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1. Introduction

This report deals with work carried out under WP 1.4 “Land cover and fire and their representation in models” and constitutes the Deliverable D1.4.1 “Analysis of available land cover and fire products, their trends and uncertainties, preferred products, and recommendations for combining different products for best use in climate models”. It covers a wider scope than initially intended, as it will provide a reference document for much of the work to be carried out throughout the MONARCH-A project on measurements of land surface ECVs and their impact on land surface processes, land surface models (LSMs) and climate models. 

The purpose of WP1 is to explore the relevance of measurements of ECVs for changes in carbon and water fluxes from the land surface at high northern latitudes. The machinery for calculating these changes is typically through land surface and climate models (operating in coupled or uncoupled forms) that can estimate these fluxes and explain them in terms of physical processes, particularly those associated with climate. Since their introduction, such models have been poorly constrained by data, but the abundance of new data now available from satellites and other sources is changing this. We are now in a much better position to test the models against data and, in some cases, assimilate observational data into models in a well-founded way. The primary drive of MONARCH-A is to develop and demonstrate methods that establish these links between models and ECV data.

Because we are interested in the carbon and water cycles, our primary interest is always, throughout the project, in evaluating how a particular dataset or combination of datasets affects calculations of carbon and water fluxes. Hence in Section 2 we summarize the modeling approach, first through the generic structure of a Dynamic Vegetation Model (DVM), and then with more detail on the specific models of interest in this project. In particular, we emphasise four DVMs:

1. LPJ (the DVM used in the Bergen Climate Model: BCM) 

2. CLM4 (the DVM used in the Bergen Earth System Model: NorESM), 

3. JULES (used in the Hadley Centre climate model) 

4. the Sheffield Dynamic Global Vegetation Model (SDGVM). 
Through the TRENDY project run by Stephen Sitch, University of Leeds (http://dgvm.ceh.ac.uk), we also have access to outputs from several other important DVMs that form part of Earth System Models, and will progressively add these into our analyses. 

Sections 3 & 4 describe the land cover datasets we have analysed and the effects of different datasets on carbon and water fluxes at high latitudes.  Sections 5 and 6 respectively describe and compare the different satellite-derived fire products and how the different models represent fire, while Section 7 investigates the impact of errors in fire estimates on model estimates of carbon and water fluxes. This section also shows how a carbon model can be modified using fire data to more closely match the data, and the consequences of doing so. This work already contributes towards WP 1.5: “Reanalysis of the water and carbon balances of the major high-latitude catchments and their link to climate” and can be considered as a preliminary approach to that WP. Our conclusions and recommendations are given in Section 8.

2. Description of Dynamic Vegetation Models used in this study 

2.1 The generic structure of a Dynamic Vegetation Model (DVM)
DVMs were originally designed to model the response of terrestrial ecosystems to long-term atmospheric changes in temperature, precipitation and gas concentrations (CO2 and N). Their approach is based on representing the biophysical processes by which carbon is fixed and transported within the atmosphere-soil-vegetation system. Originally they were designed for global scale calculations that indicate trends and interactions, rather than for detailed calculations of the carbon budget. Using them to estimate water and carbon fluxes at high latitudes therefore requires evaluation of their suitability for this task; in particular, it is necessary to establish whether they adequately describe all the relevant processes determining these fluxes in this region. In addition, most of the current DVMs make limited use of external data, other than coarse-scale soil type maps and idealised climate. As a result, their connection to the actual state of vegetation and soils is weak and it is important to establish much stronger links between the models and data. Here remote sensing data are especially needed, because of their consistent, global, repetitive and consistent description of surface variables.
The typical structure of a DVM is shown in Figure 1. A core set of coupled modules represents the interactions of ecosystem carbon and water exchanges with vegetation dynamics, under given soil and atmospheric conditions. The biochemical processes of photosynthesis and the dependence of gas exchange on stomatal conductance are explicitly modelled; these depend on temperature and soil moisture. Canopy conductance controls soil water loss by transpiration. The intrinsic timescales of the processes are indicated in Figure 1, but, in practice, averaging and interpolation are used to deal with the most rapid effects (which are embodied in the vegetation physiology and biophysics module), thereby reducing the computational load.
Figure 2 gives more detail on the processes within a DVM, in particular on the processes of growth, disturbance and mortality. It also introduces some key terminology describing carbon fluxes, viz.:

· GPP (Gross Primary Production), which is the amount of carbon captured by photosynthesis.

· NPP (Net Primary Production), which is the amount of carbon available for allocation to plant components after respiration generated by plant metabolism (autotrophic respiration = Ra).

· NBP (Net Biome Production), which is the amount of carbon retained in the ecosystem after soil respiration (heterotrophic respiration = Rh) and disturbance fluxes have been accounted for; this is the key flux in climate terms, since it describes the net flux of carbon from the atmosphere to the surface.

Also often used is the term:

· NEP (Net Ecosystem Production), which is the difference between carbon captured by photosynthesis and respired by the plants and soil, i.e., NEP = NPP – Rh = GPP – Ra – Rh
It is important to note that in these models the only input data are the climate and soil variables, although some models also use land cover information as a driver. All other variables in the models are internally derived. Hence the link to almost all the ECVs is not just by replacing one dataset by another, but involves formulating a way to assimilate, in some sense, the data into the models without disturbing the model structure. This is the major challenge for making effective use of the ECVs in land surface models, and typically has two elements: (1) deriving well-founded ways to test the model against data, and (2) when there is a measurable difference, devising ways to modify the model in order bring it closer to the data, while taking account of the uncertainties in both models and data.
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Figure 1: General structure of a DVM.
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[image: image16.jpg]Class/Data Set: MODIS LC TreelHerbaceous/Bare

1 Evergreen Needleleaved Forest 100%,0%,0%
2 Decidious Needieleaved Forest 100%,0%,0%
3 Evergreen Broadleaved Forest 100%,0%,0%
a Decidious Broadleaved Forest 100%,0%,0%
5 Mixed Forest 100%,0%,0%
6 Closed Shrublands 0%,80%,20%
7 Open Shrublands 0%,50%,50%
8 Woody Savannas 40%,60%,0%
9 Savannas 20%,80%,0%
10 Grasslands 0%,100%,0%
1 Permanent Wetlands 0%,100%,0%
12 Croplands 0%,100%,0%
13 Urban & Built Up 0%,0%,100%
14 Cropland Natural Vegetation Mosaic  20%,80%,0%
15 Snow & Ice 0%,0%,100%
16 Barren Or Sparsely Vegetated 0%,0%,100%

17 Water 09,0%,0%
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[image: image18.jpg]Class/Data Set: GlobCover TreelHerbaceous/Bare

1 Post-flooding o irrigated croplands (or aquatic) 0%,100%,0%
2 Rainfed croplands 0%,100%,0%
3 Mosaic cropland (50-70%) / vegetation (grassland/shrublandforest) (20-50%) 10%,90%,0%
a Mosaic vegetation (grassland/shrubland/forest) (50-70%) / cropland (20-50%) 30%,70%,0%
5 Closed to open (>15%) broadleaved evergreen or semi-deciduous forest (>5m) 70%,30%,0%
6 Closed (>40%) broadleaved deciduous forest (>5m) 90%,10%,0%
7 Open (15-40%) broadieaved deciduous forestwoodiand (>5m) 50%,50%,0%
8 Closed (>40%) needleleaved evergreen forest (>5m) 90%,10%,0%
9 Open (15-40%) needleleaved deciduous or evergreen forest (>5m) 50%,50%,0%
10 Closed to open (>15%) mixed broadeaved and needleleaved forest (>5m) 70%,30%,0%
1 Mosaic forest or shrubland (50-70%) / grassland (20-50%) 60%,40%,0%
12 Mosaic grassland (50-70%) / forest or shrubland (20-50%) 30%,70%,0%
13 Closed to open (>15%) (broadleaved or needleleaved, evergreen or deciduous) shrubland (<5m)  10%,30%,0%
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15 Sparse (<15%) vegetation 09%,15%,85%
16 Closed to open (>15%) broadleaved forest regularly flooded (semi-permanently or temporarily) 85%,15%,0%
17 Closed (>40%) broadleaved forest or shrubland permanently flooded - Saline or brackish water 100%,0%,0%
18 Closed to open (>15%) grassland or woody vegetation on regularly flooded or waterlogged soil 0%,90%,10%
19 Aificial surfaces and associated areas (Urban areas >50%) 0%,0%,100%
20 Bare areas 0%,0%,100%
21 Water bodies 0%,0%,0%

22 Permanent snow and ice 09%,0%,100%

23 No data (burnt areas, clouds. ...) 0%,0%,0%
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Figure 2: Schematic of processes in a DVM.

2.2 The LPJ and SDGVM Dynamic Global Vegetation Models 

The three most important DVMs for our current work are LPJ (the land model for BCM; Sitch et al., 2003; Gerten et al., 2004), CLM4 (the land model for NorESM) and SDGVM (Woodward et al., 1995; Woodward and Lomas, 2004), a model developed in Sheffield and hence relatively easy to manipulate and modify. At present we have source code for all three models, but have not yet managed to make CLM4 run (though we have outputs from CLM4 through the TRENDY project being coordinated by Stephen Sitch at the University of Leeds). Hence we focus in this section on the other two models. All the models are designed to calculate carbon fluxes and pool dynamics in the biosphere at global scale, especially their variations under changing climate and atmospheric CO2. All models incorporate modules to estimate photosynthesis, autotrophic and heterotrophic respiration, mortality, disturbance due to fire, allocation of carbon to plant compartments, soil carbon storage, evapotranspiration and hydrology. 
The models differ in the range of processes they simulate. For example, SDGVM considers forest age structure, while LPJ applies a concept of average individuals.  SDGVM explicitly calculates nitrogen cycling, with the assignment of nitrogen uptake to leaf layers being proportional to irradiance and respiration, and maximum assimilation rates depending on nitrogen uptake and temperature. Total nitrogen uptake is derived from soil carbon and nitrogen and depends on temperature. LPJ instead uses the hypothesis that nitrogen supply to the canopy is not limiting, with nitrogen content and Rubisco activity of leaves varying to maximise net carbon uptake (Haxeltine and Prentice, 1996). 
There are important differences in how they represent fire and freeze-thaw/permafrost processes:
Burnt area: In LPJ, the annual burnt area fraction is a non-linear empirical function of the daily fire probability, which depends on litter moisture and a specific moisture threshold for each Plant Functional Type (Thonicke et al., 2001). In SDGVM, the burnt area fraction is set equal to the fire probability, which is determined from precipitation with a temperature threshold, whatever the litter moisture.
Freeze-thaw: Unlike SDGVM, the version of LPJ used here estimates the hydrological effects of soil freeze-thaw. The extent of permanently frozen ground is calculated from a temperature index (Nelson and Outcalt, 1987). In permafrost regions, the depth of thawed soil in the uppermost active layer during summer is calculated daily (Beer et al., 2007), and only water within this depth is available to plants. Outside the permafrost areas, the soil is assumed to be frozen when the soil temperature at 10 cm depth falls below 0o C (Zhuang et al., 2003). Thus the length of the growing season is constrained by both soil and air temperature, with major effects from the seasonality of snow depth.
Input datasets for the DGVMs

Both models require as input data monthly temperature, precipitation, cloud cover, rain day statistics, annual mean atmospheric CO2 concentration and soil properties. SDGVM also needs monthly relative humidity. 
Climate and CO2 data

For calculations from 1901-2003, both DGVMs use CRU-PIK temperature and precipitation values on a 0.5° x 0.5° grid (Österle et al., 2003). This dataset does not provide relative humidity, which is derived from vapour pressure and temperature for the period 1901-2002 (Mitchell and Jones, 2005). Since CRU TS2.02 runs only up to 2002, the 2003 values of humidity are extrapolated from National Center for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) re-analysis products (Kistler, 2001) for 1980-2004, taking into account systematic differences between the two datasets. Annual mean CO2 data from the Carbon Dioxide Information Analysis Center (CDIAC) (http://cdiac.esd.ornl.gov/index.html) were employed by both DGVMs. 
Phenology parameters

Both DGVMs use a spring warming model for bud-burst, involving two parameters (Chuine, 2000): the minimum temperature at which ontogenic development of buds starts, 
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, and the effective accumulated temperature, F (in (C days). LPJ adopts the value 
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 = 2( C, with F set to 100 days and 200 days for the boreal needleleaf and broadleaf deciduous PFTs respectively (Sitch et al., 2003). SDGVM uses the values 
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 = 4.1( C and F = 65 days, which are inferred from satellite-derived bud-burst dates for Siberia (Delbart et al., 2005; Picard et al., 2005).

3. Land Cover 

Land cover, in the context of climate models, is described by the percentage of each grid cell that is covered by each of a small set of Plant Functional Types (PFTs); this plays a crucial role in the carbon and water cycle. Several climate models incorporate user-defined land cover, while others generate their own land cover in accordance with the rules about plant growth and competition in the model (so-called “natural vegetation”). In both cases it is necessary to acquire reference land cover data which can be used either to drive a model or to assess its behaviour.
3.1 Land Cover Data Sets
The most prominent land cover data sets are given below along with a brief description of their characteristics. It is important to note that both their spatial resolution and their file format vary significantly so as part of the D1.4.2 MONARCH deliverable entitled “Land cover maps transformed into forms suitable for carbon, water and climate modelling” each data set was transformed into NetCDF format, with specific details given under the MONARCH Availability section.

1) MODIS Product MCD12C1 (MODIS LC)

Description: Land cover obtained by the MODIS instrument on-board the Terra and Aqua satellites. By using a decision tree, pixels are classified into 17 classes defined according to the International Geosphere Biosphere Programme (IGBP).

Spatial Resolution: Global coverage at 0.05 degrees

Temporal Resolution: Monthly, 2001-2007.

Available Format: HDF-EOS. Transformed into NetCDF format for the MONARCH project.

Obtained From: https://lpdaac.usgs.gov/
MONARCH Availability: Global coverage at 0.5 degrees for year 2001-2007 in NetCDF format.

2) Global Land Cover 2000 (GLC2000)

Description: Obtained from the VEGETATION instrument on-board the SPOT-4 satellite. Pixels are classified into 23 classes based on the Land Cover Classification System (LCCS) by the Food and Agriculture Organization (FAO).

Spatial Resolution: Global coverage at 0.009 degrees (~1 km at equator).

Temporal Resolution: Annually, 2000 only.

Available Format: Binary/TIFF/ESRI/IMG. Transformed into NetCDF format for the MONARCH project.

Obtained From: http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php
MONARCH Availability: Global coverage at 0.009 degrees for year 2000 in NetCDF format.




 Global Coverage at 0.5 degrees for year 2000 in NetCDF format.

3) MODIS Product MOD44B (MODIS VCF)

Description: Vegetation Continuous Fields (VCF) obtained by the MODIS instrument on-board the Terra and Aqua satellites. By observing the salient points in the phenological cycle, each pixel is assigned with a percentage of tree, herbaceous vegetation and bare ground coverage.

Spatial Resolution: Global coverage at ~0.0045 degrees

Temporal Resolution: Annually, 2001 only.

Available Format: TIFF. Transformed into NetCDF format for the MONARCH project.

Obtained From: http://www.landcover.org/data/vcf/
MONARCH Availability: Global Coverage at 0.0045 degrees for year 2001 in NetCDF format.




  Global Coverage at 0.50  degrees for year 2001 in NetCDF format.

4) GlobCover

Description: Acquired with MERIS sensor on-board the ENVISAT satellite. Pixels are classified into 23 classes based on the Land Cover Classification System (LCCS) by the Food and Agriculture Organization (FAO).

Spatial Resolution: Global coverage at 300 m.

Temporal Resolution: Annually and bimonthly, 2005 & 2009.

Available Format: GeoTIFF.

Obtained From: http://ionia1.esrin.esa.int/
MONARCH Availability: Global coverage at 0.5 degrees for years 2005 and 2009 in Netcdf format.

3.2 Comparison of Land Cover Data Sets
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GLC2000, GlobCover and MODIS LC all incorporate many descriptive classes, with a single dominant class being assigned to each pixel, while MODIS VCF describes the proportion of each pixel occupied by just three cover types, trees, herbaceous cover and bare ground. VCF also uses a unique classification approach, utilizing the radiometric values to observe salient points of the phenological cycle in order to assign pixels to these three categories.  Although GLC2000 and GlobCover have very similar classes based on the standardized FAO LCCS, MODIS LC is based on classes defined by the IGBP, which complicates their comparison. Tables 1, 2 and 3 give brief descriptions of the 17, 23 and 23 classes of MODIS LC, GLC2000 and GlobCover respectively. Notice that since LCCS gives guidelines on how classes are assigned but does not define them explicitly, GLC2000 and GlobCover have similar but not identical classes. 
Table 1: The 17 classes of the MODIS LC product originally defined and used during the classification of a global 1-km AVHRR data set for the IGBP (Townshend, 1992). Shown in the right column is an assignment of these classes to three broad categories: tree, herbaceous and bare.
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Table 2: The 23 classes of the GLC2000 product according to the FAO LCCS (Gregorio & Jansen, 2000). Shown in the right column is an assignment of these classes to three broad categories: tree, herbaceous and bare.
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Table 3: The 23 classes of the GlobCover product according to the FAO LCCS (Gregorio & Jansen, 2000). Shown in the right column is an assignment of these classes to three broad categories: tree, herbaceous and bare.

In some cases, there are very similar classes in both classifications, e.g., “Tree Cover: Needleleaved Deciduous” and “Deciduous Needleleaf Forest” for GLC2000 and MODIS LC respectively, and they can be readily compared (Fig. 3). This figure makes clear that there are large differences between the land cover products; the area classified as Needleleaf Forest in GLC2000 is a factor 2.6 times greater than in MODIS. 
However, there are numerous classes, often termed mosaics, which incorporate several types of cover, especially in scenarios where the ground exhibits high heterogeneity. Croplands, for example, appear in GLC2000 in three different classes: Cultivated and Managed Areas, Mosaic: Cropland/Tree Cover/Other Natural Vegetation and Mosaic: Cropland/Shrub and/or Herbaceous Cover, while in MODIS LC only in two: Croplands and Cropland Natural Vegetation Mosaic. 

Similar issues arise, for example, in the MODIS LC class “Mixed Forests”, which is described as “Lands dominated by trees with a percent canopy cover > 60% and height exceeding 2 meters. Consists of tree communities with interspersed mixtures or mosaics of the other four forest cover types. None of the forest types exceeds 60% of the landscape.” Despite the relatively high spatial resolution of these data sets (~0.0027o for GlobCover, ~0.01° for GLC2000 and 0.05° for MODIS LC, with 500m resolution also available), such mixed and vaguely defined classes are bound to exist and create uncertainty when we attempt to map any LC dataset into the PFTs needed by the models. 
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Figure 3. For the northern Eurasia region depicted above, the needleleaf forests account for 3.65 million km2 for GLC2000 and 1.4 million km2 for MODIS LC.
In order to compare the land cover data sets while avoiding the issues described above, we grouped all the MODIS LC, GLC2000 and GlobCover classes into 3 broad classes: Trees, Herbaceous Cover and Bare Ground, as shown in Tables 1, 2 and 3. A percentage of each original class ranging from 0-100% was assigned to each of these classes, depending on its description (note that this assignment is to some extent subjective). It was thus possible to compare all the LC datasets, including the MODIS VCF dataset, which only incorporates these 3 classes. 

The overall area of land surface for latitudes greater than 50° N occupied by these three classes is shown separately for N. America and Eurasia in Fig. 4a and 4b respectively, and maps of the proportions of each class at each location are given for N. America in Fig. 5(a)-(c) and for Eurasia in Fig. 5(d)-(f). Note that at each point in the maps the proportions of the three classes sum to 1 unless a pixel contains water, when their sum can be smaller than one. This also applies to the MODIS VCF data set.

Fig. 4a and 4b clearly show that the land cover data sets differ significantly in both of the geographical regions, both because different satellite datasets were used and because quite different methodologies were employed (for example, MODIS LC is based on a globally applied hierarchical algorithm, while GLC2000 is constructed from a set of regional classifications formed by groups with expertise in the land cover properties of their particular regions). There are significant deviations even for the bare ground class, which has a straightforward transformation from the original classes of the data. Particularly in the case of GlobCover, this can be attributed to the fact that not all classifications were carried out using images from the same period. Also, as bare ground incorporates snow and ice, different levels of snowfall can affect the representation of bare ground in Fig. 4a and 4b, and the spatial differences visible in Fig. 5c and 5f. 
Differences also occur for the herbaceous cover, especially for the MODIS VCF product. Even though the area assigned to herbaceous cover by MODIS VCF is significantly greater than that assigned by the rest of the datasets, it still fails to capture the full extent of the agricultural regions of the Canadian Prairies (Fig. 5b 50°N, -110°E) or the plains of central Russia (Fig. 5e 50°N, 60°W) where it assigns a significant portion of cover to bare ground. 
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Fig 4a: Area in N. America assigned to tree, herbaceous and bare ground coverage for the 4 land cover data sets and the LPJ model. 

Fig 4b: Area in Eurasia assigned to tree, herbaceous and bare ground coverage for the 4 land cover data sets and the LPJ model.

As well as land cover data derived from satellites, Figs. 4 and 5 also show the tree, herbaceous and bare ground area present in the LPJ model for the year 2000. LPJ's land cover is model-driven and unconstrained by data, meaning that it is an output of the model, and is thus a function of user-defined climatology and a soil map. 
For the land cover products, we have no objective means of saying which of them is better, which means that they cannot be used for model testing. However, we investigate how these differences affect model calculations of water and carbon quantities in Section 4.
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Fig 5a: Maps of tree coverage in N America for the 4 land cover data sets and LPJ.
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Fig 5b: Maps of herbaceous coverage in N America for the 4 land cover data sets and LPJ.
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Fig 5c: Maps of bare ground coverage in N America for the 4 land cover data sets and LPJ.
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Fig 5d: Maps of tree coverage in Eurasia for the 4 land cover data sets and LPJ.
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Fig 5e: Maps of herbaceous coverage in Eurasia for the 4 land cover data sets and LPJ.
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Fig 5f: Maps of bare ground coverage in Eurasia for the 4 land cover data sets and LPJ.

4 Impact of land cover differences on model estimates of carbon and water fluxes

In this section we look at the effects that different land cover products have on SDGVM carbon and water fluxes. Three land cover datasets were used to drive the SDGVM, viz. those from MODIS and GLC2000, and a new dataset, called VCF-MODIS, created from the MODIS data utilising the VCF product by the method described below.

A first step in driving SDGVM with land cover data is to transform the classes in the dataset into the PFTS used by the SDGVM. These consist of 4 tree PFTs: evergreen broadleaf, evergreen needleleaf, deciduous broadleaf and deciduous needleleaf (Ev_Bl, Ev_Nl, Dc_Bl, Dc_Nl); 2 herbaceous PFTs (grass and crop); and a bare ground pseudo-PFT. Table 4 gives the mapping used to transform MODIS LC classes to SDGVM PFTs.  
	Class
	MODIS LC
	SDGVM PFT

	1
	Evergreen Needleleaved Forest
	100 Ev_NL

	2
	Deciduous Needleleaved Forest
	100 Dc_NL

	3
	Evergreen Broadleaved Forest
	100 Ev_Bl

	4
	Deciduous Broadleaved Forest
	100 Dc_Bl

	5
	Mixed Forest
	50 Dc_Bl, 50 Ev_Nl

	6
	Closed Shrublands
	100 Grass

	7
	Open Shrublands
	100 Grass

	8
	Woody Savannas
	50 Dc_Bl, 50 Grass

	9
	Savannas
	30 Dc_Bl, 70 Grass

	10
	Grasslands
	100 Grass

	11
	Permanent Wetlands
	100 Bare

	12
	Croplands
	100 Crop

	13
	Urban & Built Up
	100 Bare

	14
	Cropland Natural Vegetation Mosaic
	50 Crop, 50 Grass

	15
	Snow & Ice
	100 Bare

	16
	Barren or Sparsely Vegetated
	100 Bare

	17
	Water
	100 Bare


Table 4: Mapping from MODIS LC to SDGVM PFT.
To generate the VCF-MODIS land cover dataset, we first note that each of these PFTs falls entirely within one of the VCF classes, since the VCF product estimates the fractions in each MODIS pixel of 3 classes: tree, herbaceous and bare. After mapping any given classification (not necessarily MODIS) onto the SDGVM PFTs, the VCF data can then be used to adjust the fractions of tree, herbaceous and bare, whilst maintaining the relative proportions of the contributing PFTs in the original classification (for example, if a MODIS grid-cell was originally populated 50% by evergreen needleleaf and 50% by deciduous needleleaf, but the VCF said that the grid-cell was made up of 70% forest and 30% herbaceous, then the VCF-MODIS product would assign 35% of the grid-cell to evergreen needleleaf, 35% to deciduous needleleaf and 30% to either grass or crops, depending on the most likely cover type at that location. The ensuing three land cover maps are illustrated and compared in Fig. 6 (notice that these are refinements of the information in Fig. 5), while the total pan-Arctic percentage of each PFT is shown in Fig. 7. 
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Fig 6a: Landcover for bare ground and grass for GCL2000, MODIS and VCF-MODIS.
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Fig 6b: Landcover for crop and evergreen needleleaf for GCL2000, MODIS and VCF-MODIS.
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Fig 6c: Landcover for Deciduous Broadleaf and Needleleaf for GCL2000, MODIS and VCF-MODIS.
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Fig 7: SDGVM PFTs for GCL2000, MODIS and VCF-MODIS (%).
SDGVM calculations of carbon fluxes (NPP, soil respiration and NBP) with land cover driven by GLC2000, MODIS (MCD12C1) using the IGBP global vegetation classification scheme and VCF-MODIS are given in Fig 8. Results are presented for the northern latitudes (latitude ≥ 50o N) for the last ten years of the CRU3 climatology: 1997-2006. There appears to be little difference between NPP and soil respiration for the three different land covers, but the NBP (which is the most important for climate, since it represents the net carbon flux from the atmosphere to the surface, i.e., the sink strength) is reduced by about 21% when VCF-MODIS land cover is used, as shown in the expanded right-hand plot in Fig. 8.  The estimates of NBP for the different land covers are 0.49 GtC y-1 for GLC2000, 0.45 GtC y-1 for MODIS and 0.37 GtC y-1 for VCF-MODIS. To put this in context, use of VCF-MODIS land cover leads to a reduction in NBP for the pan-Arctic region of around 0.1 GtC y-1 compared to the other two estimates. This is equivalent to approximately 28% of the NBP of boreal Asia and 5% of the whole mid- to high latitude land sink in the northern hemisphere Asia (Quegan et al., 2011).
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Fig 8: SDGVM carbon fluxes, viz. NPP, soil respiration and NBP, for GCL2000, MODIS and VCF-MODIS (GtC y-1).

The water fluxes (runoff and evapotranspiration) corresponding to the same calculations are shown in Fig. 9. There are no significant differences between the three land covers.
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Fig 9: SDGVM water fluxes for GCL2000, MODIS and VCF-MODIS (Tt y-1).
The differences between the calculations using GLC2000 and VCF-MODIS for NBP and evapotranspiration are shown in map form in Fig. 10. Fig. 10a shows that NBP tends to be greater with GLC2000 land cover than with VCF-MODIS across most of the boreal zone. For evapotranspiration, large differences are seen in the southern part of the high-latitude region, where VCF-MODIS gives significantly lower values because it contains a much higher proportion of bare ground. The implications of these differences for preferred land cover products is discussed in Section 8.
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Fig 10a: SDGVM NBP difference: VCF-MODIS   –   GLC2000 (gC m-2 y-1).
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Fig 10b: SDGVM Evapotranspiration difference:  VCF-MODIS - GLC2000 (mm/ y).
5. Description and comparison of satellite-derived fire products

Three types of fire data are obtained from satellite images: active fires, burned area and fire radiative power (FRP). Active fire products (ATSR WFA, MODIS MOD/MYD14CMH) use the thermal channels of sensors to register anomalies of the surface temperature and thus identify pixel hotspots. Besides estimates of the amplitude of fire activity, if the assumption is made that the whole area of the pixel was burned, active fire products can also be used to indirectly calculate burned area. Burned area products (MODIS MCD45A1, GFED Burned Area) on the other hand are usually acquired by identifying reflectance changes in the visible channels of the sensor. If a burned area map is used in conjunction with a land cover map it is possible to estimate carbon emissions (as is done to produce the Global Fire Emissions Database [GFED] Carbon Emissions). Finally, fire radiative power (MOD/MYD14CMH) is obtained from the thermal channels of a sensor and is a measure of the rate of radiant heat, which is related to the rate at which fire fuel is being consumed (Wooster et al., 2005).

5.1 Satellite-derived fire products
An overview of the fire data sets used in this study is given in the boxes below.
1) MODIS Product MCD45A1

Description: Active Fire product obtained by the MODIS instrument on-board the Terra and Aqua satellites. Calculates the Julian date of burn for each pixel from which area burned can be retrieved.

Spatial Resolution: Global Coverage at 500 m

Temporal Resolution: Monthly, 2000-2010

Available Format: GeoTIFF

Obtained From: http://modis-fire.umd.edu/Burned_Area_Products.html
2) MODIS Product MOD14CMH & MYD14CMH

Description: Active Fire product obtained by the MODIS instrument on-board the Terra and Aqua satellites. Measures the monthly total number of fires as well as the average monthly Fire Radiative Power (FRP) of a 0.5° degree grid cell.

Spatial Resolution: Global Coverage at 0.5 degrees.

Temporal Resolution: Monthly, 2002-2010

Available Format: HDF

Obtained From: http://modis-fire.umd.edu/Active_Fire_Products.html
3) Global Fire Emissions Data (GFED) Emissions Product 

Description: Gas emissions due to fire based on MODIS burned area product, land cover and biochemical models. Gases include carbon, CO2, CO, CH4, NMHC, H2, NOx, N2O, PM2.5, TPM, TC, OC, BC.

Spatial Resolution: Global at 0.5 degrees.

Temporal Resolution:  Monthly, 1997-2009

Available Format: txt

Obtained From: http://www.falw.vu/~gwerf/GFED/
4) Global Fire Emissions Data (GFED) Burned Area Product

Description: Burned area obtained by a variety of sources such as MODIS active fire product and the World Fire Atlas (WFA).

Spatial Resolution: Global at 0.5 degrees.

Temporal Resolution: Monthly, 1996-2009

Available Format: txt

Obtained From: http://www.globalfiredata.org/
5) Along Track Scanning Radiometer, World Fire Atlas (ATSR WFA)

Description: Active Fire product obtained from the ATSR/ATSR-2/AATSR instrument on-board the ERS-1/ERS-2/ENVISAT satellite. Locates active fires (hotspots) at night by using thermal infrared channels.

Spatial Resolution: Global at 1km.

Temporal Resolution: Monthly, 1996-2011

Available Format: txt

Obtained From:  http://wfaa-dat.esrin.esa.int/
5.2 Comparison of satellite-derived fire products

Fig.11a and Fig.11b show how N America and Eurasia contribute to the total burned area and carbon emissions of northern latitudes according to GFED Burned Area and Carbon Emissions products. Notice that the area is confined to lie between 50° and 70° N, since the coverage of the MODIS fire products extends only up to 70° N. This restriction is unlikely to significantly influence our results. There are large variations in the area burned each year, and different patterns of inter-annual variability between N America and Eurasia. Eurasia is seen to contribute much more to the total carbon emissions than N America. However, over the time span of our data set, carbon emissions per unit area burned are greater for N America (average value 25.7 TgC/Mha) than for Eurasia (average value 12.9 TgC/Mha). This is in agreement with previous, more detailed studies (Wooster & Zhang, 2004) and has been attributed to the fact that fires occurring in N America are predominantly crown or canopy fires, while fires in Eurasia are to a great extent crawling or surface fires. Note also that the time-series for burnt area and emissions are correlated but are not identical; this reflects the fact that estimates of emissions must also include land cover information.
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Fig 11a: Burned area (in millions of hectares) according to the GFED Burned Area product for N America, Eurasia and globally, using a 70°>Latitude>50° subset.
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Fig 11b: Carbon emissions (in TgC) according to the GFED Carbon Emissions product for N America, Eurasia and globally using a 70°>Latitude>50° subset.

Fig 12a and 12b show how the GFED(BA) (Giglio et al., 2009) and MODIS(BA) MCD45A1 Burned Area product compare for N America, Eurasia and the northern latitudes as a whole; the GFED(CE) Carbon Emissions (van de Werf et al., 2010) are also plotted on a separate y-axis. To estimate the carbon emissions, together with other trace gases, GFED(CE) uses satellite data to obtain the characteristics of the underlying vegetation as well as the burned area, while vegetation biochemical models calculate the carbon content according to the vegetation type, in order to finally infer the carbon emissions. GFED(CE) uses the GFED(BA) burned area data set, which is why they are closely correlated (Fig. 12d). Fig. 12d also illustrates that fires occurring in N. America produce more carbon emissions per unit area burned than those in Eurasia (26.8 tC ha-1 against 18.6 tC ha-1). The smaller R2 for Eurasia may be because it is less homogeneous than N. America, but may also reflect the way emissions are calibrated in the GFED product.
Even though GFED(BA) and MODIS(BA) are both obtained from MODIS images, Fig.12a and Fig.12b show significant differences. In N America, the GFED estimates of burnt area are consistently greater than for MODIS(BA), even by a factor exceeding two in some years. In contrast, for Eurasia the MODIS(BA) estimate exceeds that of GFED(BA) in most years. Although these differences can be attributed to the different algorithms used, it is not clear why there are such marked differences between the two regions. The net effect of this disparity is that the global total area burnt at high latitudes is roughly similar for both GFED(BA) and MODIS(BA).
Fig 13 is identical to Fig. 12, with the exception that the GFED(CE) plot is replaced with a plot presenting the average Fire Radiative Power product of MODIS,MODIS(FRP), obtained from the MOD/MYD14CMH product, which is only available since 2003. It can be seen that both for N America and Eurasia the FRP and carbon emissions curve are fairly similar, but with different conversion factors: in N America the linear regression coefficient is 1.2 tC/kW while in Eurasia it is 1.0 tC/kW, the regression having an R2 of 0.87 in both cases.
Note that the relation between burnt area and FRP is not simple linearity (for example, in Fig. 13c it can be seen that, with the scales used, the heights of the plots for FRP and burnt area are very similar in 2006, while in 2008 the point plotted for FRP is around half the height of that for burnt area. This implies that more biomass per unit burnt area was consumed in 2006 than in 2008, which in turn reflects the spatial properties of the fires and the land cover where they occur.
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Fig 12a: Comparison of burned area (in Mha) for N America between MODIS(BA) and GFED(BA). Carbon emissions are shown on the secondary y-axis.
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Fig 12b: Comparison of burned area (in Mha) for Eurasia between MODIS(BA) and GFED(BA). Carbon emissions are shown on the secondary y-axis.

[image: image82.png]-150 -100 -50 0 100 150




Fig 12c: Comparison of burned area (in Mha) globally between MODIS(BA) and GFED(BA). Carbon emissions are shown on the secondary y-axis.
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Fig 12d: Correlation between annual values of burnt area from GFED(BA) and carbon emissions from GFED(CE) showing a bigger regression coefficient for fires in N. America.
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Fig 13a: Comparison of burned area (in Mha) for N America between MODIS(BA) and GFED(BA). Average Fire Radiative Power is shown on the secondary y-axis.
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Fig 13b: Comparison of burned area (in Mha) for Eurasia between MODIS(BA) and GFED(BA). Average Fire Radiative Power is shown on the secondary y-axis.
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Fig 13c: Comparison of global burned area (in Mha) between MODIS(BA) and GFED(BA). Average Fire Radiative Power is shown on the secondary y-axis.

Fig. 12a shows that the years 2001 and 2004 were respectively years of minimum and maximum fire activity for N America. This variation reflects not just a difference in total area burnt, but significant differences in the spatial distribution of fire between the two years. To illustrate this, Figs. 14a and 14b show the percentage of area burned per grid-cell according to GFED(BA) for these years (note the logarithmic scale on the colour bar). Whereas in 2001 the fire areas were mainly confined to north-east and central southern Canada, in 2004 there were major forest fires across the forest areas of southern and western Canada and Alaska (compare Fig. 14a with Fig. 5a)
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Fig 14a: Fraction of area burned according to GFED(BA) for the year 2001 in N America. Values are given on a logarithmic scale.
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Fig 14b: Fraction of area burned according to GFED(BA) for the year 2004 in N America. Values are given in a logarithmic scale.

For Eurasia, Fig, 12b indicates that 2004 and 2003 were years of minimum and maximum fire activity respectively. Note that these are different from the corresponding years in N America and, indeed, 2004 was a minimum in Eurasia but a maximum in N America. The associated spatial distribution of burnt area for the two years is shown in Fig. 15. In 2004, the fires were mainly confined to south-west Russia, whereas in 2003, although South-west Russia again suffered large fires, there was much more intense fire activity in the south-east, and in fact the whole southern region of Russia suffered considerable fire activity. There were also large, intense fires in the north-east.
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Fig. 15a: Fraction of area burned according to GFED(BA) for the year 2004 in Eurasia. Values are given on a logarithmic scale.
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Fig. 15b: Fraction of area burned according to GFED(BA) for the year 2003 in Eurasia. Values are given on a logarithmic scale.

The longest record of active fires (1996-2011) is the World Fire Atlas (WFA). Active fires are located by measuring the night-time difference in radiometric values of adjacent pixels in the thermal channels of the ATSR sensor on board the ERS satellite. Fig. 16 shows the cumulative spatial distribution of the active fires in WFA from 1996 to 2011 for Russia, Canada and Alaska. These correspond to the fire zones seen in Fig. 15, and can be used to corroborate the information in the burnt area and Fire Radiative Power products, but do not relate directly to any of the fire quantities used in the emissions modelling.
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Fig. 16: Cumulative hot spots locations in the ATSR WFA atlas from 1996-2011 for Russia, Canada and Alaska.

6. Representation and comparison of fire in models

Fire return intervals (FRI) are comparatively long at high latitudes and, for typical regions of Canada and Russia, are in the range of 250-600 years (Bouchard et al., 2008) and 172-267 respectively (Dixon & Krankina, 1993). Since the temporal range of the existing fire data sets presented above is an order of magnitude less than the FRI, they cannot be directly utilized to derive statistical fire disturbances for use in models. Instead, models use a range of algorithms to predict the probability of fire, based on climate and quantities estimated by the models, such as soil moisture and available fuel load, and estimate the fraction of each grid-cell that is burnt each year.
In Fig.17a, 17b and 17c  the burned area obtained from the GFED(BA) and the MODIS(BA) datasets is compared with the burned area output from the SGDVM, LPJ and CLM4 models for N America, Eurasia and globally respectively. The GFED(BA) and the MODIS(BA) values shown are identical to those given in Fig. 12. Note that the SGDVM and LPJ calculations were carried out in-house and are limited by the availability of climate datasets; the CRU dataset used does not run past 2006. The CLM4 data were instead obtained through the TRENDY project and use a CRU climate dataset extended to 2009.
There are very marked differences between the datasets, between the models, and between the models and data; these also vary with region. The dataset differences have already been discussed above with reference to Fig. 12, and here we focus on model-model and model-data differences. 
The LPJ and CLM4 estimates of burnt area are very similar, because the fire component of the CLM4 land model is based on that in LPJ. They show very little variation with time in any of the regions. SDGVM produces burnt area estimates that are higher by a factor around 1.6 in N America and 2 in Eurasia, and have more temporal variability. 

None of the models compares well with the fire datasets. For N America, the model estimates of burnt area are on average much larger than the data, particularly for SDGVM. For Eurasia, the LPJ and CLM4 estimates are significantly smaller than the data, while SDGVM gives a mean burnt area that is comparable with the data. None of the models shows the marked inter-annual variability seen in the data.  
These regional differences carry through to the global scale (Fig. 17c), but weighted towards conditions in Eurasia because of its much larger land area (2064 Mha against 1237 Mha for N America). The LPJ and CLM4 estimates of mean annual global burned area over the 1997-2006 period (9.55 and 8.63 Mha respectively) are significantly less than that given by GFED(BA) (12.35 Mha) (MODIS), while the SDGVM estimate (15.46 Mha) is  significantly greater. For the shorter available time period for MODIS (2002-2009), the corresponding value is 14.75 Mha, and for GFED over the same period it is 12.96 Mha. There are also very significant differences between the temporal variability exhibited by the models and the data, with GFED(BA) having a temporal standard deviation (SD) of 5.55 Mha, while the corresponding sample SDs for LPJ, CLM4 and SGDVM are 0.65, 0.3 and 1.28 Mha respectively. It is clear that the models fail to capture the inter-annual variability shown by the GFED and MODIS(BA) observations. 
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Fig 17a: Burned area in N America (Mha) from the GFED(BA) and MODIS(BA)  data sets and from LPJ, SDGVM and CLM4 model outputs.
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Fig 17b: Burned area in Eurasia (Mha) from the GFED(BA) and MODIS(BA)  data sets and from LPJ, SDGVM and CLM4 model outputs.
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Fig 17c: Global burned area (Mha) from the GFED(BA) and MODIS(BA)  data sets and from LPJ, SDGVM and CLM4 model outputs.
These gross differences between the models and the data fail to bring out just how different the model representations of fire are from the observations, but this becomes abundantly clear by examining the burned area maps produced by the three models (Fig. 18 and 19) and comparing them with the datasets (Figs. 14 and 15). Fig. 18a and 18b show maps of the fractional area burned per grid-cell calculated by LPJ for N America for the years 2001 and 2004 (the years of minimum and maximum burnt area respectively, according to Fig. 13a). LPJ burns almost the same small fraction of all the grid-cells, usually in the range of 0.1-0.5%. 

[image: image96.png]"Lii' Alp !". :
50 100 150





Fig. 18a: LPJ fraction of area burned per grid-cell for N America in 2001.


Fig.18b: LPJ fraction of area burned per grid-cell for N America in 2004.

The corresponding calculations for SDGVM are shown in Fig. 19a and 19b, and for CLM4 in Fig. 19c and 19d. SDGVM exhibits greater spatial variability than LPJ, with severe fires in the mid-west in 2001, whereas it calculates the major fire activity to be all up the western side of the continent and into Alaska in 2004. Unlike the data, SDGVM gives more burnt area in 2001 than in 2004 (see Fig. 17a). As expected from the similarity of their fire modules, CLM4 shows behaviour similar to LPJ, with little spatial variation and small fractions of most grid-cells being burnt in both years. The apparent difference between the two models at the highest latitudes (compare Fig 18 with Fig. 19c & 19d) is exaggerated by the logarithmic colour scale; in both cases, only small fractional areas are burnt.

Fig.19a: SGDVM fraction of area burned per grid-cell for N America in 2001.

Fig.19b: SGDVM fraction of area burned per grid-cell for N America in 2004.
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Fig.19c: CLM4 fraction of area burned per grid-cell for N America in 2001.

[image: image8.jpg]Latitude

60

CLM4 2004 Fraction of Area Burned

-130 -105
Longitude

100
10

0.1
0.01




Fig.19d: CLM4 fraction of area burned per grid-cell for N America in 2004.
The corresponding results for Eurasia for 2004 (minimum fire year) and 2003 (maximum fire year) are shown as Figs. 20 and 21, and tell a similar story. LPJ and CLM4 burn a small proportion of every grid-cell with little temporal or spatial variation. SDGVM also tends to burn a fraction of every grid-cell every year, but with much greater spatial variability: most of the fire activity is concentrated in the southern part of the region, although 2003 also shows enhanced fire activity in north-eastern Siberia. The SDGVM results for Eurasia are in quite good agreement, spatially, with the GFED(BA) dataset for both years (Fig. 15).

Fig.20a: LPJ fraction of area burned per grid-cell for Eurasia in 2004.


Fig.20b: LPJ fraction of area burned per grid-cell for Eurasia in 2003.

Fig.21a: SDGVM fraction of area burned per grid-cell for Eurasia in 2004.


Fig.21b: SDGVM fraction of area burned per grid-cell for Eurasia in 2003.
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Fig.21c: CLM4 fraction of area burned per grid-cell for Eurasia in 2004.
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Fig.21d: CLM4 fraction of area per grid-cell for Eurasia in 2003.
Model-model and model-data comparisons of carbon emissions are in several ways different from those for burnt area, as can be seen from the time-series of carbon emissions for the GFED(CE) data sets and outputs from the LPJ, SGDVM and CLM4 models over the period 1997-2009 shown in Fig 22. As for burnt area, for LPJ and SDGVM the dataset stops in 2006 because CRU climate data are not available after this date. 

Fig. 22a: Total carbon emissions for the GFED(CE) dataset and the LPJ, SGDVM and CLM4 models over the period 1997-2009 for N. America.


Fig. 22b: Total carbon emissions for the GFED(CE) dataset and the LPJ, SGDVM and CLM4 models over the period 1997-2009 for Eurasia.


Fig. 22c: Total carbon emissions for the GFED(CE) dataset and the LPJ, SGDVM and CLM4 models over the period 1997-2009 for the pan-Arctic region.

Perhaps the most striking difference between the estimates of burnt area and carbon emissions is that the LPJ estimates of emissions for both N America and Eurasia are much greater (by a factor of 2.5 to 3) than both of the other models and GFED(CE), whereas LPJ and CLM4 give practically the same burnt area (Fig. 17). This indicates that LPJ and CLM4 must have quite different spatial distributions of biomass. Also very noticeable is that both SDGVM and CLM4 produce estimates that are similar, on average, to those from GFED(CE) for both regions (and hence for the pan-Arctic region). It must be noted, however, that GFED(CE) cannot be taken as “correct”, since it depends on the land cover derived from MODIS. A different land cover would give different results in GFED(CE) and, as been seen in Sections 2 & 3, there are marked differences between land cover datasets. The errors in GFED emissions are also the result of errors in identifying both burnt area and land cover, so could easily be of the order of 10-20%. Nonetheless, a feature of the GFED(CE) and GFED(BA) products that is likely to be correct and is not represented at all by the models is the marked inter-annual variability of both burnt area and emissions.
7. The impact of fire errors on model estimates of carbon and water fluxes

The modelling of fire is a difficult problem, due to issues of scale, fire intensity, anthropogenic factors and the stochastic nature of natural fires themselves. As has been shown in Section 5, EO products can differ greatly. In this section we give a preliminary assessment of the impacts that the different fire regimes can have on the carbon and water cycles modelled in a DVM.

7.1 Fire Modelling Difficulties
Given a particular fire return interval, the corresponding variance of the yearly burned area can vary greatly. Fire may be infrequent and burn an entire grid-cell when it occurs, resulting in a large variance or, alternatively, it may burn a similar fraction of the grid-cell each year and have a low variance. This variance is dependent on many things, including scale, land cover, location and climate. Scale is a particular issue as the DVMs are designed to be point models, although, as is the case here, they can be run on a grid of points to produce a map. Humans are responsible for a large proportion of fires, and, in some areas, fire suppression. In most cases, the process/empirical fire models used in DVMs neglect this effect and are only dependent on fuel, combustibility and probability of an ignition event.

7.2 Impact of fire regimes on modelled carbon fluxes.
To study the impact of fire regimes on DVMs we have used SDGVM to calculate their effects on carbon and water fluxes. The only significant effects are on carbon fluxes, so only these results are presented here. 
The SDGVM fire model is empirical, based only on climate variables, and works at a yearly time step. The model was driven by CRU TS3.0 (1901-2006).

1) Product: CRU TS3.0
Description: Variables include cloud cover, diurnal temperature range, frost day frequency, precipitation, daily mean temperature, monthly average daily maximum temperature, vapour pressure and wet day frequency.

Spatial Resolution: Global Coverage at 0.5o.

Temporal Resolution: Monthly, 1901-2006, recently updated to 1901-2009.

Available Format: Available from BADC (registration required), ASCII and netcdf.
Maps of fractional area burned are depicted in Figs 23a-c, averaged for 1997-2006 for GFED (0.5o×0.5o), CLM4 (0.5o×0.5o) and SDGVM (1o×1o). A striking difference is the number of pixels where no fires are recorded in the GFED data-set, in contrast to the modelled fire which tends to burn some fraction of each pixel each year. Areas with long return intervals may have large infrequent fires, so no fires are observed during the ten-year window of the GFED data-set, i.e., the stochastic nature of fire, at this resolution in these areas, is not being captured either by the data or by the fire models.


Fig 23a: Fractional Area Burned (log10) Average 1997-1996: GFED.


Fig 23b: Fractional Area Burned (log10) Average 1997-1996: CLM4

Fig 23c: Fractional Area Burned (log10) Average 1997-1996: SDGVM.

Fig. 24 shows a plot of the total burned area from GFED and SDGVM for the pan-Arctic region. Whilst the averages of the time series are in broad agreement, the variance in the GFED data is considerably higher.

We cannot drive the SDGVM with the GFED data alone, as a run would require a fire burned area time-series for the whole of the 20th century. As in many DVMs, a spin-up is required to bring the state of the system to equilibrium before the transient run can take place. So, in order to investigate the impact that the GFED inter-annual variance would produce in SDGVM, the following approach was adopted. 

Denote the GFED data by gfed(sites,years), years = 1997-2006. Then 10 maps of scaling factors mapi(site) (i = 1997 to 2006) were produced:  
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For each year of the SDGVM simulation, a map was randomly chosen and for each site the fire probability was scaled by the corresponding map value. In effect we are adding the GFED variance onto the small modelled variance.  Fig 25 shows the resulting burned area from the adjusted fire model labelled SDGVM*. Fig 26a-d shows the original and adjusted modelled fire burnt area for the entire time-series, the corresponding carbon emissions, the NBP and the above-ground biomass. Although the mean behaviour and trends of burnt area, emissions and NBP are unaffected, the inter-annual variability now corresponds much more closely to that of the observations. For biomass, the situation is different. The occurrence of very large fires destroying large parts of the forest in many grid-cells in some years, instead of a small fractional annual loss, has the effect of reducing the biomass. 


Fig 26a: SDGVM estimates of burned area for the pan-Arctic region (Mha) with and without modified inter-annual variability in burned area.
Fig 26b: SDGVM estimates of carbon emissions from fire (MtC) with and without modified inter-annual variability in burnt area.

Fig 26c: SDGVM estimates of NBP (MtC) with and without modified inter-annual variability in burnt area.

Fig 26d: SDGVM estimates of biomass (kg m-2) with and without modified inter-annual variability in burnt area.
The effects of increasing the inter-annual variability in burnt area on biomass are shown in map form for the pan-Arctic region in Fig. 27 respectively. Fig. 27a shows the estimates of biomass averaged over 1997-2006 from the standard form of the SDGVM (the “control” run), while Fig. 27b shows the difference between the control and the SDGVM with the adjusted inter-annual variability in burnt area, given as a percentage. It can be seen that, although the overall effect is to reduce biomass, the modified fire regime leads to  a quite complex pattern of increases and decreases in the local mean biomass, essentially because it alters the age structure of the forest.

Fig 27a: SDGVM estimates of biomass (gC m-2) averaged for 1997-1996: Control.

Fig 27b: SDGVM estimates of BIOMASS (gC m-2) averaged over 1997-2006: (Adjusted – Control) /Control x 100.

The corresponding results for NBP are shown in Fig. 28, this time with the control calculation shown as Fig. 28a, the adjusted calculation as Fig. 28b, and the difference as Fig. 28c. It can be seen that the adjusted fire regime has little effect on net take-up of carbon, either as an overall average or in itsspatial distribution.

Fig 28a: SDGVM estimates of NBP (gC m-2) averaged over 1997-2006: Control.

Fig 28b: SDGVM estimates of NBP (gC m-2) averaged over 1997-2006: Adjusted.

Fig 28c: SDGVM estimates of NBP (gC m-2) averaged over 1997-2006: Adjusted - Control.
7 Conclusions and recommendations

The most important land cover and fire datasets for climate modelling at high latitudes have been assembled and compared. We have also examined how land cover and fire are represented in the models of most importance for this project, and compared both models with models and models with data, finding significant differences. For both land cover and fire, we have investigated methods to modify the model calculations using the data, and examined the consequences for water and carbon fluxes. 
The most significant effect of different land covers was in the associated changes to NBP, which is the important quantity for climate, since it gives the sink strength of the land surface. Use of the VCF-MODIS land cover product led to reductions in NBP that are equivalent to around 28%  of current estimates of the sink strength of boreal Asia. For water, the net fluxes were not greatly different for the different land covers, but there were significant geographical differences between calculations with different land covers. For fire, the two most important effects of modifying the models using fire observations were: (a) the inter-annual variability of net emissions was better represented; (b) the calculated biomass was reduced when the large episodic fires typical of high latitudes were more faithfully modelled.

Given these findings, there is no clear reason to prefer any of multi-class land cover products, but it is important to take into account the ability of VCF data to infer sub-pixel information on broad classes of vegetation cover in terms of their phenological signature. If the accuracy of this approach is accepted, it implies that there are significant biases in the multi-class land cover products, and the VCF data can be used to remove these biases. 
Recommendation 1: The conversion of available land cover products into the proportion of Plant Functional Type per grid-cell needed by the land surface models should be made available in two forms: a direct transformation of land cover classes to PFTs, and a transformation in which biases inferred from the analysis in this report are used to modify these proportions in line with VCF estimates of tree, herbaceous and bare land covers.

For fire, there are strong reasons to make use of the GFED burnt area product to test the models, but the GFED carbon emissions product is more questionable, since it contains at least two sources of error, the identification of burnt area and the classification of the land cover (and associated biomass) prior to the fire. However, the GFED products indicate clearly that both the spatial variability and the inter-annual variability of fire are badly represented in the models. The poor representation of spatial variability by the models is expected because fire occurrence is essentially climate-driven, and does not properly capture either the stochastic nature of fire or the full set of drivers, such as human activities and the probability of lightning strikes. It is not obvious how to use the data to correct this defect. However, the GFED data do provide a basis for correcting the temporal variability of the modelled burnt area, and an initial approach to doing his has been described in Section 7, together with its consequences.
Recommendation 2: GFED data should be used to modify the temporal properties of burnt area estimated by the models to make them more consistent with observations, perhaps built on the approach described in this report. Methods to introduce more realistic spatial variability into the model estimates would be very desirable, but are not currently available, and are likely to require a dedicated research activity.
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Fig 25: Burned Area (Mha)
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