, or the biomass hierarchy criteria were not 
met, the land cover class remained unchanged from the original map. 

Table 4-1. Each land cover class within the Land Cover CCI legend is assigned a class within a biomass hierarchy 

for use in assessing classification uncertainty. The highest biomass is tree, followed by shrub, grass, moss and 

lichen and then bare 

LAND COVER 

CLASS 
DESCRIPTION 

BIOMASS 

HIERARCHY 

0 No data n/a 

10 Cropland, rainfed Grass 

11 Cropland, Herbaceous cover Grass 

12 Cropland, Tree or shrub cover Shrub 

20 Cropland, irrigated or post-flooding Grass 

30 

Mosaic cropland (>50%) / natural vegetation (tree, shrub, herbaceous 

cover) (<50%) 

Grass 

40 

Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%) / 

cropland (<50%)  

Grass 

50 Tree cover, broadleaved, evergreen, closed to open (>15%) Tree 

60 Tree cover, broadleaved, deciduous, closed to open (>15%) Tree 

61 Tree cover, broadleaved, deciduous, closed (>40%) Tree 

62 Tree cover, broadleaved, deciduous, open (15-40%) Shrub 

70 Tree cover, needleleaved, evergreen, closed to open (>15%) Tree 

71 Tree cover, needleleaved, evergreen, closed (>40%) Tree 

72 Tree cover, needleleaved, evergreen, open (15-40%) Shrub 

80 Tree cover, needleleaved, deciduous, closed to open (>15%) Tree 

81 Tree cover, needleleaved, deciduous, closed (>40%) Tree 

82 Tree cover, needleleaved, deciduous, open (15-40%) Shrub 

90 Tree cover, mixed leaf type (broadleaved and needleleaved) Tree 

100 Mosaic tree and shrub (>50%) / herbaceous cover (<50%) Tree 

110 Mosaic herbaceous cover (>50%) / tree and shrub (<50%) Grass 

120 Shrubland Shrub 

121 Shrubland evergreen Shrub 

122 Shrubland deciduous Shrub 

130 Grassland Grass 

140 Lichens and mosses Moss/Lichens 

150 Sparse vegetation (tree, shrub, herbaceous cover) (<15%) Bare 
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LAND COVER 

CLASS 
DESCRIPTION 

BIOMASS 

HIERARCHY 

151 Sparse tree (<15%) Bare 

152 Sparse shrub (<15%) Bare 

153 Sparse herbaceous cover (<15%) Bare 

160 Tree cover, flooded, fresh or brakish water Tree 

170 Tree cover, flooded, saline water Tree 

180 Shrub or herbaceous cover, flooded, fresh/saline/brakish water Grass 

190 Urban areas Bare 

200 Bare areas Bare 

201 Consolidated bare areas Bare 

202 Unconsolidated bare areas Bare 

210 Water bodies n/a 

220 Permanent snow and ice n/a 

 

The assignment of each LC class to a class within a generalized biomass hierarchy is shown in Table 
4-1. No effort has been made to quantify specifically the biomass associated with each class – 
biomass classes are assigned purely with the aim of describing subjectively where a LC class fits 
within the vegetation succession from tree to shrub to grass cover. The biomass hierarchy is intended 
to be used to prioritize one LC class over another, to help in the decision of whether to replace the 1st 
choice class with a 2nd choice class. For example, if a grid cell has first choice class 40 (grass), and the 
second choice class 12 (shrub) exceeds the minimum probability threshold, then, if we are making a 
'maximum biomass' map, we would use class 12 in the 'max biomass' uncertainty map. If we are 
making a 'minimum biomass' map, then we don't change the class.  

The 2 resulting LC maps were converted to PFT fractions using the LC_CCI user tool (version 3.7), 
and the resulting fractions were aggregated further to meet the needs of the JSBACH, JULES and 
ORCHIDEE land surface models. It is proposed that the final PFT fraction maps for minimum and 
maximum biomass represent the largest possible range of quantifiable land cover class uncertainty in 
the context of land surface models.    

4.2.2 Cross-walking uncertainty 

Uncertainty also arises from the translation of land cover classes to the PFTs used in land surface 
models. In this case, assumptions are made on the fraction of each PFT that occurs within a given land 
cover class. These assumptions are based on the fractional cover of major vegetation types derived 
from the Land Cover Classification System (LCCS) [RD.47] that is the basis of the LC_CCI legend 
[RD.12]. The LCCS description defines a range of fractions of vegetation cover for each LC_CCI 
class. This information is then used to guide expert judgement on the exact fractions of PFTs that 
occur in each land cover class, resulting in a cross-walking matrix that translates land cover classes 
into plant functional types. 
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In cross-walking procedure, uncertainty arises in the translation of a land cover class to the fractional 
cover of the PFTs used by LSMs. Uncertainty in the fraction of each PFT found within a given land 
cover class may arise from a number of factors, namely: 

• Regional variations in the density of cover; 
• Variations in agreement between experts ; 
• Coarse spatial resolution of satellite retrievals; 

• Lack of very high resolution calibration datasets. 

Each of the above factors may affect the values found in the reference LC_CCI cross-walking table 
[RD.12]. However, it is currently not known how sensitive LSMs are to plausible perturbations in this 
table.  

In this experiment, cross-walking uncertainty was quantified in the context of either minimum or 
maximum biomass (Table 4-2). Where possible, the LCCS class description was used to create a 
“minimum biomass” and a “maximum biomass” cross-walking matrix. For example, class 61 
(Broadleaf deciduous tree cover, closed (>40%)) is converted to 70% broadleaf deciduous tree PFT in 
the reference dataset. In the “minimum biomass” cross-walking, this value reduces to 40%, the 
minimum fractional cover permitted by the LCCS description. Conversely, in the “maximum 
biomass” cross-walking, 100% of the grid cell is converted to broadleaf deciduous tree PFT. 
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Table 4-2. Perturbations of the cross walking table from [RD.12] 

  

BLE Tree BLD Tree NLE Tree NLD Tree BLE Shrub BLD Shrub NLE Shrub NLD Shrub Natural Grass 

Managed 

Grass Bare Soil 
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ID Description Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 
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Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm Ref Ref 

0 No data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 Cropland, rainfed 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 60 100 100 40 0 0 0 0 

11 Herbaceous cover 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 60 100 100 40 0 0 0 0 

12 Tree or shrub cover 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 30 50 50 0 0 0 0 0 0 0 0 0 30 50 50 40 0 0 0 0 

20 
Cropland, irrigated or 

post-flooding 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 100 100 0 0 0 0 0 

30 

Mosaic cropland 

(>50%) / natural 

vegetation (tree, 

shrub, herbaceous 

cover) (<50%) 

0 5 10 0 5 10 0 0 0 0 0 0 3.3 5 5 3.3 5 5 3.4 5 5 0 0 0 15 15 15 75 60 50 0 0 0 0 0 

40 

Mosaic natural 

vegetation (tree, 

shrub, herbaceous 

cover) (>50%) / 

cropland (<50%)  

0 5 15 0 5 15 0 0 0 0 0 0 7.5 7.5 7.5 10 10 10 7.5 7.5 7.5 0 0 0 25 25 25 50 40 20 0 0 0 0 0 

50 
Tree cover, 

broadleaved, 

evergreen, closed to 

70 90 100 0 0 0 0 0 0 0 0 0 7.5 5 0 7.5 5 0 0 0 0 0 0 0 15 0 0 0 0 0 0 0 0 0 0 
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Bm Ref 
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Bm Ref 
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Bm Ref 

Max 
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Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm Ref Ref 

open (>15%) 

60 

Tree cover, 

broadleaved, 

deciduous, closed to 

open (>15%) 

0 0 0 40 70 100 0 0 0 0 0 0 0 0 0 15 15 0 0 0 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

61 

Tree cover, 

broadleaved, 

deciduous, closed 

(>40%) 

0 0 0 40 70 100 0 0 0 0 0 0 0 0 0 15 15 0 0 0 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

62 

Tree cover, 

broadleaved, 

deciduous, open (15-

40%) 

0 0 0 15 30 40 0 0 0 0 0 0 0 0 0 25 25 25 0 0 0 0 0 0 50 35 35 0 0 0 10 10 0 0 0 

70 

Tree cover, 

needleleaved, 

evergreen, closed to 

open (>15%) 

0 0 0 0 0 0 40 70 100 0 0 0 5 5 0 5 5 0 5 5 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

71 

Tree cover, 

needleleaved, 

evergreen, closed 

(>40%) 

0 0 0 0 0 0 40 70 100 0 0 0 5 5 0 5 5 0 5 5 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 
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72 

Tree cover, 

needleleaved, 

evergreen, open (15-

40%) 

0 0 0 0 0 0 15 30 40 0 0 0 0 0 0 5 5 5 5 5 5 0 0 0 45 30 30 0 0 0 30 30 20 0 0 

80 

Tree cover, 

needleleaved, 

deciduous, closed to 

open (>15%) 

0 0 0 0 0 0 0 0 0 40 70 100 5 5 0 5 5 0 5 5 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

81 

Tree cover, 

needleleaved, 

deciduous, closed 

(>40%) 

0 0 0 0 0 0 0 0 0 40 70 100 5 5 0 5 5 0 5 5 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

82 

Tree cover, 

needleleaved, 

deciduous, open (15-

40%) 

0 0 0 0 0 0 0 0 0 15 30 40 0 0 0 5 5 5 5 5 5 0 0 0 45 30 30 0 0 0 30 30 20 0 0 

90 

Tree cover, mixed leaf 

type (broadleaved and 

needleleaved) 

0 0 0 20 30 50 13.3 20 
33.

3 
6.7 10 16.7 5 5 0 5 5 0 5 5 0 0 0 0 35 15 0 0 0 0 10 10 0 0 0 

100 Mosaic tree and shrub 

(>50%) / herbaceous 
7.5 10 15 15 20 30 3.8 5 7.5 3.7 5 7.5 5 5 5 10 10 10 5 5 5 0 0 0 50 40 20 0 0 0 0 0 0 0 0 
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Bm Ref 
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Max 
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Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm Ref Ref 

cover (<50%) 

110 

Mosaic herbaceous 

cover (>50%) / tree 

and shrub (<50%) 

1.3 5 7.5 2.4 10 15 1.3 5 7.5 0 0 0 5 5 5 10 10 10 5 5 5 0 0 0 75 60 50 0 0 0 0 0 0 0 0 

120 Shrubland 0 0 0 0 0 0 0 0 0 0 0 0 13.3 20 26.7 13.3 20 26.7 13.4 20 26.6 0 0 0 30 20 20 0 0 0 30 20 0 0 0 

121 Shrubland evergreen 0 0 0 0 0 0 0 0 0 0 0 0 20 30 40 0 0 0 20 30 40 0 0 0 30 20 20 0 0 0 30 20 0 0 0 

122 Shrubland deciduous 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 40 60 80 0 0 0 0 0 0 30 20 20 0 0 0 30 20 0 0 0 

130 Grassland 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 51 60 95 0 0 0 49 40 5 0 0 

140 Lichens and mosses 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 60 60 60 0 0 0 40 40 40 0 0 

150 

Sparse vegetation 

(tree, shrub, 

herbaceous cover) 

(<15%) 

0 1 1 0 3 3 0 1 1 0 0 0 1 1 1 3 3 3 1 1 1 0 0 0 5 5 5 0 0 0 90 85 85 0 0 

151 Sparse tree (<15%) 1 2 3 3 6 9 1 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 5 0 0 0 0 90 85 85 0 0 

152 Sparse shrub (<15%) 0 0 0 0 0 0 0 0 0 0 0 0 1 2 3 3 6 9 1 2 3 0 0 0 5 5 0 0 0 0 90 85 85 0 0 

153 
Sparse herbaceous 

cover (<15%) 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 15 15 0 0 0 90 85 85 0 0 
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Min 
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Max 
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160 
Tree cover, flooded, 

fresh or brakish water 
20 30 37.5 20 30 37.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 30 20 12.5 0 0 0 0 0 0 20 0 

170 
Tree cover, flooded, 

saline water 
40 60 75 0 0 0 0 0 0 0 0 0 30 20 12.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 20 0 

180 

Shrub or herbaceous 

cover, flooded, 

fresh/saline/brakish 

water 

0 0 0 0 5 5 0 10 10 0 0 0 0 0 0 12.7 10 10 6.4 5 5 0 0 0 50.9 40 40 0 0 0 0 0 0 30 0 

190 Urban areas 0 0 0 2.5 2.5 2.5 2.5 2.5 2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15 15 15 0 0 0 75 75 75 5 0 

200 Bare areas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 100 100 0 0 

201 
Consolidated bare  

area 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 100 100 0 0 

202 
Unconsolidated bare 

areas 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 100 100 0 0 

210 Water bodies 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 

220 
Permanent snow  and 

ice 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 
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4.2.3 PFT aggregation 

In order to summarize the PFT uncertainty information so that it is broadly comparable for all LSMs, 
we aggregated the results of the PFT fractions into 4 cover types: tree, shrub, grass and bare. The PFT 
fractions were aggregated according to Table 4-3. 

Table 4-3. Aggregation of PFTs for analysis 

PFT AGGREGATED COVER TYPE 

Broadleaf Evergreen Tree 

Tree 
Broadleaf Deciduous Tree 

Needleleaf Evergreen Tree 

Needleleaf Deciduous Tree 

Broadleaf Evergreen Shrub 

Shrub 
Broadleaf Deciduous Shrub 

Needleleaf Evergreen Shrub 

Needleleaf Deciduous Shrub 

Natural Grass 
Grass 

Managed Grass 

Bare Soil Bare 

Water Not perturbed 

Snow and Ice Not perturbed 

4.3 Results 

4.3.1 PFT maps 

Figure 4-1 shows the maps resulting from the uncertainty in the LC mapping uncertainty (2nd and 4th 
column), as detailed in Section 4.2.1 and from both the LC mapping uncertainty and the cross-walking 
procedure, as detailed in Section 4.2.2 (1st and 4th columns) compared to the reference case (3rd 
column). 
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Figure 4-1. Maps showing a) the fraction of vegetation for the Trees (1
st

 row), Shrubs (2
nd

 row), Natural and 

Managed Grasses (3
rd

 row) and Bare soil (4throw), and b) the difference between each case and the reference 

for each of the uncertainty simulations. The reference case is shown in the middle column (refLC refCW), the 

minimum biomass vegetation distribution maps are shown to the left of the reference case, first with minimum 

LC maps and the reference cross-walking table (minLC refCW – 2
nd

 column) and with both the minimum biomass 

LC maps and minimum cross-walking table (minLC minCW – 1
st

 column). To the right of the reference map are 

the equivalent maximum biomass vegetation distributions (maxLC refCW – 4
th

 column, maxLC maxCW – 5
th

 

column). 

Tree 

Shrub 

Grass 

Bare 

soil 

minLC minCW minLC refCW maxLC refCW refLC refCW maxLC maxCW a) 

Tree 

Shrub 

Grass 

Bare 

soil 

minLC minCW minLC refCW maxLC refCW refLC refCW maxLC maxCW b) 
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Figure 4-1a shows maps of the actual vegetation fraction for the major biomass classes (tree, shrub, 
grass) and bare soil uncertainty cases according to method described in Section 4.2.1 and 4.2.2. The 
reference map with the original LC_CCI map and the default cross-walking table (as detailed in 
[RD.12]) is shown in the central column. The left hand columns (1st and 2nd) show maps of the 
“minimum biomass” cases produced with both sources of uncertainty and with just the LC map 
uncertainty, respectively. The right hand side (4th and 5th columns) shows the equivalent for the 
“maximum biomass” uncertainty. Figure 4-1b shows equivalent maps but for the “maximum” and 
“minimum” cases (1st, 2nd, 4th, 5th columns), the difference compared to the reference is shown.  

In line with the methodology, the bare soil, grass and shrubland minimum biomass maps have greater 
fractional coverage, but lower biomass, than the forests. In the maximum biomass maps biomass 
increases for regions that are dominated by the class in question. The overall spatial distribution of the 
tree and shrub classes (Figure 4-1a top two rows) does not change, but the fraction of vegetation cover 
increases in an approximate linear trend between the minimum and maximum biomass changes. The 
spatial distribution does change for the bare soil fraction, except for regions where there is no 
uncertainty in the bare soil class, such as in the Sahara desert and the central Asian arid plains. The 
bottom row in Figure 4-1 a and b show the bare soil distributions. The bare soil class represents a 
negative of vegetation and looking at the bare soil changes (Figure 4-1b), we can also get an idea 
about changes in vegetation. In the bare soil class, there is a deprivation of vegetated area (i.e. increase 
in the minimum biomass columns) or decrease in the bare soil fraction (i.e. decrease in the maximum 
biomass columns) globally in comparison with reference map when both sources of uncertainty are 
considered, respectively (minLC minCW or maxLC maxCW). In general, there is a strong increase of 
bare soil fraction for the high latitudes, North America, Chile and semi-arid regions in Australia and 
Central Asia. The minimum LC uncertainty (minLC refCW) can result in a decrease in the bare soil 
fraction for the minimum biomass case, or conversely an increase for the maximum biomass case. 
This shows the impact of decisions made in the cross-walking table for dealing with complex mixed 
classes. For example, for the minimum biomass LC only map, there was an increase in a “sparse 
vegetation” class in the African Central Rainforest, but this class actually has a lower fraction of bare 
soil and a higher fraction of grass, compared to the mosaic classes in the original map, so overall the 
bare soil faction has decreased.  

The grassland class is the most complicated. The spatial distribution does change, especially in high 
latitude regions (>60°N) and tropical rainforests where grass is present in minimum biomass maps but 
not in the maximum biomass case (as the tree fraction has strongly increased). The opposite is true for 
semi-arid regions such as central Australia where there is almost no grass in the minimum biomass 
cases (as the bare soil fraction has increased) but a strong increase for the maximum biomass 
scenarios. The minimum LC reference cross-walking case appears similar to the maximum LC 
maximum cross-walking case, and this is again due to complexities that arise due to the  LC-to-PFT 
conversion factors implemented in the cross-walking table for classes with a complex mosaic of 
vegetation.  



 

Ref LC CCI Climate Assessment Report v1 

 

Issue Page Date 

1.0 85 13.07.2015 

 

© UCL-Geomatics 2015 
                                This document is the property of the LAND_COVER_CCI partnership, no part of it shall be reproduced or 

transmitted without the express prior written authorization of UCL-Geomatics (Belgium). 

4.3.2 PFT Uncertainty by Giorgi Region 

Regional variations in the plant functional type fractions can have significant impacts on the regional 
exchanges of heat, moisture and carbon in land surface models. Here, we summarize the different 
uncertainty scenarios according to the large-scale climatic regions suggested by [RD.48], as shown in 
Figure 4-2 and Table 4-4.  

 

 

Figure 4-2. Giorgi Regions used for summarising vegetation fractions, overlaid onto tree fractional cover from 

the reference land cover map. Red boundaries indicate the continent boundaries used in Figure 4-3 and the 

surrounding grey histograms show longitudinal (top), and latitudinal (right) mean fractions 
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Table 4-4. Description of Giorgi regions as shown in Figure 4-2 

ID Description Continent 
ALA Alaska, Northwestern Canada North America 
GRL Greenland, Eastern Canada North America 
WNA Western North America North America 
CNA Central North America North America 
ENA Eastern North America North America 
CAM Central America North America 
AMZ Amazonia South America 
SSA Southern South America South America 
NEU Northern Europe Europe 
MED Southern Europe, Northern Africa Europe 
SAH Sahara Africa 
WAF Western Africa Africa 
EAF Eastern Africa Africa 
SAF Southern Africa Africa 
NAS Northern Asia Asia 
CAS Central Asia Asia 
TIB Tibetan Plateau Asia 
EAS Eastern Asia Asia 
SAS Southern Asia Asia 
SEA Southeast Asia Asia 
NAU Northern Australia Australasia 
SAU Southern Australia Australasia 
CAR Caribbean South America 
ANT Antarctic land south of 60S Antarctic 
NZ New Zealand Australasia 

 

Figure 4-3 shows the mean area-weighted fraction of cover of each cover type for all the Giorgi 
regions as coloured bars, and the fractional cover arising from each uncertainty scenario as points. It is 
immediately apparent that there is considerable uncertainty in most regions for most cover types. Only 
regions such as the Sahara, where there is clearly one cover type, have little variance between the 
uncertainty scenarios. Generally, we see equal amounts of uncertainty arising from the LC map and 
the cross-walking table, shown by the equal vertical spacing of points. However, it is notable in all 
parts of Africa (East Africa: EAF; Southern Africa: SAF; and West Africa: WAF) that LC uncertainty 
has a relatively small effect on the bare soil fraction. In these areas, cross-walking table uncertainty 
has the largest impact on bare fraction. In other continents with a large bare fraction, such as Asia and 
Australasia, LC uncertainty and cross-walking uncertainty appear to have equal effects. 
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Figure 4-3. Mean fractional cover for each Giorgi Region, separated by continent. Values shown by the coloured 

bars represent the spatial mean for each cover type in the reference land cover map. Error bars show the 

minimum and maximum values for each bar from the uncertainty estimates 

The difference between minimum biomass and maximum biomass scenarios is also apparent in Figure 
4-3. In regions where all four cover types are represented, we see that the maximum biomass scenarios 
tend to have more tree and shrub cover than the reference scenario, and less grass and bare fraction 
than the reference. Figure 4-3 also shows that combining the upper range of uncertainty in both LC 
(maxLC) and cross-walking (maxCW) leads to the highest fraction of tree cover in all regions (see 
filled circles). The same is also true for bare fraction, where the lower range of uncertainty for both LC 
(minLC) and cross-walking (minCW) leads to the highest fraction of bare cover in all regions (see 
open squares with cross).  

Interestingly, grass fractions do not follow the same pattern as tree and bare fractions. For this cover 
type, we find that the combination of minLC and reference cross-walking (refCW) results in the 
highest fraction of grass cover in many regions. This occurs in Africa (East, West and Southern), Asia 
(south and East), as well as New Zealand, Central America, Southern South America, and Northern 
Europe. This therefore indicates that while the minLC scenario results in more grass cover in these 
regions, the minCW scenario results in less grass cover. The fact that this is not true for all regions 
also indicates that cross-walking uncertainty can either lead to an increase or decrease in grass cover. 
An increase in grass cover under a maximizing biomass scenario may occur, for example, where 
perturbations in the cross-walking of sparsely vegetated classes lead to greater grass fractions. 
However, more densely vegetated classes (such as mosaics of tree, shrub and grass cover) would 
experience a reduction in grass fraction under a maximizing biomass scenario. 
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Figure 4-4. Impact of uncertainty on the balance between different vegetation types at the continental (and 

global) scale. Each point shows the average fraction of one cover type compared to another, over a given 

continent (or the whole world) for a given type of uncertainty. Labels at the top of each scatterplot indicate the 

cover types shown in the x axis (first label), and the y axis (second label). 

Figure 4-4 shows the relationship between all cover types for each continent, and how they change 
under different uncertainty scenarios. The relationships between bare soil and tree cover (bottom right) 
are quite linear, indicating that as tree cover increases, bare soil fraction decreases in equal proportions 
for all uncertainty scenarios. This happens at similar rates for most of the world, but it is much steeper 
in Australasia, where a relatively small reduction in tree cover along the gradient of minLC-minCW to 
maxLC-maxCW occurs at the same time as a very large increase in bare soil fraction.  

The relationship between bare soil and grass cover also reveals interesting patterns. Africa and South 
America show small increases in bare soil fraction, but large increases in grass cover for uncertainty 
related to land cover (minLC to maxLC). However, cross walking uncertainty in these regions has the 
opposite effect; large increases in bare fraction are found (minCW to maxCW), and small changes in 
grass fraction. In particular, the minCW scenario has the effect of decreasing grass cover (relative to 
minLC-refCW) in both Africa and Europe. 
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4.3.3 Latitudinal uncertainty 

Figure 4-5 provides a quantified insight into the uncertainty range due to the LC classification and the 
LC map conversion into a PFT distribution. The most prominent feature is the complementary 
distribution of trees and bare soil areas modified by shrub and grass. If we have had only trees and 
bare soil, the maximum of the tree distribution would appear complementary to the minimum of the 
bare soil area. The tree area distribution is characterized by tropical-equatorial (from 25°S to 10°N), 
subtropical (around 30°S) and northern midlatitude-arctic (from 40°N to 70°N) maxima. The range of 
these peaks varies from ~700 x 109 m² (subtropical) up to ~1500 x 109 m² (northern midlatitude-
arctic). The distribution of the bare soil area reaches its peak in the zone where the tree distribution 
area reaches its minimum. The range of uncertainty in the bare soil area distribution varies from ~750 
x 109 m2 in the arctic zone up to ~1200 x 109 m² (around 40°N). It is interesting to note that the arctic 
maximum (north of 60°N) of the bare soil uncertainty is predominantly due to LC classification 
uncertainty and not the cross-walking procedure. Therefore this indicates that cross-walking 
uncertainty has very little impact on bare soil area at this latitude, with almost all of the uncertainty 
related to choice of land cover class. Further south, however, around 60°N uncertainty in grass cover 
is almost all related to cross walking uncertainty, and not land cover uncertainty. 

The almost ideal bipolar character of the bare soil and forest distributions is modified by shrubs and 
grasses. Grasses show a similar range of uncertainty for the whole globe (~200-600 x 109 m²). It is 
worth to note that the uncertainty changes its amount in accord with the excess or deprivation of the 
bare soil and forest area distributions. For example in the southern subtropical zone (~28°S), the 
conversion method that maximizes biomass by LC classification and cross-walking procedure 
(MaxLC MaxCW) has the lowest amount of the bare soil in comparison with other conversion 
methods. In that same region, MaxLC MaxCW provides the largest amount of grass as long as the 
forest is not becoming predominant vegetation type (~25°S – 10°N). In that zone, MaxLC MaxCW 
conversion method provides the lowest amount of grass in comparison to other conversion methods. 
The pattern of change in shrub area distribution appears to be more complex. However, the most 
remarkable feature is a sudden drop of shrubs northern of ~45°N for MaxLC MaxCW conversion 
method, while all other conversions provide about the same amount of shrubs.                            
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Figure 4-5. Zonal distribution of area covered by the bare soil and major vegetation types (tree, shrub and grass) 

according to 5 different combinations of LC maps and cross-walking procedure 

4.4 Discussion and Conclusions 

This information has important implications for the regions and classes on which future LC mapping 
efforts are focused. We have shown that there is still considerable uncertainty in the methods used to 
convert LC into the PFTs used by land surface models. Furthermore, uncertainty in the labelling of LC 
classes has been shown to be of an equal magnitude to cross-walking uncertainty. 

• Maximizing (minimizing) biomass in LC uncertainty and cross-walking uncertainty leads to 
the largest (smallest) tree cover fractions and the smallest (largest) bare soil fractions in all 
regions; 

• Uncertainty in bare soil fraction in northern latitudes (north of 60°N) is all related to choice of 
LC class, not cross-walking uncertainty. Further South however, grass cover uncertainty is all 
related to cross-walking uncertainty rather than LC uncertainty 

• In the tropics (15°S to 15°N), tree cover uncertainty is equally related to LC and cross-
walking uncertainty, whereas in the other major forest belt (45°N to 65°N), uncertainty is 
more related to cross-walking uncertainty. This is also seen in northern Asia (NAS) and 
eastern North America (ENA) Giorgi regions; 
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• Uncertainty in grass and shrub fractions is more locally dependent. It appears this is due to 
regional differences in land cover uncertainty in grass classes, and cross-walking uncertainty 
affecting different classes in different ways. For example, in tropical regions, maximizing 
biomass in the cross-walking approach leads to a reduction in grass cover relative to the 
reference, whereas in temperate regions (30°N to 50°N and 25°S to 35°S), maximizing 
biomass leads to an increase in grass cover. 

The maps are not very realistic for using in climate model simulations, but the aim here is not to try to 
use these maps to quantify the uncertainty in model simulations as a result of realistic LC 
uncertainties, but rather to highlight the contribution of different types of uncertainty in mapping from 
LC to PFTs. Certainly decisions that have to be made in this process are somewhat subjective, and 
therefore we should either drive the models with a vegetation distribution that can be more directly 
derived from satellite data, for example the notion of “optical functional types” (e.g. [RD.49]), which 
may correspond to the original classes defined from the unsupervised classification algorithm in the 
LC_CCI project, one step before these groups are categorized into LC classes. In an ideal scenario, we 
would derive species maps from very high-resolution data and expert knowledge, but this is perhaps 
unrealistic on a global scale. The alternative is that we need to move away from prescribing discrete 
vegetation types but rather follow the plant traits (continuous) approach. For now, most climate 
modellers do derive the PFT vegetation maps used in climate simulations from LC maps. We show 
that this can lead to considerable uncertainty in the derived PFT fractions, and this can especially be 
true for complex “mixed” LC classes.   
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 5 APPENDIX – DRAFT PAPER ON 

UNCERTAINTY ANALYSIS 

Impact of uncertainties in land cover maps and land  cover 
to PFT conversion on simulated carbon, water and en ergy 
fluxes – a land surface model intercomparison 
Authors: CCI LC Climate Users 

[1]{ } 

[2]{ } 

[*]{now at: } 

Correspondence to:  

Abstract 

1. Introduction 

Current generation Land Surface Models (LSMs) use the concept of Plant Functional Types (PFTs) to 

group different vegetation types and species according to similar physiological, biochemical and 

structural characteristics. The model equations are largely the same for all PFTs, except for certain 

processes, but the parameters (fixed values) of the equations are mostly PFT-dependent. Thus it is 

crucial to have accurate information on the PFT fractions in each grid cell. However, PFTs cannot be 

mapped directly – instead the PFT fractions are derived from species or land cover (LC) maps that are 

obtained from other sources of information. The process of converting species or LC classes to PFTs 

(so-called “cross-walking” procedure) relies on various rules and/or other data sources such as a 

climate or biome classification, and thus is somewhat subjective (Poulter et al., 2011; Poulter et al., 

2015). Firstly, the LC classification itself can be interpreted in different ways, for example, what 

fraction of a tree PFT should be assigned to the “closed to open forest” class, which is classified as 

>40% tree cover? Mixed LC classes pose a particular problem in this regard. Secondly, many LSMs 

further divide PFTs according to climatic biomes (e.g. into boreal, temperate or tropical biomes). This 

requires a climate classification, the most commonly used of which is the Köppen-Geiger (K-G) 

classification. The K-G system prescribes certain rules to divide the climate data “surfaces” into 31 
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classes within 5 main types: equatorial, arid, warm temperate, snow and polar. Several sources of 

uncertainty may arise in this step alone, one being that although various studies have followed this 

classification they have used different underlying climate datasets (e.g. Kottek et al., 2006; Peel et al., 

2007). Also, the K-G system produces maps with different types of biomes than are used in LSMs, and 

therefore they themselves have to be grouped depending on how they fit within the LSM description. 

A third major source of uncertainty in the cross-walking procedure is how to split between C3 and C4 

grasses. In the past, each LSM has followed certain rules based on temperature thresholds (e.g. Poulter 

et al., 2011) or using C3/C4 maps derived in other studies (e.g. Still et al., 2003).  

The question of how PFT mapping uncertainty impacts model simulations has been addressed in the 

previous studies. Quaife et al. (2008) showed that inaccuracies in satellite-derived LC maps, the 

aggregation of satellite data to coarser resolution and uncertainty in the LC-to-PFT conversion gave 

rise to differences of up to ~15% in the gross annual carbon uptake (GPP) across the UK. However 

Jung et al. (2007) found that different meteorological driving data produced greater differences in 

modelled GPP than different land cover products. 

In Phase 1 of the ESA CCI Land Cover Project, the Climate Users assessed the impact of driving the 

models using new PFT maps derived from state-of-the-art land cover maps provided by the ESA CCI 

Land Cover project. However, only one cross-walking procedure was followed – there was no 

assessment of the impact of the accuracy of the LC map itself, or of the subjective choices which are 

made in the LC-to-PFT cross walking procedure. In this study we attempt to address this issue with the 

aim of understanding the relative influence of the mapping and cross-walking uncertainty on the 

spatio-temporal patterns of carbon, water and energy fluxes. However, in order to properly account for 

all the possible sources of variability detailed above we would need to perform tens to hundreds of 

model simulations. Here, we simplify the problem by investigating scenarios of “extreme uncertainty” 

in the context of biomass. We achieve this by quantifying either “minimum” or “maximum” biomass 

maps for each source of uncertainty: cross-walking uncertainty and land cover uncertainty. We run 3 

offline LSMs with both extremes of biomass derived from different sources, and examine their impact 

on carbon, water and energy fluxes. The key scientific questions we aim to answer are: 

iv) Which locations have the greatest amount of uncertainty in the fractional cover of PFTs?  

v) Do these locations differ according to the source of uncertainty? 

vi) How does the balance between PFTs change according to different sources of uncertainty? 
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The motivation for this work is to both advise the land cover mapping community about the accuracy 

requirements for land cover maps, and to provide insights to the earth system modelling community on 

the implications of decisions taken when converting from land cover to PFTs.  

2. Data and methods 

The aim of this experimental design is to quantify the effect of uncertainties in the land cover 

information used in climate models on key indicators of processes in the carbon, hydrological and 

energy cycles. In order to achieve this, we express uncertainty in the context of either minimising or 

maximising biomass. Using this framework, we quantify the sensitivity of land surface models to 

uncertainty deriving from the land cover classification approach, and from the cross-walking 

conversion of land cover classes to fractions of plant functional types (PFTs). In addition to PFT 

fractions produced with the reference map and cross walking table, 4 different perturbations of PFT 

fractions were generated, as follows: 

3. Land cover uncertainty with alternative classes selected only when 

a. biomass is minimised 

b. biomass is maximised 

 
4. Cross walking table uncertainty with fractions adjusted to 

a. minimise biomass 

b. maximise biomass 

2.1. Land Cover Class Uncertainty 

Land cover classification uncertainty (LCU) was assessed using plausible alternative land cover 

classes that were identified during the land cover classification procedure. An alternative land cover 

class was deemed to be available for a 300m pixel when the likelihood of it being correct was above 

85%, according to the maximum likelihood classifier (CCI_LC ATBD, 2013). The alternative class 

was chosen for the resulting minimum (maximum) biomass land cover map if it occurs below (above) 

the first choice class in the biomass hierarchy shown in table 1. If the alternative class was lower down 

(higher up) the hierarchy of biomass than the first choice class, then it was selected for the minimum 

(maximum) biomass map. Where no alternative class was available, or the biomass hierarchy criteria 

were not met, the land cover class remained unchanged from the original map. 

The assignment of each land cover class to a class within a generalised biomass hierarchy is shown in 

table 1. No effort has been made to quantify specifically the biomass associated with each class – 

biomass classes are assigned purely with the aim of describing subjectively where a land cover class 
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fits within the vegetation succession from tree to shrub to grass cover. The biomass hierarchy is 

intended to be used to prioritise one land cover class over another, to help in the decision of whether to 

replace the 1st choice class with a 2nd choice class. For example, if a grid cell has first choice class 40 

(grass), and the second choice class 12 (shrub) exceeds the minimum probability threshold, then, if we 

are making a 'maximum biomass' map, we would use class 12 in the 'max biomass' uncertainty map. If 

we are making a 'minimum biomass' map, then we don't change the class.  

The 2 resulting land cover maps were converted to PFT fractions using the LC_CCI user tool (version 

3.7), and the resulting fractions were aggregated further to meet the needs of the JSBACH, JULES and 

ORCHIDEE land surface models. It is proposed that the final PFT fraction maps for minimum and 

maximum biomass represent the largest possible range of quantifiable land cover class uncertainty in 

the context of land surface models.  

2.2. Cross-walking Uncertainty 

Uncertainty also arises from the translation of land cover classes to the PFTs used in land surface 

models. In this case, assumptions are made on the fraction of each PFT that occurs within a given land 

cover class. These assumptions are based on the fractional cover of major vegetation types derived 

from the Land Cover Classification System (LCCS; Di Gregorio & Jansen, 2000) that is the basis of 

the LC_CCI legend (Poulter et al., 2015). The LCCS description defines a range of fractions of 

vegetation cover for each LC_CCI class. This information is then used to guide expert judgement on 

the exact fractions of PFTs that occur in each land cover class, resulting in a cross-walking matrix that 

translates land cover classes into plant functional types. 

In cross-walking procedure, uncertainty arises in the translation of a land cover class to the fractional 

cover of the PFTs used by LSMs. Uncertainty in the fraction of each PFT found within a given land 

cover class may arise from a number of factors, namely: 

• Regional variations in the density of cover 

• Variations in agreement between experts 

• Coarse spatial resolution of satellite retrievals 

• Lack of very high resolution calibration datasets 

Each of the above factors may affect the values found in the reference LC_CCI cross-walking table 

(Poulter et al., 2015). However, it is currently not known how sensitive LSMs are to plausible 

perturbations in this table.  
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In this experiment, cross-walking uncertainty was quantified in the context of either minimum or 

maximum biomass. Where possible, the Land Cover Classification Scheme (LCCS) class description 

was used to create a ‘minimum biomass’ and a ‘maximum biomass’ cross-walking matrix. For 

example, class 61 (Broadleaf deciduous tree cover, closed (>40%)) is converted to 70% broadleaf 

deciduous tree PFT in the reference dataset. In the ‘minimum biomass’ cross-walking, this value 

reduces to 40%, the minimum fractional cover permitted by the LCCS description. In the ‘maximum 

biomass’ cross-walking, 100% of the grid cell is converted to broadleaf deciduous tree PFT. 

2.3. LSM Modelling Protocol 

In this study we compare the output of three land-surface models (LSMs). Our mini ensemble contains 

the following models: JSBACH, JULES and ORCHIDEE. In principle, a LSM provides the lower 

atmospheric boundary condition over land in the Earth system modelling framework. Thus, it 

represents the parametrizations of land surface-atmosphere exchange processes. It controls the 

partitioning of available energy at the surface between sensible and latent heat, and it controls the 

distribution of available water between evaporation and runoff (Pitman, 2003). Soil layer processes 

also control distributions of carbon and other trace gases in terrestrial reservoirs. Recently, Friend et 

al. (2013) compared seven global LSMs and showed that Carbon residence time dominates uncertainty 

in terrestrial vegetation responses to future climate and atmospheric CO2. Hence, it complements the 

importance of land-surface schemes within the Earth system modelling framework for understanding 

the range of uncertainty in reproducing the present-day climate simulations as well as anticipating the 

potential responses of the land-surface to future changes in climate and atmospheric chemistry. 

Though, land-surface schemes have been developed to be coupled with the atmospheric component of 

the Earth-system Model (ESM) they can also be driven by climate forcing data. In this study, our 

focus is the uncertainty in the land cover maps derived from satellite observations and its impact on 

present day climate. Therefore, WFDEI (WATCH Forcing Data methodology applied to ERA-Interim 

data) meteorological forcing data developed by Weedon et al (2014, 2010) have been used to drive 

land surface schemes. It can be noted, that bias correction of precipitation, downward shortwave flux 

correction and extension over ERA-Interim period (1979-2010) make the WFDEI data a valuable 

contribution to the comparison of LSM output. Following this approach rather than using a coupled 

Earth system model, we avoid uncertainty coming from other model components (atmosphere, ocean). 

It is also easier to set up a standardized experimental protocol, identify problems and interpret results 

of the model inter comparison. 
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WFDEI data are available at 0.5 degree spatial resolution and with 3 hours temporal resolution. 

However, previous studies with JULES and ORCHIDEE (e.g. Compton and Best, 2011) and ad hoc 

comparison of JSBACH output at T63 (~1.875°) and 2° have shown that spatial resolution does not 

have substantial impact on the results, therefore, experiments are conducted at 2 degree resolution. A 

conservative remapping method (Jones, 1999) was used to aggregate the forcing fields (precipitation, 

temperature, wind, downwards shortwave and longwave radiation fluxes and pressure) at 2 degrees. 

Special care is taken for the treatment of specific humidity. Like Weedon et al (2010, 2014) we 

followed the methods of Cosgrove et al (2003) in order to conserve moisture in the air and avoid 

supersaturation. Relative humidity is calculated at the 0.5 degrees, and then aggregated at 2 degrees. 

Specific humidity at 2 degrees is then calculated from relative humidity. Both JULES and 

ORCHIDEE use the data in their original temporal resolution (3h), while JSBACH makes use of the 

data subsampled or accumulated to daily intervals. 

LSMs are sensitive to the choice of initialization method. The fidelity of LSM simulations is limited 

by the accuracy of the meteorological forcing and initial conditions, which may not be in equilibrium 

(Rodell et al, 2005). For the present study, carbon pools and other LSM states need to be in 

equilibrium before the actual experiments are started. Thus, first a spin-up of the carbon pool is 

conducted using WFDEI forced LSM data for the years 1979-1983. Then, the LSMs are run 

repeatedly through a 1979-1983 spin-up period until the net ecosystem exchange equilibrium between 

forcing and initial state variables with 1979 CO2 concentration is reached. With this approach we 

ensure that the state variables (such as soil layers moisture and heat content, carbon pools distribution) 

are in equilibrium with transient CO2 concentrations. Simulations are performed for the period 1979-

2010 and transient CO2 concentrations are taken from CMIP5 forcing for the historical simulations. 

3. Results 

3.1. PFT distributions 

3.2. Impacts on carbon stocks and fluxes 

3.3. Impacts on energy and water balance   

4. Discussion and conclusions 

This information has important implications for the regions and classes on which future land cover 

mapping efforts are focussed. We have shown that there is still considerable uncertainty in the 

methods used to convert land cover to the plant functional types used by land surface models. 

Furthermore, uncertainty in the labelling of land cover classes has been shown to be of an equal 

magnitude to cross-walking uncertainty. 
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• Maximising (minimising) biomass in land cover uncertainty and cross-walking uncertainty 

leads to the largest (smallest) tree cover fractions and the smallest (largest) bare soil fractions 

in all regions. 

• Uncertainty in bare soil fraction in northern latitudes (north of 60N) is all related to choice of 

land cover class, not cross-walking uncertainty. Further south however, grass cover 

uncertainty is all related to cross-walking uncertainty rather than land cover uncertainty 

• In the tropics (15S to 15N), tree cover uncertainty is equally related to land cover and cross 

walking uncertainty, whereas in the other major forest belt (45N to 65N), uncertainty is more 

related to cross-walking uncertainty. This is also seen in northern Asia (NAS) and eastern 

North America (ENA) Giorgi regions. 

• Uncertainty in grass and shrub fractions is more locally dependent. It appears this is due to 

regional differences in land cover uncertainty in grass classes, and cross-walking uncertainty 

affecting different classes in different ways. For example, in tropical regions, maximising 

biomass in the cross-walking approach leads to a reduction in grass cover relative to the 

reference, whereas in temperate regions (30N to 50N and 25S to 35S), maximising biomass 

leads to an increase in grass cover. 

Appendix A 

Acknowledgements 

References 

Tables 

Table 5-1. Each land cover class within the Land Cover CCI legend is assigned a class within a 

biomass hierarchy for use in assessing classification uncertainty. The highest biomass is tree, followed 

by shrub, grass, moss and lichen and then bare.  

LC 

class 

Description Biomass 

hierarchy 

0 No data n/a 

10 Cropland, rainfed Grass 

11 Cropland, Herbaceous cover Grass 

12 Cropland, Tree or shrub cover Shrub 

20 Cropland, irrigated or post-flooding Grass 

30 

Mosaic cropland (>50%) / natural vegetation (tree, shrub, herbaceous cover) 

(<50%) 

Grass 

40 Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%) / cropland Grass 
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LC 

class 

Description Biomass 

hierarchy 

(<50%)  

50 Tree cover, broadleaved, evergreen, closed to open (>15%) Tree 

60 Tree cover, broadleaved, deciduous, closed to open (>15%) Tree 

61 Tree cover, broadleaved, deciduous, closed (>40%) Tree 

62 Tree cover, broadleaved, deciduous, open (15-40%) Shrub 

70 Tree cover, needleleaved, evergreen, closed to open (>15%) Tree 

71 Tree cover, needleleaved, evergreen, closed (>40%) Tree 

72 Tree cover, needleleaved, evergreen, open (15-40%) Shrub 

80 Tree cover, needleleaved, deciduous, closed to open (>15%) Tree 

81 Tree cover, needleleaved, deciduous, closed (>40%) Tree 

82 Tree cover, needleleaved, deciduous, open (15-40%) Shrub 

90 Tree cover, mixed leaf type (broadleaved and needleleaved) Tree 

100 Mosaic tree and shrub (>50%) / herbaceous cover (<50%) Tree 

110 Mosaic herbaceous cover (>50%) / tree and shrub (<50%) Grass 

120 Shrubland Shrub 

121 Shrubland evergreen Shrub 

122 Shrubland deciduous Shrub 

130 Grassland Grass 

140 Lichens and mosses Moss/Lichens 

150 Sparse vegetation (tree, shrub, herbaceous cover) (<15%) Bare 

151 Sparse tree (<15%) Bare 

152 Sparse shrub (<15%) Bare 

153 Sparse herbaceous cover (<15%) Bare 

160 Tree cover, flooded, fresh or brakish water Tree 

170 Tree cover, flooded, saline water Tree 

180 Shrub or herbaceous cover, flooded, fresh/saline/brakish water Grass 

190 Urban areas Bare 

200 Bare areas Bare 

201 Consolidated bare areas Bare 

202 Unconsolidated bare areas Bare 

210 Water bodies n/a 

220 Permanent snow and ice n/a 
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Table 5-2. Perturbations of the cross walking table from Poulter et al (2015) 

  

BLE Tree BLD Tree NLE Tree NLD Tree BLE Shrub BLD Shrub NLE Shrub NLD Shrub 

Natural 

Grass 

Managed 

Grass Bare Soil 

W
a

te
r 

S
n

o
w

 /
 I

c
e

 

ID Description Min 

Bm Ref 

Ma

x 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Ma

x 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm Ref Ref 

0 No data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 Cropland, rainfed 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 60 100 100 40 0 0 0 0 

11 Herbaceous cover 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 60 100 100 40 0 0 0 0 

12 Tree or shrub cover 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 30 50 50 0 0 0 0 0 0 0 0 0 30 50 50 40 0 0 0 0 

20 
Cropland, irrigated 

or post-flooding 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 100 100 0 0 0 0 0 

30 

Mosaic cropland 

(>50%) / natural 

vegetation (tree, 

shrub, herbaceous 

cover) (<50%) 

0 5 10 0 5 10 0 0 0 0 0 0 3.3 5 5 3.3 5 5 3.4 5 5 0 0 0 15 15 15 75 60 50 0 0 0 0 0 

40 

Mosaic natural 

vegetation (tree, 

shrub, herbaceous 

cover) (>50%) / 

cropland (<50%)  

0 5 15 0 5 15 0 0 0 0 0 0 7.5 7.5 7.5 10 10 10 7.5 7.5 7.5 0 0 0 25 25 25 50 40 20 0 0 0 0 0 

50 

Tree cover, 

broadleaved, 

evergreen, closed 

to open (>15%) 

70 90 100 0 0 0 0 0 0 0 0 0 7.5 5 0 7.5 5 0 0 0 0 0 0 0 15 0 0 0 0 0 0 0 0 0 0 
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BLE Tree BLD Tree NLE Tree NLD Tree BLE Shrub BLD Shrub NLE Shrub NLD Shrub 

Natural 

Grass 

Managed 

Grass Bare Soil 

W
a
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r 
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w

 /
 I

c
e

 

ID Description Min 

Bm Ref 

Ma

x 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Ma

x 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm Ref Ref 

60 

Tree cover, 

broadleaved, 

deciduous, closed 

to open (>15%) 

0 0 0 40 70 100 0 0 0 0 0 0 0 0 0 15 15 0 0 0 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

61 

Tree cover, 

broadleaved, 

deciduous, closed 

(>40%) 

0 0 0 40 70 100 0 0 0 0 0 0 0 0 0 15 15 0 0 0 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

62 

Tree cover, 

broadleaved, 

deciduous, open 

(15-40%) 

0 0 0 15 30 40 0 0 0 0 0 0 0 0 0 25 25 25 0 0 0 0 0 0 50 35 35 0 0 0 10 10 0 0 0 

70 

Tree cover, 

needleleaved, 

evergreen, closed 

to open (>15%) 

0 0 0 0 0 0 40 70 100 0 0 0 5 5 0 5 5 0 5 5 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

71 

Tree cover, 

needleleaved, 

evergreen, closed 

(>40%) 

0 0 0 0 0 0 40 70 100 0 0 0 5 5 0 5 5 0 5 5 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

72 

Tree cover, 

needleleaved, 

evergreen, open 

(15-40%) 

0 0 0 0 0 0 15 30 40 0 0 0 0 0 0 5 5 5 5 5 5 0 0 0 45 30 30 0 0 0 30 30 20 0 0 
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BLE Tree BLD Tree NLE Tree NLD Tree BLE Shrub BLD Shrub NLE Shrub NLD Shrub 

Natural 

Grass 

Managed 

Grass Bare Soil 
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ID Description Min 

Bm Ref 

Ma

x 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Ma

x 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm 

Min 

Bm Ref 

Max 

Bm Ref Ref 

80 

Tree cover, 

needleleaved, 

deciduous, closed 

to open (>15%) 

0 0 0 0 0 0 0 0 0 40 70 100 5 5 0 5 5 0 5 5 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

81 

Tree cover, 

needleleaved, 

deciduous, closed 

(>40%) 

0 0 0 0 0 0 0 0 0 40 70 100 5 5 0 5 5 0 5 5 0 0 0 0 45 15 0 0 0 0 0 0 0 0 0 

82 

Tree cover, 

needleleaved, 

deciduous, open 

(15-40%) 

0 0 0 0 0 0 0 0 0 15 30 40 0 0 0 5 5 5 5 5 5 0 0 0 45 30 30 0 0 0 30 30 20 0 0 

90 

Tree cover, mixed 

leaf type 

(broadleaved and 

needleleaved) 

0 0 0 20 30 50 13.3 20 
33.

3 
6.7 10 16.7 5 5 0 5 5 0 5 5 0 0 0 0 35 15 0 0 0 0 10 10 0 0 0 

10

0 

Mosaic tree and 

shrub (>50%) / 

herbaceous cover 

(<50%) 

7.5 10 15 15 20 30 3.8 5 7.5 3.7 5 7.5 5 5 5 10 10 10 5 5 5 0 0 0 50 40 20 0 0 0 0 0 0 0 0 

11

0 

Mosaic herbaceous 

cover (>50%) / tree 

and shrub (<50%) 

1.3 5 7.5 2.4 10 15 1.3 5 7.5 0 0 0 5 5 5 10 10 10 5 5 5 0 0 0 75 60 50 0 0 0 0 0 0 0 0 

12 Shrubland 0 0 0 0 0 0 0 0 0 0 0 0 13.3 20 26.7 13.3 20 26.7 13.4 20 26.6 0 0 0 30 20 20 0 0 0 30 20 0 0 0 
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Bm Ref 

Max 

Bm 

Min 

Bm Ref 
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0 

12

1 

Shrubland 

evergreen 
0 0 0 0 0 0 0 0 0 0 0 0 20 30 40 0 0 0 20 30 40 0 0 0 30 20 20 0 0 0 30 20 0 0 0 

12

2 

Shrubland 

deciduous 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 40 60 80 0 0 0 0 0 0 30 20 20 0 0 0 30 20 0 0 0 

13

0 
Grassland 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 51 60 95 0 0 0 49 40 5 0 0 

14

0 
Lichens and mosses 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 60 60 60 0 0 0 40 40 40 0 0 

15

0 

Sparse vegetation 

(tree, shrub, 

herbaceous cover) 

(<15%) 

0 1 1 0 3 3 0 1 1 0 0 0 1 1 1 3 3 3 1 1 1 0 0 0 5 5 5 0 0 0 90 85 85 0 0 

15

1 
Sparse tree (<15%) 1 2 3 3 6 9 1 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 5 0 0 0 0 90 85 85 0 0 

15

2 

Sparse shrub 

(<15%) 
0 0 0 0 0 0 0 0 0 0 0 0 1 2 3 3 6 9 1 2 3 0 0 0 5 5 0 0 0 0 90 85 85 0 0 

15

3 

Sparse herbaceous 

cover (<15%) 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 15 15 0 0 0 90 85 85 0 0 

16

0 

Tree cover, flooded, 

fresh or brakish 

water 

20 30 
37.

5 
20 30 37.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 30 20 12.5 0 0 0 0 0 0 20 0 
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17

0 

Tree cover, flooded, 

saline water 
40 60 75 0 0 0 0 0 0 0 0 0 30 20 12.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 20 0 

18

0 

Shrub or 

herbaceous cover, 

flooded, 

fresh/saline/brakis

h water 

0 0 0 0 5 5 0 10 10 0 0 0 0 0 0 12.7 10 10 6.4 5 5 0 0 0 50.9 40 40 0 0 0 0 0 0 30 0 

19

0 
Urban areas 0 0 0 2.5 2.5 2.5 2.5 2.5 2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15 15 15 0 0 0 75 75 75 5 0 

20

0 
Bare areas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 100 100 0 0 

20

1 

Consolidated bare  

area 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 100 100 0 0 

20

2 

Unconsolidated 

bare areas 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 100 100 0 0 

21

0 
Water bodies 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 

22

0 

Permanent snow  

and ice 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 
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Table 5-3. Aggregation of PFTs for analysis 

PFT Aggregated cover type 

Broadleaf Evergreen Tree 

Tree 
Broadleaf Deciduous Tree 

Needleleaf Evergreen Tree 

Needleleaf Deciduous Tree 

Broadleaf Evergreen Shrub 

Shrub 
Broadleaf Deciduous Shrub 

Needleleaf Evergreen Shrub 

Needleleaf Deciduous Shrub 

Natural Grass 
Grass 

Managed Grass 

Bare Soil Bare 

Water Not perturbed 

Snow and Ice Not perturbed 
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Figures 

Figure 1. Maps showing the difference (compared to the reference case) in fraction of vegetation for 

the Trees (1st row), Shrubs (2nd row), Natural and Managed Grasses (3rd row) and Bare soil (4th row) 

for each of the uncertainty simulations. The actual vegetation fraction for reference case is shown in 

the middle column (refLC ref CW). The difference in vegetation fraction for the minimum biomass 

vegetation distributions are shown to the left of the reference case, first with minimum LC maps and 

the reference cross-walking table (minLC refCW – 2nd column) and with both the minimum biomass 

LC maps and minimum cross-walking table (min LC min CW – 1st column). To the right of the 

reference map are the equivalent differences in vegetation fraction for the maximum biomass 

vegetation distributions (maxLC ref CW – 4th column, maxLC maxCW – 5th column). 
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