[image: image1.wmf]stw

yi

agb

NPP

NPP

NPP

+

=

2
[image: image2.wmf](

)

(

)

stw

stw

stw

stw

C

O

H

yi

NPP

*

-

*

*

=

2

1

s

[image: image3.wmf](

)

yi

yi

yi

C

O

H

yi

NPP

*

-

*

=

2

1

[image: image4.png]Land Cover
Classification
(GLC2000)

Leaf Area Index
(LAI)

BETHY/DLR

Soil Types
(FAO)

Relief/Geopotential

Cloud Cover
Soilwater Content
Precipitation
Temperature
Wind Speed
(ECMWF)

Biosphere Energy Transfer
Hydrology Model

Photosynthesis

Electron Transport
Stomatal Conductance

Evapotranspiration

Water Balance

Evapotranspiration

Gross-Primary-
Productivity (GPP)

Net-Primary-
Production (NPP)




 

A new validation approach to assess the quality of modelled agricultural biomass potentials using BETHY/DLR
Markus Tum1, Markus Niklaus1, Kurt P. Günther1, Martin Kappas2
1German Aerospace Center (DLR), German Remote Sensing Data Center (DFD), Land Surface Dynamics, Muenchner Strasse 20, 82234 Weßling, Germany 
2Georg-August-University Goettingen, Institute of Geography, Department of Cartography, GIS & Remote Sensing, Goldschmidtstr. 5, 37077 Goettingen, Germany
markus.tum@dlr.de 
markus.niklaus@dlr.de
kurt.guenther@dlr.de
mkappas@uni-goettingen.de
Abstract

A new validation approach is presented to assess the quality of modeled agricultural biomass potentials with statistical data on high resolution. First investigations in Germany and Austria show coefficients of determination (r²) of up to 0.79 on district level. Our modeled net primary productivity is computed with the dynamic biomass model BETHY/DLR. Primarily the photosynthetic rate of vegetation types is computed with time steps of one hour and currently with a spatial resolution of about 1km x 1km. Included models compute the water balance and radiative energy transfer between atmosphere, vegetation and soil. The model is driven by meteorological data provided by the European Center for Medium Range Weather Forecast (ECMWF), remote sensing data derived through SPOT-VEGETATION and soil type information by the Food and Agriculture Organisation (FAO). The model output (gross primary productivity (GPP)) is calculated daily. Net primary productivity (NPP) is determined by subtracting the cumulative plant maintenance respiration from GPP. In order to validate the modeled NPP, data of crop yield estimations derived from national statistics are used to calculate above ground biomass by using conversion factors about corn to straw relations. Furthermore conversion factors about shoot to root relations are used to determine total biomass. Finally the carbon content of dry matter is estimated. With this method coefficients of determination (r²) of up to 0.67 combined with a slope of 0.83 are found for Germany. For Austrian NUTS-3 units slightly higher coefficients of determination are found (0.74) combined with a slope of 1.08. The results show that modelling NPP using the process model BETHY/DLR and remote sensing data and meteorological data as input delivers reliable estimates of above ground biomass when common agricultural conversion factors are taking into account.
1. Introduction
Modelling the carbon uptake by vegetation (Net Primary Production, NPP) has become an important tool to study the mechanisms of carbon exchange and to quantify the magnitude of terrestrial carbon sinks and sources. Simple, so called deterministic (or mechanistic) models are suitable to calculate the rate of carbon dioxide assimilation of plants by photosynthesis (Gross Primary Productivity, GPP). These models describe the physical, chemical and plant physiological interaction of plants with the atmosphere. Photosynthesis is calculated following the concepts of Monsi and Saeki (1953) and Monteith (1965). Hence the carbon uptake of well-watered and fertilized annual crops is linearly linked to the amount of absorbed photosynthetically active solar radiation (fPAR), GPP may be calculated for each land cover type as the product of absorbed solar radiation and plant specific light use efficiency (LUE). The LUE is modified by functions determining plant stress due to temperature or water and nutrient availability. Absorption of light by plants might be derived from satellite data like the fraction of PAR which is absorbed by the canopy (fPAR) or is calculated on the accumulation of dry matter. Based on the Leaf Area Index (LAI), maintenance respiration can be estimated to determine NPP. Maintenance respiration is temperature dependent and mainly driven through the development of leaf and root mass. NPP can be expressed as the difference between GPP and maintenance respiration. For Europe not many studies exist regarding NPP of the whole continent.

The Monteith type parametric C-Fix model, used by Veroustraete et al. (2002), quantifies carbon fluxes on a regional and continental basis, by combining satellite observations with a simplified carbon exchange model. It is driven by time series of the Normalized Differenced Vegetation Index (NDVI) which are provided by NOAA/AVHRR and meteorological data (temperature and daily incoming global radiation) obtained by weather stations, administered by the World Meteorological Organisation (WMO). The validation was done with eddy correlation measurements. Coefficients of determination (r²) of 0.64 for pine wood forests and 0.83 for deciduous mixed forests in Europe were found.

When the LUE approach is integrated in a coupled soil – plant - atmosphere model, e.g. the ALEX (Atmosphere–Land Exchange) model, daily estimates of evapotranspiration and carbon assimilation fluxes can be obtained (Anderson et al., 2000). During the last years more sophisticated approaches are under development. These so called dynamic models are taking into account the interaction between plants, atmosphere and soil and calculate the uptake and release of carbon by plants and soil in a physically consistent way regarding conservation of energy and momentum. In the literature one can find descriptions of established dynamic biomass models for the use on different scales (global to local). Examples are the Lund-Potsdam-Jena (LPJ) which was developed by Prentice et al. (1992) and modified by Bondeau et al. (2007), ORCHIDEE, developed by Krinner et al. (2003) or BIOME3 by Hexaltine and Prentice (1996). These global models are driven by meteorological input data and by land cover maps, Phenology is calculated internally. The usual spatial resolution for dynamic models ranges from some degrees (global usage e.g. Bondeau et al. (2007) and Hexaltine and Prentice (1996)) to kilometres (regional usage e.g. Wisskirchen(2005)). The main output values are GPP, NPP and Net Ecosystem Productivity (NEP), Total Ecosystem Respiration (TER), and evapotranspiration. 

The German Remote Sensing Data Center (DFD) is operating the dynamic process model BETHY/DLR (Biosphere Energy Transfer Hydrology Model) using remote sensing data as input.. BETHY/DLR (Wisskirchen, 2005) is a modification of the JSBACH model (Knorr, 1997) which computes the biosphere-atmosphere exchange within the ECHAM5 global climate model.

A common approach to validate modelled NPP is the use of eddy covariance flux towers, which determine NEP. NEP is calculated by subtracting the heterotrophic respiration of soil from NPP. The measurements quantify carbon fluxes at the scale of the tower footprint. Other approaches use statistical data about yield, which is correlated with modelled NPP by extrapolating NPP through conversion factors to yield. Roebeling et al. (2004) used EUROSTAT yield data and showed the possibility of using the Environmental Analysis and Remote Sensing Crop Growth Simulation (EARS-CGS) algorithm for crop yield predictions at national scale for Europe (NUTS-0). NUTS stands for "Nomenclature des unités territoriales statistiques" a system of hierarchically organised territorial units for statistical purposes. Our primary objective in this study is to present a new approach to validate modelled NPP with statistical yield data on NUTS-3 level. Germany and Austria were selected as test areas for quality control..

2. Methods
2.1 Model
The BETHY/DLR model uses the two-flux scheme of Sellers (1985) to approximate the radiation absorption in the canopy. Photosynthesis is integrated using the combined approach of Farquhar et al. (1980) and Collatz et al. (1992). The enzyme kinetics, which are parameterized on leaf level, are distinguished to C3 and C4 plants. This is important, since C3 and C4 plants have significant differences in their way of carbon-fixation. In a second step the photosynthesis rate is extrapolated from leaf to canopy level, taking into account both, the canopy structure as well as the interaction between soil, atmosphere and vegetation. Stomatal and canopy conductances, evapotranspiration and soil water balance are included also regarding snow for calculating NPP on an annual basis. Water stress is considered by calculating the demand for evapotranspiration using the Penman-Monteith approach (Monteith, 1965) against the Federer (1979) criteria which assumes that evapotranspiration cannot be greater than a certain soil water supply via roots.
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The output is given by time series of NPP in daily steps with the resolution and projection of the land cover classification (1km x 1km, latitude – longitude projection with WGS84 (World Geodetic System 1984) datum). A schematic overview of the used input data and internal model processes is presented in figure 1.

Figure 1: Model setup for BETHY/DLR

2.2 Input Data

The driving parameters of the BETHY/DLR model are two sets of remote sensing data (derived from SPOT-VEGETATION), meteorological data (provided by ECMWF) and further dataset concerning i.e. soil type information and altitude.

Time series of the Leaf Area Index (LAI) are used to initiate the phenology of vegetation. They are based on CYCLOPES 10 day composite datasets, which can be downloaded from the POSTEL (Pole d’Observation des Surfaces continentales par TELedetection) databank. For each pixel a time series analysis has to be applied in order to eliminate data gaps and outliers. For the purpose of this study the method of the harmonic analysis (HA) is used. The HA belongs to the method of “least squares”, whose most famous member is the Fourier transformation. At DFD this method is used for operational processing the Global Ozone Monitoring Experiment (GOME) (Dech, 1998). It was adapted for the use of LAI data. The CYCLOPES dataset also provides information of land cover and land use and is available as Global Land Cover 2000 (GLC2000). The Land Cover Classification System (LCCS) of FAO of the United Nations was used for the derivation of the GLC2000 (Bartholome et al., 2002; DiGregorio and Jansen, 2001). With GLC2000 a classification with 22 different land cover classes is available which is representative for the year 2000. The global CYCLOPES and GLC2000 data are each available in tiles of 10° x 10° as maps in rectangular projection with an information of latitude and longitude with WGS84 date. Hence a complete coverage of the study area (Germany and Austria) is available.

In order to make the GLC2000 usable for NPP modelling with BETHY/DLR, the 22 GLC2000 vegetation classes have to be translated to one of the actual 33 inherent BETHY/DLR vegetation classes, which can be regarded as vegetation types. Each vegetation type is linked with biochemical parameters as e.g. the maximum carboxylation rate or the maximum electron transport rate representing light and dark reaction of photosynthesis. The parameterisation of BETHY/DLR allows to translate one GLC2000 class to fractions of two vegetation types. For this study only the two GLC2000 classes which are directly linked with crops are used. The weighting factors are set to 1.0 for the GLC2000 class “cultivated and managed area” (GLC-16). This is done under the assumption that this class describes a homogenously covered area. The class “Mosaic: cropland / shrub cover or grass cover” (GLC-18) of GLC2000 was split in arable crops and grass cover using a weighting factor of 0.5. This is done under the assumption, that the area is completely covered but only with 50% crops. The representation of the BETHY/DLR vegetation types are assumed to be typical for Germany and Austria.

Table 1: Translation of GLC2000 vegetation classes to BETHY/DLR vegetation types with depending weighting factors.
	GLC2000 class
	BETHY/DLR type
	Weighting factor

	Cultivated and managed 

Areas (GLC-16)
	Arable crops
	100 %

	Mosaic: cropland, shrub or grass Cover (GLC- 18)
	Arable crops
	50 %


In addition to remote sensing data BETHY/DLR needs meteorological data input (see table 2). The ECMWF provides the needed data in a spatial resolution of 0.25° x 0.25° with a temporal resolution of up to four times a day. These are model analysis of 2 m air temperature, wind speed at 10 m above ground, the soil water content of the four upper layers and cloud cover. Daily values of precipitation are derived from the ERA40-reanalysis. From this the daily mean, minimum and maximum of temperature are calculated, as well as the daily mean of cloud cover over all three strata (high, medium and low) and the water vapour pressure. The daily temperature values are scaled with the difference of ECMWF and ETOP-elevation and the temperature gradient of the U.S. Standard Atmosphere, which is -0.65 K per 100 m.
The daily average of photosynthetic active radiation (PAR) is determined from global radiation. This is calculated with the approach taken by Burridge and Gadd (1974) from Stull (1988). The idea is to take the geographical coordinates of the day and year, and a transmission, which depends on the degree of cloudiness. Daily average of cloud cover is calculated as weighted sum of each cloud strata. The advantage of this approach in contrast to the direct use of ECMWF-radiation data is that the use of analysis data of cloud coverage leads to more exact results than the direct use of radiation forecast data (Wisskirchen, 2005). Global radiation is calculated for each location in the time step of one hour. The volumetric soil water content is only needed for initializing the soil water budged of the model. Afterwards it is calculated independently, according to the hydrological boundary conditions. Investigations of Wisskirchen (2005) have shown, that in general a transient phase of one year is needed to reach equilibrium. In the current version stable conditions are determined dynamically.
Table 2: of meteorological input data (including short names and code numbers), which are derived from ECMWF.
	Parameter
	Short name
	Code number

	Volumetric soil water level 1
	SWVL1/SWL1
	039

	Volumetric soil water level 2
	SWVL2/SWL2
	040

	Volumetric soil water level 3
	SWVL3/SWL3
	041

	Volumetric soil water level 4
	SWVL4/SWL4
	042

	Geopotential
	Z
	129

	Large Scale precipitation
	LSP
	142

	Convective precipitation
	CP
	143

	10 meter U-velocity
	10U
	165

	10 meter V-velocity
	10V
	166

	2 meter temperature
	2T
	167

	Low cloud cover
	LCC
	186

	Medium cloud cover
	MCC
	187

	High cloud cover
	HCC
	188


3. Validation
To validate modelled NPP of agricultural plants, statistical estimates of yields from federal statistics of Germany and Austria are used. For both countries farm structure surveys are carried out yearly. They contain information about arable land, vineyards, horticultural farms and further agricultural land use information, as well as yield information. The spatial resolution of the data follows the hierarchical system of NUTS units. It starts with the states of the European Community (EU) (NUTS-0), followed by regions of the EU (NUTS-1), which are separated to basic administrative units (NUTS-2) and ends with subdivisions of the basic administrative units (NUTS-3). As an example Austria has been divided into three units, Eastern, Southern and Western Austria (NUTS-1). Each NUTS-1 level comprises the federal provinces (NUTS-2) as e.g. the “Burgenland”. The NUTS-2 level is split in several NUTS-3 levels as e.g. the “Nordburgenland”, “Mittelburgenland” and “Südburgenland”.

The statistical data itself cannot be used without modification. For Germany the data is given in the desired NUTS-3 resolution while the Austrian data are only available for NUTS-2 level. In addition different main crops are reported. As an example, the Austrian statistics present data for sunflower and grain maize, which are not reported for Germany. The German statistics present yield data and areas for potatoes and sugar beet which are not available for Austria, on the other side. In order to validate the modelled NPP for Austria on NUTS-3 level a down-scale process has to be done. An additional data set, representative for 1999 was used to get an assumption of the agricultural distribution at NUTS-3 level. As the German statistics were not free of data gaps a criteria was included to fill these gaps. It is assumed, that the mean yield of a specific crop for German NUTS-3 units is representative for missing data of the relating crops. Furthermore it is assumed, that mean yields for potato, sugar beet and silo maize averaged over all German NUTS-3 units represent the mean Austrian yields for these cultivations.

Hence the yield given by statistical data does not represent the available biomass or the biomass potentials and can therefore not directly be compared with modelled NPP, one has to transform the yield data. For this allocation schemes are used. In a first step it is inevitable to calculate the total above ground biomass, its dry matter and carbon content. The literature gives a wide selection of so called conversion factors, which give estimations about corn to straw or leaf to beet ratios (shown in table 2) (Koehler and Kolbe, 2007; KTBL, 2005; Krausmann et al., 2008). Applying these relations one can say, that e.g. the grain yield of 10 metric tons of winter wheat is intrinsically linked to 10 ± 0.7 metric tons of straw. To calculate the dry matter for both, straw and yield fraction, standard amounts of water and carbon contents were used (see table 2), which can also be found in Koehler and Kolbe (2007). When using these conversions the carbon content of the dry matter of straw and yield can be estimated by using formula 1 and 2:
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where yi stands for a specific yield of a plant. H2O stands for the specific water content and Cyi and Cstw for the carbon content of the yield and straw fraction, respectively. σstw represents the plant specific conversion factor of yield to straw (leaf to beet) (see table 2). 

Total above ground biomass (agb), which consists of the yield and straw fraction of a field crop can therefore be expressed as:
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The now available above ground biomass is still not comparable with modelled NPP. In a next step the below ground biomass (bgb) fraction of the yield data has to be calculated. Simple so called shoot to root ratios can e.g. be found (Jackson et al., 1996; Bolinder et al., 1997). With these ratios one can estimate the bgb:
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where σagb represents the shoot to root conversion factor for a specific crop (see table 2). The total amount of biomass (NPP) can now be expressed as:
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To get information about how much carbon is stored in a NUTS area one has to sum up the total biomass over the total cultivation area for each NUTS area and furthermore aggregate the sums over all crops:







(6)
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The so describable NPP per administrative district can directly be linked with modelled NPP.
Table 3: Mean corn to straw (leaf to beet) ratios, above ground to below ground ratios and carbon and water content for yield and straw fraction for selected crops with errors.
	Field crop
	Yield / Straw

Beet / Leaf
	Root / Shoot
	Carbon content yield
	Carbon content straw
	H2O content yield
	H2O content straw

	Grain
	1.15±0.29
	0.14
	44.7±1.6
	45.7±3.6
	13.0±1.0
	14.0±0.0

	  Wheat
	1.00±0.07
	0.21
	44.1±1.8
	45.6±6.1
	13.0±1.0
	14.0±0.0

	  Maize
	1.10±0.22
	0.18
	47.7±2.3
	45.7±1.6
	13.0±1.0
	14.0±0.0

	  Barley
	1.04±0.05
	0.32
	44.3±2.2
	46.8±2.8
	13.0±1.0
	14.0±0.0

	  Rye
	1.33±0.27
	0.19
	45.7±0.1
	47.1±2.0
	13.0±1.0
	14.0±0.0

	  Oat
	1.10±0.08
	0.40
	45.0±?
	45.0±?
	13.0±1.0
	14.0±0.0

	  Triticale
	1.05±0.15
	0.19
	44.4±1.7
	43.8±0.3
	13.0±1.0
	14.0±0.0

	Beet
	0.50±0.26
	-
	44.5±0.5
	43.1±1.0
	83.9±4.9
	83.7±4.4

	  Potato
	0.60±0.40
	-
	44.0±?
	44.0±?
	79.0±1.0
	77.5±2.5

	  Sugar Beet
	0.67±0.12
	-
	45.0±?
	42.1±?
	77.5±0.5
	81.0±3.0

	Oil Fruits
	1.87±0.21
	0.14
	60.5±?
	46.9±3.2
	9.0±0.0
	12.0±2.4

	  Rape
	1.90±0.12
	0.14
	60.5±?
	46.9±3.2
	9.0±0.0
	11.5±2.5


3.1 Results
The annual sums of modelled NPP for Austria and Germany for the years 2000 and 2001 are presented in figure 2. The spatial resolution of the map is 1km x 1km. The colour scheme is chosen to symbolize high NPP values with green, medium values with sandy and low values with red colours. White pixel represent all areas which do not belong to GLC2000 classes 16 or 18 (see also table 1). For both years the yearly NPP is higher in the southern states of Germany than in the northern and eastern parts. The annual NPP-sums for the German area are about 76.4*106 tons for the year 2000 and about 73.3*106 tons for 2001. For Austria the sums are 7.9*106 tons for 2000 and 6.2*106 tons for 2001. The conversion of statistical yield data to NPP as described above delivers annual sums for Germany of about 67.2*106 tons for 2000 and 71.5*106 tons for 2001. For Austria these values are about 5.7*106 tons for 2000 and 6.0*106 tons for 2001. From this one can deduce that for Germany our modelled NPP shows for both years an overestimation compared to statistical data (~13% for 2000 and ~2% for 2001). For Austria the modelled NPP for 2000 is higher (~28%) compared to statistical data where it is ~3 % for 2001. Furthermore, it is obvious that parts of eastern Germany have very low yearly NPP-sums (red signature especially for the year 2001. On the other hand, the southern parts of the study area have remarkable higher NPP values than in 2000.
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Figure 2: Yearly NPP sums for agricultural areas of Germany and Austria for the years 2000 and 2001
For correlating the modelled NPP sums with the statistical results the estimated biomass per pixel is aggregated to NUTS-3 level. A coefficient of determination between 0.58 and 0.79 for Germany and between 0.74 and 0.75 for Austria was found. The results for the years 2000 and 2001 are presented in figure 3.

The different validation results for Germany and Austria might be explained by the different distribution of cultivated plants in both countries and by the way of converting yield information to biomass.

Another reason can be seen in the fact, that for both statistics a residual of miscellaneous crops is mentioned. For Germany this amount is about 15% of the total managed areas and about 9% for Austria. Furthermore the difference can be explained by the scatter for each country. It is obvious from figure 3, that the scatter for the German data is remarkably higher than for the Austrian data, due to the difference in the number of available validation data (Germany: 412, Austria: 99).


Figure 3: Results for the correlation of modelled NPP and extrapolated statistical yield data for Germany and Austria for the years 2000 and 2001
Sharp boundaries within the sample space are due to the fact that some individual meteorological data points are more prominent than others. From this one can identify the meteorology as a strong influence on the simulation results. Since the ECMWF data do not show these significant leaps between two data points as the simulated NPP would suggest, the reason has to be seen in the parameterisation of the model. A possible reason could be the formulation of the soil water budged, which is expressed by a bucket model. Investigations showed that the soil water tends to disappear completely in areas with relatively moderate precipitation. Therefore the bucket model formulation has to be seen as only particular sufficient for calculating the soil water budged.
4. Conclusions
For this study we used the dynamic biomass model BETHY/DLR to estimate NPP for the territories of Germany and Austria for the years 2000 and 2001. A new approach was presented to validate modelled NPP with statistical data about acreage and mean yields of main crops on NUTS-3 level. This was done by using conversion factors about corn-to-straw and shoot-to-root ratios to convert the statistical yield.

With this method high coefficients of determination (r² up to 0.79) are proven. It could be shown that for German districts BETHY/DLR underestimates NPP (17%) whereas for Austrian districts it overestimates (8 %) NPP. For areas where the land cover classification (GLC2000) provides insufficient information (e.g. Alps) a significantly underestimated or no biomass is modelled and effects high discrepancies between modelled NPP and converted statistical data. This leads to the argument that a spatial resolution of about 1km x 1km is not suitable to describe the heterogeneous land use structure of mid Europe properly. For some areas very low NPP sums were modelled for the year 2001. Possible reasons might be found in the formulation of the soil water budget, which is parameterized by a bucket model. Further investigations will take into account recent land cover products with higher spatial resolution (e.g. MERIS GlobCover 300m x 300m) to improve the results.
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