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Abstract. We present a new approach to the validation1 Introduction
of modelled forest Net Primary Productivity (NPP), using
empirical data on the mean annual increment, or MAI, in Models of carbon uptake by plants play an important role
above-ground forest stock. The soil-vegetation-atmospherein answering questions concerning the mechanisms driving
transfer model BETHY/DLR is used, with a particular fo- the carbon cycle and the roles of terrestrial carbon sinks
cus on a detailed parameterization of photosynthesis, to estand sources (Cox et al., 1999). Carbon uptake by plants,
mate the NPP of forest areas in Germany, driven by remoteneasured as Gross Primary Productivity (GPP), can be pre-
sensing data from VEGETATION, meteorological data from dicted by simple models that describe the physical, chemical,
the European Centre for Medium-Range Weather Forecastgnd plant physiological processes of plant development, as
(ECMWF), and additional tree coverage information from well as the interactions between plants and the atmosphere.
the MODIS Vegetation Continuous Field (VCF). The out- Such “deterministic” models (sometimes also called “mecha-
put of BETHY/DLR, Gross Primary Productivity (GPP), is nistic” or “Monteith-type” models) calculate photosynthesis
converted to NPP by subtracting the cumulative plant main-following the methods of Monsi and Saeki (1953) and Mon-
tenance and growth respiration, and then validated againgeith (1965).
MAI data that was calculated from German forestry inven-  The idea behind these Monteith-type models is that the
tories. Validation is conducted for 2000 and 2001 by con-caron uptake of sufficiently watered and fertilized plants
verting modelled NPP to stem volume at a regional level.s |inearly correlated with the energy of the incident pho-
Our analysis shows that the presented method fills an imyggynihetically active radiation (PAR), or more precisely,
portant gap in methods for validating modelled NPP againstne fraction of the PAR that is actually absorbed by the
empirically denvegi data. In addition, we examine theoretlj plants (fPAR). Following this approach, it is possible to cal-
cal energy potentials calculated from the modelled and vali-cjate GPP for each vegetation type from the absorbed solar
dated NPP, assuming sustainable forest management and Ysgiation (fPAR) and the light use efficiency (LUE) of the
ing species-specific tree heating values. Such estimated fogegetation type. The LUE can be affected by environmental
est biomass energy potentials play an important role in theyyess factors, particularly temperature, water limitation, and
sustainable energy debate. nitrogen availability. Species-specific fPAR values may be
estimated by measurement of dry biomass accumulation, or
may be derived from satellite data.

GPP, as estimated by such a model, can be converted
to NPP by considering temperature-dependent maintenance
respiration. Maintenance respiration can be estimated using
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Area Index (LAI) of the vegetation following Running et GPP, NPP and NEP, total ecosystem respiration, and evapo-
al. (2000). In either case, NPP is defined as the remaindetranspiration.
after plant maintenance respiration is subtracted from GPP. This study used the Biosphere Energy Transfer Hydrol-
In a further step, Net Ecosystem Productivity (NEP) can beogy (BETHY/DLR) model, a dynamic model based on the
calculated by subtracting the heterotrophic respiration in anJena Scheme of Atmosphere Biosphere Coupling in Ham-
ecosystem from the ecosystem’s NPP. burg (JSBACH) by Knorr (1997), which was designed for
The Monteith-type model architecture has been used manglobal applications (see also Knorr and Heimann, 2001). It
times. For example, the C-Fix model, a Monteith-type para-was modified by Wisskirchen (2005) for application to re-
metric model by Veroustraete et al. (1994), was used by Vergional modelling.
straeten et al. (2006) to estimate net ecosystem fluxes for Model validation is often conducted using data from de-
all of Europe. C-Fix is driven by vegetation type data of vices called eddy covariance flux towers. The relationship
the Normalized Differenced Vegetation Index (NDVI) and between carbon and energy flux has been studied in interna-
meteorological data (temperature and daily incoming globaltional networks such as FLUXNET (Baldocchi et al., 2001)
radiation) obtained from about 800 weather stations admin-and AmeriFlux, as well as in projects such as EUROFLUX
istered by the World Meteorological Organization (WMO). (Valentini, 2003) and CarboEurope. This research has shown
Verstraeten et al. (2006) validated their results with eddythat eddy covariance flux tower measurements can be used to
covariance flux tower measurements, obtainingR#of quantify NEP at the spatial scale of the footprint of a tower
0.84 for pine forests and 0.59 for mixed deciduous forests(Baldocchi, 1997). As mentioned above, NEP may also be
The Carnegie-Ames-Stanford Approach (CASA) model in- calculated by subtracting heterotrophic respiration from NPP.
troduced by Potter et al. (1993) and validated by PotterTherefore, robust methods have been developed to estimate
et al. (2001, 2003) is another example of a Monteith-typeheterotrophic respiration in order to convert NEP, as mea-
model. The CASA model is driven by monthly NDVI data sured by eddy towers, into NPP (or, by considering plant
from the FASIR database of the Goddard Space Flight Cenmaintenance respiration as well, GPP).
ter, monthly temperature and precipitation data from the In- For example, the MODIS GPP product (MOD17, C4.5)
ternational Institute for Applied Systems Analysis (IIASA), was validated with eddy tower GOlux estimates across di-
and monthly PAR data from the Goddard Institute for Spaceverse land cover types and climates (Heinsch et al., 2006).
Studies. Validation of CASA was performed against atmo-The main test areas were forest ecosystems in North Amer-
spheric CQ concentration data from NOAA and the Geo- ica, but chaparral, oak savannah, northern grassland and Arc-
physical Monitoring from Climate Change Flask Sampling tic tundra were also included in the investigation. It was
Network, and obtaine@? values between 0.09 and 0.67. found that MODIS overestimated GPP by about 20% to
When the LUE approach is integrated into a coupled soil-30 %, but this depended strongly on season and ecosystem
plant-atmosphere model, such as the Atmosphere—Land Exype. Comparison of annual MODIS GPP (modelled with
change (ALEX) model, daily estimates of evapotranspirationglobal meteorological data from NASAs Global Modeling
and carbon assimilation fluxes can also be obtained (Anand Assimilation Office) to tower-based GPP measurements
derson et al., 1997). Recently, more sophisticated modelgielded anr? of 0.72.
have begun to be developed that take this integrative ap- The primary objective of this study is to present a new
proach even further. In computing the uptake of carbon byapproach to the validation of modelled NPP. We compare
plants, these so-called “dynamic” models take into accounbutput from BETHY/DLR, run at 1 krh spatial resolution,
the complex interactions between plants, soil, and the atwith empirical measurements of the mean annual increment
mosphere, but also account for the carbon released by botfMAI) in above-ground biomass (including bark) observed in
plants and soil in a manner that respects the conservation dbrests in Germany. The MAI data are available at a regional
energy and momentum. At present, only a few dynamic mod-scale called the NUTS-1 level; NUTS is an abbreviation for
els have been published. Examples are the Lund-PotsdaniNomenclature des Uriis Territoriales Statistiques,” and is
Jena (LPJ) model developed by Prentice et al. (1992) ané system of hierarchically organised territorial units used for
modified by Bondeau et al. (2007), the Equilibrium Terres- statistical purposes. The NUTS-1 MAI data were obtained
trial Biosphere Model (BIOME3) by Haxeltine and Pren- from the National Forest Inventory (NFI) of Germany.
tice (1996), and the ORganizing Carbon and Hydrology in A secondary objective is to use our modelled and validated
Dynamic EcosystEms (ORCHIDEE) model by Krinner et NPP to estimate theoretical energy potentials, given sustain-
al. (2003). These global models are driven by meteorologicahble forestry practices, for the area of study. Sustainable en-
input data, and phenology is calculated internally from thoseergy potentials from forests are a key element in planning a
inputs using per-species physiological parameters. The spasustainable energy economy for Germany (and, of course, the
tial resolution for dynamic models can range from degreesyest of the world), and so developing methods for estimating,
for global models such as Prentice et al. (1992) and Hax-and ultimately forecasting, these potentials is of great impor-
eltine and Prentice (1996), to kilometres, for regional mod-tance (BMVBS, 2010).
els such as Wisskirchen (2005). Model outputs are typically
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2 Model description precipitation, temperature and evapotranspiration. A “bucket
model” is used for calculating soil water dynamics, using the
BETHY/DLR is a soil-vegetation-atmosphere-transfer plant rooting depth as the depth of the soil core. In the bucket
(SVAT) model. SVAT models track the plant-mediated model, water availability for plants is governed by the soil
transformation of atmospheric carbon dioxide into energy-water content above the permanent wilting point (at which
storing hydrocarbons such as sugars, a process known agater is so tightly bound by soil particles that it is unavail-
carbon fixation. BETHY/DLR models photosynthesis, and able to plants) and below the field capacity (at which the soil
takes into account environmental conditions that affect it.is full and further water added by precipitation or snowmelt
Photosynthesis is parameterized following the combinedruns off). The distribution of water within the soil is not mod-
approach of Farquhar et al. (1980) and Collatz et al. (1992)elled in BETHY/DLR, although this would be a worthwhile
and treats separately the “light” and “dark” reactions of addition. Water limitation is considered by calculating the
photosynthesis at the leaf level. A benefit of this design isdemand for evapotranspiration using the approach of Mon-
that the photosynthetic rate can be mechanistically limitedteith (1965) with the criteria of Federer (1979), which state
either by light availability or by the abundance of the that evapotranspiration cannot be greater than the limit set
carboxylation enzyme Rubisco, the key player in the Calvinpy the soil water supply and the water uptake physiology of
cycle that fixes carbon. In addition, so-called C3 and C4a plant’s roots.
plants are distinguished in BETHY/DLR because significant Autotrophic respiration is modelled in BETHY/DLR as
differences exist between their carbon fixation physiologiesithe sum of maintenance respiration and growth respiration.
in particular, C4 plants such as sugar beet and corn can fi¥1aintenance respiration is determined by plant-specific dark
more atmospheric C£at higher temperatures than can C3 respiration rates, while growth respiration is proportional to
plants such as barley and wheat. the difference between GPP and maintenance respiration.
In a second step, the rate of photosynthesis is extrapolatedor estimating NEP, heterotrophic soil microbe respiration
from leaf to canopy level taking into account both canopy is calculated as a function of temperature, scaled by the an-
structure and the interactions between soil, atmosphere, angual NPP and the effect of soil moisture (neglecting, for mod-
vegetation. For closed canopies (trees, shrubs, and crops) thgling purposes, other heterotrophic respiration).
photosynthetic rate depends on the Leaf Area Index (LAI), @ The output of BETHY/DLR is a time series of NPP in
per-species metric of leaf upper surface area per unit groundajly steps, at the resolution and projection of the land cover
area. To model self-shading, photosynthetic rate is reduced|assification. Here 1 kiresolution is used, in a latitude-
exponentially from the canopy top to the soil. In this ap- |ongitude projection using the WGS84 (World Geodetic Sys-
proach, radiation absorption in the canopy is approximatedem 1984) datum. An overview of the input data used in this

in BETHY/DLR using the so-called “two-flux scheme” of study and the internal model processes acting upon them is
Sellers (1985) with three canopy layers. presented in Fig. 1.

Besides photosynthesis, other energy transfers also need
to be tracked. BETHY/DLR’s energy balance model takes
into account heat fluxes between the vegetation and the a3 |nput data
mosphere above it, as well as the cooling effect of evapotran-
spiration from the soil and vegetation. Soil heat flux is also The inputs of the BETHY/DLR model are three remote
estimated, and the storage of heat in the canopy and in the afensing datasets derived from SPOT-VEGETATION and
layer above the canopy is considered. MODIS, meteorological data provided by ECMWF, and two
The coupling of these processes is of great importancefurther datasets describing soil type and land elevation.
since temperature-dependent photosynthesis transforms light
energy into chemical energy, and finally into carbohydrates3.1 Remote sensing data
using water and C® Water is available for the plants from
the soil, while evapotranspiration by plants and soil deter-Per-pixel Leaf Area Index (LAI) time series were used to
mine the water vapour deficit in the atmosphere, which isdetermine vegetation phenology. These time series were
closely linked to the stomatal behaviour of leaves. Thusbased on CYCLOPES (Carbon cYcle and Change in Land
when considering the dynamic interaction of, for instance,Observational Products from an Ensemble of Satellites) ten-
the soil water balance and photosynthesis, the natural beday composite datasets, which can be downloaded from the
haviour of vegetation can be reflected; this is the motivatingPOSTEL (Pole d'Observation des Surfaces continentales par
idea of the SVAT approach. TELedetection) database. Criteria for the identification of
The water cycle must also be modelled and included ingaps and outliers in the CYCLOPES datasets were defined
this interaction scheme. In BETHY/DLR three water reser- and crosschecked against a hand-validated dataset. For each
voirs are considered: soil water, snow, and “skin” or “in- identified gap or outlier, harmonic analysis (HA), a type of
tercepted” water on leaves and other parts of the vegetasuperpositioning transformation, was applied to estimate a
tion. These reservoirs change in time and space depending aorrected value. Following this procedure, a global mean
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Fig. 1. Model overview for BETHY/DLR. Left: input data, middle: internal model processes, right: outputs.

error of 9% was found across a longer time series. Despitelasses represented forest types found within Germany; the
these gaps and outliers, the CYCLOPES dataset is the mo8ETHY/DLR representation of these four classes is shown
consistent LAI dataset available (Garrigues et al., 2008); itin Table 1.
was also chosen because it is available in the needed form of To obtain information about fractional land cover, an ad-
ten-day composites. ditional dataset was used. The MODIS Vegetation Contin-
The CYCLOPES dataset also provides land cover and landious Fields (VCF) dataset (DeFries et al., 2000; Hansen et
use information for the year 2000, available as the prod-al., 2002, 2003) contains annual global data on percent tree
uct Global Land Cover 2000 (GLC2000). The Land Cover cover at a spatial resolution of 500 m square, and is avail-
Classification System of the Food and Agriculture Organi-able for 2000 to 2005. For use in BETHY/DLR, the high-
zation of the United Nations (FAO), using 22 different land resolution VCF data were aggregated to match the spatial res-
cover classes, was used to derive GLC2000 (Bartholome etlution of the CYCLOPES data using a Geographic Informa-
al., 2002; DiGregorio and Jansen, 2001). The CYCLOPEStion System (GIS). For GLC2000 class 6 (“Tree cover, mixed
LAI and GLC2000 datasets are both available a4 leaf type”), a weighting factor of 0.5 between deciduous and
maps in rectangular projection, with latitude and longitude coniferous forest types was used (without scaling of those
using the WGS84 datum. Complete coverage of the studyweights by the VCF fractional land cover). This approxima-
area (Germany) is available. tion was assumed to be adequate, since only 15 % of German
In order to make the GLC2000 land use/land cover classiforest areas are described as mixed forest in the GLC2000,
fication useable for NPP modelling with BETHY/DLR, and since VCF contains no further information about the pro-
the GLC2000 vegetation classes were translated tdgportion of deciduous to coniferous trees. A similar approach
BETHY/DLR’s forest-related vegetation types.  Each was described by Jung (2008) using the AVHRR Continuous
vegetation type in BETHY/DLR is described by biochemical Field of Tree Cover dataset.
parameters such as the maximum carboxylation rate and
the maximum electron transport rate, encapsulating the3.2 Meteorological data
maximum rates of, respectively, the light and dark reac-
tions of photosynthesis. The internal parameterisation ofin addition to remote sensing data, BETHY/DLR needs me-
BETHY/DLR allows a given GLC2000 vegetation class to teorological input data (Table 2). The ECMWF (European
be represented as a fraction of two BETHY/DLR vegetationCentre for Medium-Range Weather Forecasts) provides this
types. In the context of this study, only four GLC2000 data at a spatial resolution of 022% 0.25 and a temporal
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Table 1. Translation of GLC2000 vegetation classes to BETHY/DLR vegetation types with weighting factors.

GLC2000 class BETHY/DLR type Weighting factor
Tree cover, broadleaved, deciduous closed (glc-2) Temperate broadleaved deciduous trees MODIS VCF
Tree cover, broadleaved, deciduous open (glc-3) Temperate broadleaved deciduous trees MODIS VCF
Tree cover, needle-leaved, evergreen (glc-4) Evergreen coniferous trees MODIS VCF
Tree cover, mixed leaf type (glc-6) Temperate broadleaved deciduous treds5

Evergreen coniferous trees 0.5

Table 2. Summary of meteorological input data from ECMWF, of ECMWEF radiation data (Wisskirchen, 2005). Global radi-

including short names and code numbers. ation was calculated for each location at each one-hour time
step.

Parameter ECMWF ECMWF Time series of the volumetric soil water content were
short code needed to calculate the soil water budget of the model. Infor-
name number mation about the soil type was taken from the International

Volumetric soil water layer 1 SWVL1/(SWL1) 039 Soil Ref_ergnce and I_nformation Centre-World Inven_tory of

Volumetric soil water layer 2 SWVL2/(SWL2) 040 Soil Emission Potentials (ISRIC-WISE) dataset, which has

Volumetric soil water layer 3~ SWVL3/(SWL3) 041 a resolution of 5< 5 arcminutes. It is a harmonization of

Volumetric soil water layer 4 ~ SWVL4/(SWL4) 042 the global FAO-UNESCO Soil Map of the World (FAO-

Geopotential Z 129 UNESCO 1974).

Large scale precipitation LSP 142

Convective precipitation CP 143

10 mU-velocity 10U 165

10 m V-velocity v 166 4 Eddy crosscheck

2 m temperature z 167

Low cloud cover LCC 186 Before validating BETHY/DLR’s modelled NPP for NUTS-

Medium cloud cover MCC 187

1 regions across all of Germany, we performed a cross-
check of BETHY/DLR GPP results with eddy covariance
flux tower measurements provided by FLUXNET. Two tower
sites were selected, one in the Hainich forest and one in the
resolution of up to four times per day. The data are producedThal’andt forest. The Hainich tower is to the west of Jena,
by ECMWF’s climate model analysis of meteorological sta- Germany, in a mixed deciduous beech forest, while the Tha-
tion measurements of air temperature (at 2m height), windandt tower is south of Dresden in a coniferous forest. For
speed (at 10m height), soil water content (in the four up-both sites Level 4 data, providing information about GPP,
permost |ayers)’ and cloud cover. Dai|y precipitation valuesare available for 2000 and 2001. GPP was calculated by sub-
were obtained from the ECMWE INTERIM dataset. From tracting the estimated ecosystem respiration from measured
these data we calculated daily mean, minimum and maxiNEP) as described in Reichstein et al. (2005). These data
mum temperatures, daily mean cloud cover at three heightgvere crosschecked against BETHY/DLR'’s modelled GPP, as
and relative humidity. Daily temperature values were re-annual sums at each station (Table 3).
constructed at the 1 kfrresolution of the land cover data, Because BETHY/DLR underestimated annual GPP sums
adjusting for the elevation difference between the ECMWFby 20 %—30% for both stations over both years, a further
data and the elevation of each modelled pixel using the temanalysis of monthly GPP sums was performed (Fig. 2).
perature gradient of the international standard atmosphere BETHY/DLR’s GPP estimates qualitatively follow the
(—0.65K per 100 m). measured GPP for the coniferous forest at Tharandt over both
The daily average photosynthetically active radiation years, but with a slight underestimation (Fig. 2a and b). This
(PAR) was calculated from global radiation following the finding accords with the results of Wisskirchen (2005), who
method of Burridge and Gadd (1974). This method calcu-also observed good agreement between measured and mod-
lates PAR from the incident sunlight for the given day and elled NEP at Tharandt. For the mixed deciduous forest of
year, modified by atmospheric transmission, which dependshe Hainich station in 2000, BETHY/DLR’s estimated GPP
on the degree of cloudiness. Daily average cloud cover wass good up to May and from September onwards. However,
calculated using a weighted sum of each cloud layer. ThisJune, July and August exhibit a strong depression of the mod-
approach leads to more exact results than the direct use of r&lled GPP, responsible for the overall underestimation for this
diation forecast data, and is thus preferable to the direct usgear (Fig. 2c). For Hainich in 2001 the modelled GPP is

High cloud cover HCC 188
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Table 3. Annual GPP sums in (gCn? a~1) modelled with BETHY/DLR and measured with eddy flux towers at the Hainich and Tharandt
stations for 2000 and 2001. The percent difference and RMSE are provided for each comparison.

Year Hainich Tharandt
BETHY/DLR Tower A RMSE BETHY/DLR Tower A RMSE
2000 1318 1649 20% 20.9 1426 2025 30% 18.6
2001 1210 1576 27% 25.2 1278 1655 23% 17.9
Tharandt 2000 Tharandt 2001
400 14 400 1g
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) g
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Fig. 2. Monthly GPP sums modelled with BETHY/DLR (solid lines) and measured with eddy flux towers (dashed lines) for the Tharandt
and Hainich stations for 2000 and 2001.

overestimated in May, but underestimated in all other monthghe more heterogeneous development patterns of the species
in the growing season (Fig. 2d). in this vegetation group.
Comparisons of GPP calculated by other vegetation mod-

Overall, BETHY/DLR models monthly GPP well for eIS, such as BIOME-BGC, ORCHIDEE and LPJ, with eddy
coniferous forest, with an underestimation of yearly GPPcqyariance flux tower measurements revealed an overall
of less than 30%. For deciduous forest the underestimagyse of 30 % for forests in climate zones from boreal to
tion of yearly GPP is also less than 30%, but monthly \jegiterranean (Jung, 2008). This magnitude of error corre-
GPP shows an RMSE of up to 25 (Table 3). In particular, sponds well with our findings.
BETHY/DLR seems to strongly underestimate the peak of
productivity during the middle of summer, perhaps due to
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5 \Validation strategy two principal species, plus an estimated value for all of the
secondary species.

To validate BETHY/DLR’s modelled NPP, we used empir-  The NFI data were then used to calculate the MAI of the

ical data on the mean annual increment (MAI) of timber- total above-ground biomass (M#), which was then com-

growing stocks. These data describe the change in the abovgared to the modelled NPP. To calculate MAbr a NUTS

ground woody parts of trees with a diameter greater tharregion, the increments of the above-ground biomass of conif-

7cm, given as solid tree volume (including bark), estimatederous (MAL) and deciduous (MAJ) trees were summed

during the second National Forest Inventory (NFI2) and the(Eq. 1).

first National Forest Inventory (NFI1), divided by the time

between the two inventories. We chose to use MAI insteadV!Al T =MAl ¢ +MAl 4 (1)

of current annual increments (CAl) because for Germany,. jescribed above. we calculated MAind MAl as the
no empirically-deriv_ed data with higher temporall resolution sum of the increments of the total above-ground biomass of
than the NFI is available. For Germany, these timber stockthe two dominan species?() plus an estimate for the tertiary

increment data are provided by the second National Foresépecies ). Both MAI; and MAIg, represented simply as
Inventory, classified by forest, tree species, and age clas§ya| were t.hus calculaied followin,g Eq. (2)

The aim of this ongoing large-scale survey is to establish sta-

tistically reliable central monitoring of the development of 2 .

Germany'’s forests, to allow assessment of each forest's statMAl = ZMer M 2

and production potential. The NFI survey uses a permanent s=1

set of sampling sites, based on a nationwide 4&k#km  The index s represents the two dominant species of the forest
grid. Samples are taken at randomly chosen sites from thig|gss.

set, using a uniform procedure across all of Germany. This Since tree biomass depends upon agewas calculated
sampling procedure fulfils accuracy requirements at the naysing per-species age-dependent biomass incremgerfts:;

tional level, but more intensive sampling is conducted for the ten age classes in the NFI data, as shown by Eq. (3).
greater accuracy in some smaller federal states, such as Bre-

men and Hamburg. From a statistical point of view the max- . 10

imum error of the NFI survey regional level data is about MS:ZﬁSa'ASa ©)
12 % for coniferous forest and below 8 % for deciduous for- =1

est, calculated from the data of BMELV (2004). The index a represents the age classes,/anmgpresents the

For each sampling site, the NFI surveys about 150 charproportional area occupied by each age class (given in the
acteristics, such as tree species composition, timber volumeyFI data).
and growth, using an angle-count sampling method at each Since values foB are not given by the NFI, the NFI's
corner of the site. Furthermore, sampling circles with de-species- and age-dependent net increments of the outer bark
fined radii are drawn to survey tree species compositionyolume V, expressed in A larea?, are used. To con-
tree heights, deadwood, ground vegetation and other chanerttimber stock biomass into absolute dry biomass, species-
acteristics. A more detailed description can be found independent conversion factoes @re needed (Table 4). Fur-
BMELV (2004). thermore, species- and age-dependant conversion factors,

The first NFI survey was conducted between 1986 andP, are needed to estimate the total above-ground biomass.
1988 and was restricted to the ten states of the former WesP represents the fraction of total above-ground biomass,
Germany. All data of the NFI1 are referenced to the yearincluding branches of less than 7cm diameter and nee-
1987. The second NFI survey was carried out in 2001 andlles/leaves, that is outer bark (Table 4). Given these values,
2002 across all federal states of Germany. The reference yedt was calculated as shown in Eq. (4).
for NFI2 is 2002. The NFI data are freely available at the )
NUTS-1 level (BMELYV, 2004). sa=— (4)

In order to validate the modelled NPP against these NFI
surveys, the highly detailed NFI data had to be aggregatedBecause the first NFI was conducted before 1989, values for
In a first step, the tree species reported in the NFI statisV are only available for the ten states of the former West
tics were grouped into BETHY/DLR’s two temperate for- Germany. For the five states of the former East Germany,
est classes, coniferous and deciduous. Coniferous forest imalues forVwere taken from yield tables (Erteld, 1963).
Germany is mainly composed of spruces7 %) and pine For this study values of were taken from Dieter and En-
(~33 %), while Germany’s deciduous forest is dominated byglert (2001). Since only a single source of values fowas
beech 48 %) and oak+{25%). It was therefore assumed found, the accuracy of these values is unknown.
that all parameters (standing timber stock and mean annual To calculateM it was assumed that a weighted average
increment of timber stock, in particular) of these two forest of the biomass increments of the two dominant tree species,
classes could be estimated as the sum of the metrics for th&, would be representative for the tertiary species (EqQ. 5).
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Table 4. Per-species percentage of timber stock biomass (without bark) to total above-ground biBhfess (Kramer and Kiager (1981),
maxe from Dieter and Englert (2001), and mirfrom Kaltschmidt and Hartmann (2009)=/o value.

e (tm3) P per age class

Species min  max | |l 1 1\ \% VI Vil VIl X X

0.48 025 0.17 0.17 013 0.12 0.13 / /
033 025 019 019 0.18 0.15 0.16 / /
0.00 049 032 019 016 0.14 0.13 015 /
056 021 019 0.12 0.11 0.12 011 0.08 0.08

Spruce 0.38 0.43
Pine 0.43 0.49
Beech 0.56 0.66
Oak 0.58 0.64

SNeoNeNG

Statistical analysis indicated that the error of this approach is
less than 6 %.

NPP
[tC/km?/a]

l 200

3

. A.V.%
M= 5 (5)

P and V represent the arithmetic averages of the weighted
average means df andV, respectively. Since both depend
on tree age and species composition, they were thus calcu ¢
lated using Eq. (6) # being calculated analogously using
P).
10
2 Y- VsaAsa

a=1 Kil
Z 0 125 250 500

10
s=1 Z AS,a
azl (6) Fig. 3. Annual NPP of forest areas in Germany for 2000 and 2001.
High NPP is shown in green, moderate NPP in yellow, and low
£ was calculated using the arithmetic mearepfollowing NPP in red. Grey pixels represent areas which do not belong to
Eq. (7). the GLC2000 classes glc-2, glc-3, glc-4 or glc-6 (see also Table 1).
Blue pixels represent pixels designated as forest in GLC2000, but

V=

22: that have less than 10 % forest cover according to VCF; their mod-
$18s elled NPP is therefore close to zero despite being considered forest.
E=—— (7

2

Before the modelled results could be validated, they neededf R for each of the two temperate forest classes modelled
to be aggregated to the NUTS-1 level at which the NFI databy BETHY/DLR (coniferous and deciduous) was calculated
are given. To accomplish this, the modelled NPP was first(deciduous: 0.19- 0.08, coniferous: 0.2% 0.04). To check
transferred to a GIS, taking into account the equi-rectangulathe numbers upon which these calculations were based, the
WGS84 datum map projection. Then, in order to allow com- corresponding allocation factors for above-ground biomass
parison of the datasets, the CAl of the above-ground biomasgere also calculated using the same dataset (deciduous: 0.81,
of the modelled NPP was calculated. Because the modelledoniferous: 0.84); these values agree closely with previously
NPP does not specify which parts of the plant contain the acreported values (Zhou et al., 2006), supporting our estimated
cumulated carbon, the below-ground carbon content had tgalues forR. The value forh was set to 2, which is seen
be estimated and removed. Furthermore, the NPP (in unitas representative for both deciduous and coniferous trees
of carbon) was converted to above-ground biomass (in unit§Houghton et al., 1997).
of dry weight) by applying a conversion factor (Eq. 8). After these calculations and conversions, the CAIl de-
NPP. . rived from the BETHY/DLR model output was compared to
= (8)  the MAI calculated from NFI statistics in order to validate
A+R) BETHY/DLR's estimates of NPP.

R represents the ratio of the increment of below- to above-
ground biomass, while. is a conversion factor from NPP
to total biomass. Species-specific values Rowere taken
from Pistorius and Zell (2005). Since the GLC2000 gives
no information about tree species distribution, a mean value
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6 Results and discussion of 66 % for Schleswig-Holstein (SH) and an overestimation
of 106 % for Bavaria (BY) is observed, for example. For
Figure 3 depicts annual modelled NPP for Germany in 2000coniferous forest (Fig. 5a) the two area estimates are more
and 2001 at this study’s spatial resolution of 1%mFor comparable, with a mean difference of 20%. These im-
both years the major forests of southern Germany (the Spesalances are reduced when looking at the total forest ar-
sart, the Palatinate, and the Black Forests) are clearly ideneas for deciduous and coniferous trees across all of Ger-
tifiable from their high NPP values, whereas the north- many; total coniferous forest area estimates are 42 460 km
ern forested areas, such as the Harz mountains, have sulNFI) and 47 100 kri(GLC2000), and for the deciduous for-
stantially lower NPP. The mean annual NPP for 2000 wasest, 60800 kra (NFI) and 61 100 krh (GLC2000). It can
139 (tC knm2yr—1) with a maximum of 547 (tCkm?yr=);  also be seen in Fig. 5a and b that the GLC2000 underesti-
for 2001 the mean annual NPP was 137 (tCkyr—1) with  mates forest areas for the northern states of Germany such as
a maximum of 544 (tCkm?yr—1). Total annual modelled  Schleswig-Holstein (SH) and Lower Saxony (NI), whereas
NPP was thus 21.6 10°tC for 2000 and 21.% 10°tC for it overestimates the forest areas for southern states such as
2001. Bavaria (BY) and Baden-Wttemberg (BW).

Conversion of these NPP values to above-ground biomass In aggregate, then, GLC2000 represents forest area well,
as described above gives annual totals of 5218°t for  but its spatial distribution is not comparable with the NFI
2000 and 51.& 10°t for 2001. The value estimated from data. We hypothesize that the medium-scale forest structure
NFI's data is 82.% 10°t (for both of 2000 and 2001). Our found in most parts of Germany is not adequately described
modelled NPP thus shows an underestimation of 37 % fory the GLC2000, due to the difficulty of accurately classify-
both years compared to empirical data. Furthermore, largéng a heterogeneous land cover distribution even with a reso-
areas with very low NPP can be identified, especially at thelution of 1 kn? (Mayaux et al., 2006). According to the Land
borders of larger forests such as the Black Forest of south€over Classification System (DiGregorio and Jansen, 2001)
western Germany. This is because these areas are considergsed in deriving GLC2000, the GLC2000 class “Broadleaved
to be forest according to GLC-2000, but MODIS VCF indi- Deciduous Closed to Open (100-40) % Trees” includes all
cates very low forest cover fractions (down to one part perforest areas with a forest fraction from 40% to 100% — a
thousand). Such areas of conflicting land cover informationvery wide range. In order to describe the forest cover frac-
are shown as blue pixels in Fig. 3. tion more precisely, the MODIS VCF product was combined

Linear regressions of estimated above-ground biomass inwith the GLC2000 to produce the area estimates used as in-
crement from modelled NPP (CAl) against the empirical dataputs by BETHY/DLR. Figure 5a and b show the coniferous
from the NFI (MAI) are presented in Fig. 4, with results for and deciduous forest areas that result from this combination
coniferous and deciduous trees separated for comparsion. of MODIS VCF and GLC2000. Clearly this approach led

Figure 4 shows that BETHY/DLR underestimates the netto underestimations of the forest area in Germany, both for
increment of above-ground biomass for both deciduous an@oniferous (47 %) and deciduous (59 %) forest. This under-
coniferous trees. Th&? values of 0.74 and 0.76 for de- estimation occurs because only areas reported as forested in
ciduous trees indicate a high degree of correlation, howeverthe GLC2000 were carried forward to be combined with the
The correlation for coniferous trees is even stronger, withMODIS VCF coverage data; areas designated as non-forest
R? values of 0.95 and 0.93, but the underestimation is alsdn GLC2000, but with a non-zero forest cover fraction in
higher here. In order to quantify the predictive accuracy of VCF, were treated as non-forested. As a result, those for-
BETHY/DLR’'s NPP estimates, the root mean square errorest areas which were underestimated by GLC2000, such as
(RMSE) was calculated for all four panels; for deciduous Lower Saxony or Schleswig-Holstein, led to substantial un-
trees the RMSE is 1.53 (2000) and 1.48 (2001), and for conif-derestimations of the increment of above-ground biomass.
erous trees, 1.87 (2000) and 1.93 (2001). Other land cover datasets with higher resolution, such

The MAI of above-ground biomass for deciduous as CORINE (100mx 100m) and MERIS GlobCover
trees in Germany for all NUTS-1 regions is 821.9tons (300 mx 300 m), are available for Germany, and their land
perkn? (NFI), but the corresponding value estimated with use structures show a better agreement with the NFI data.
BETHY/DLR is 530.9tons perkf 35% less. For conif-  Since BETHY/DLR requires land cover and LAl inputs to be
erous trees these values are 804.7 tons pér@diFl) and  at the same spatial resolution, and since no higher-resolution
416.0tons per k(BETHY/DLR), a 48 % underestimate. LAl products are available yet for Germany, these finer-

A reason for underestimation can be found in the landgrained land cover datasets unfortunately could not be used.
cover/land use classification used (GLC2000). Figure 5Exploratory analysis shows, however, that the combination
presents a comparison of the forest areas derived from thef GlobCover and VCF leads to an underestimation of forest
NFI database, the forest areas of GLC2000, and the foresdrea of 24 %, while the combination of CORINE and VCF
areas for the intersection of GLC2000 and MODIS VCF.  yields an underestimation of only 7 %. This agrees with the

From Fig. 5b it is apparent that NFI and GLC2000 decidu- findings of EEA (2006), which estimated the reliability of the
ous forest area estimates differ markedly; an underestimatio©€ ORINE classes 311 (coniferous forest) and 312 (deciduous
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Fig. 4. Estimated above-ground biomass increment from modelled NPP (CAl) versus empirical data from the NFI (MAI) for Germany’s
deciduous and coniferous trees for 2000 and 2001. Each cross represents one NUTS-1 region. Thick lines show linear regressions. Value

are given in megatons per NUTS-1 unit per year.
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Fig. 5. Comparison of coniferous and deciduous forest areas from NFI, from GLC2000, and from the intersection of GLC2000 and
MODIS VCF areas. Areas are given in 10004<||mer NUTS-1 unit. BW: Baden Wuerttemberg, BY: Bavaria, BB: Berlin/Brandenburg,

HE: Hesse, MV: Mecklenburg-Western Pomerania, NI: Lower Saxony/Hamburg/Bremen, NW: North Rhine-Westphalia, RP: Rhineland-
Palatinate, SL: Saarland, SN: Saxony, NT: Saxony-Anhalt, SH: Schleswig-Holstein, TH: Thuringia.
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Fig. 6. Normalized estimated above-ground biomass increment from modelled NPP versus empirical data from the NFI for Germany’s
deciduous and coniferous trees for 2000 and 2001. Each cross represents one NUTS-1 region. Thick lines show linear regressions. Value
are given in tons km?.

forest) at better than 85 %. We observe, therefore, that while Figure 6 shows that BETHY/DLR does not exhibit
area-wide land cover products at high resolution are neededn underestimation for coniferous trees with these area-
and useful, high-resolution datasets for plant physiology pahormalized metrics, indicating that the underestimation seen
rameters such as LAl must also keep pace if these products Fig. 4 might indeed be explained by GLC2000’s area un-
are to be of maximal utility. derestimation, as discussed above. RA@alues of 0.61 and
Returning to Fig. 4, we note that when the number of ob-0.53 still indicate a reasonable degree of correlation.
servations is small, the slope of a regression line is very sen-
sitive to outliers. In the case of deciduous forests in 2000 and The underestimated CAl for deciduous trees, observed in
2001 two outliers can be identified that have a strong influ-Fig. 4 and persisting in Fig. 6 after area-normalization, might
ence on the slope of the regression line: Bavaria and Badehe explained by BETHY/DLR'’s internal model parameters
Wuerttemberg, the two largest federal states of Germany. Inelated to carbon uptake: maximum carboxylation rate and
Fig. 4 these states have the largest values (on both axes), beaximum electron transport rate. The values used for these
cause of their large areas. parameters were taken from Knorr (1997) (see also Knorr
To compensate for the large effect of both: the potentialand Heimann, 2001), where they were used for global carbon
outliers and forest area underestimation, we normalized th@ssessment; these values thus represent global mean values.
CAl and MAI data for each NUTS-1 region by dividing these However, forests in Germany are probably more productive
values by forest area, resulting in units of tons perfmper  than the “global mean” trees simulated by BETHY/DLR us-
NUTS unit. For this the MAI data was devidid by the forest ing these parameter values, because of their age. The last
area reported in the NFI and the CAl data by the combinedarge reforestation programme in Germany followed World
area of GLC2000 and VCF as used for the model run. TheWar I, to mitigate the deforestation experienced during the
results are presented with linear regressions in Fig. 6. war. According to the NFI, the mean age of Germany’s
forests is about 67yr (81yr for deciduous and 54yr for
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coniferous trees), an age class that is expected to exhibit ¢
high rate of increase of timber biomass. Young and old trees
differ in their carbon allocation and fixation strategies; in par-
ticular, carbon fixation and timber growth decreases with in-
creasing tree age. In old trees, the maintenance respiratiot
rate is nearly as high as the carbon uptake rate, and thus th
large majority of GPP in older trees is dedicated to mainte-
nance. The carbon uptake of young trees, on the other hand
is mainly used for growth. Studies show that the transition
between these two metabolic regimes occurs at about 60 tc
80yr of age (Zhou et al., 2006). Therefore it is likely that
the values used for the maximum carboxylation rate and the Y
maximum electron transport rate are too low to accurately A
simulate the tree communities of Germany (see Zaehle et al.,;
2006 for further discussion of this issue). Fig. 7. Sustainable theoretically available energy potential, in ter-

Underestimations in the modelled NPP could also be theyjoules per 1 ki pixel, of forest areas in Germany for 2000 and
result of the neglect of nitrogen deposition in the model. 2001. Low energy potentials are shown in blue, intermediate poten-
Luysseart et al. (2010) showed an increase in modelled NPRals in beige, and high energy potentials in red. White represents,
of up to 30% when nitrogen deposition is included in the asin Fig. 3, areas which are not designated as forested by GLC2000
model formulation. (see Table 1).

Uncertainties for deciduous trees are highef (.35 and
0.37) than for conifers, which might indicate higher struc- .
tural variability among deciduous tree species. In particular,and Grammel (1989). We assume sustainable management

deciduous tree species exhibit greater variation in shape thafif forest biomass; following this assumption, only the mean

do coniferous tree species in nature. annual.net increment of forest biomass is used to calculate
Finally, it should be taken into account that NFI statistics theqretlcal energy potentla!. . . .

can only produce MAI values; these values were estimateq SinceB (above-grognd biomass; see Eq. (8} is determined

from the difference between the first NFI survey, in 1987, or absolute dry c_ondmons, we calculated the energy poten-

and the second, in 2002. Until NFI conducts a third surveytlal (/) as shown in Eq. (9).

year, the effects of climatic variability cannot be captured by ; _ g« g (9)

the NFI statistics.

NPP
[TJ/km?/a]
M 200

125 250 500

Using this equation, theoretical energy potentials for 2000

and 2001 were estimated from the above-ground biomass
7 Estimation of energy potentials previously calculated from modelled NPP (Fig. 7). Although

the validation previously conducted had demonstrated a sys-
A further objective of this study is to derive energy potentials tematic underestimation of NPP, no correction was applied
both from modelled NPP and from NFI data. The energy po-here to compensate for this, since such correction would have
tential of forests is of considerable importance to the sustainresulted in an incorrect spatial distribution of estimated en-
able energy discussion and the development of sustainablergy potentials.
energy policy. Comparison with Fig. 3 shows that those forest areas hav-

To estimate theoretical energy potentials, species-specifiing the highest NPP values also have the highest theoretical

lower heating valuesH) can be used to convert from ab- energy potentials. This is also true, mutatis mutandis, for
solute dry above-ground biomass. Heating values reprelow NPP and energy potential, and is valid for both 2000 and
sent the maximum energy obtainable from the combustiore001. Analysis revealed that the mean theoretical available
of biogenic solid fuels, and are given in megajoules per kilo-energy potential for coniferous forest is 17.5 (TJ#yr—1)
gram. Since the GLC2000 gives no information about treefor 2000 and 2001, while for deciduous forest these val-
species, but does differentiate between deciduous and conifies are 25.0 (TJknf yr—1) (2000) and 24.6 (TIknfyr—1)
erous trees, mean heating values representative of each tr¢2001). Maximum values of 25.7 (TJ krAyr—1) (conifer-
class were used. For this study, heating values for decideus forest) and 25.4 (TJkm y—1) (deciduous forest) were
uous and coniferous trees were calculated for each NUTSfound.
1 unit (Table 5), taking into account the relative abundance The NFI data were also used to estimate empirical energy
and age distribution of tree species in each region. Heatingotentials, using Eq. (10) for all thirteen NUTS-1 units in
values for the main deciduous (oak and beech) and conifGermany (Table 5). These estimates of energy potential are
erous (pine and spruce) tree species can be found in manyartitioned into the two main tree classes.
sources; see, for example, Kaltschmidt and Hartmann (2009)
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Table 5. Total forest areas, estimated increment of above-ground biomass from NFI data, heating values, and empirical energy potentials of
woody biomass for Germany’s NUTS-1 regions, partitioned into deciduous and coniferous tree classes.

NUTS-1 Overall Tree AGB Heating Empirical
region forest area Type increment Value  energy potential
(ha) (tonsyrl) (MIkg1) (PIyr1)
Hesse deciduous 3384016 18.4 62.3
813092 coniferous 3037591 19.3 58.7
6421607 18.8 121.0
Schleswig-Holstein 154 602 deciduous 876626 18.4 16.1
coniferous 571957 19.5 111
1448583 18.8 27.3
Lower Saxony, 1081248 deciduous 4091784 18.4 75.3
Hamburg & Bremen coniferous 4966180 19.9 98.9
9057965 19.2 174.2
North Rhine-Westphalia 835763 deciduous 3700153 18.4 68.1
coniferous 3733869 19.1 71.3
7434021 18.7 139.4
Rhineland-Palatinate 794432 deciduous 3527763 18.4 64.9
coniferous 2972838 19.3 57.5
6500601 18.8 122.4
Baden-Wuerttemberg 1281409 deciduous 4869976 18.4 89.6
coniferous 6564707 19.2 125.8
11434683 18.8 215.4
Bavaria deciduous 7253796 18.4 133.5
2386027 coniferous 13642971 19.3 263.2
20896 766 19.0 396.6
Saarland 92131 deciduous 674469 18.4 12.4
coniferous 318401 19.2 6.1
992871 18.7 18.5
Brandenburg & 973017 deciduous 1519005 18.4 27.9
Berlin coniferous 4058 284 20.9 84.7
5577289 20.2 112.6
Mecklenburg-Western 492673 deciduous 1787216 18.4 329
Pomerania coniferous 1817119 20.3 36.9
3604 336 19.4 69.8
Saxony 471290 deciduous 1090393 18.4 20.1
coniferous 2057192 19.7 40.5
3147585 19.2 60.5
Saxony-Anhalt 454640 deciduous 1241898 18.4 22.9
coniferous 1737999 20.4 35.4
2979897 19.5 58.2
Thuringia 490276 deciduous 1356655 18.4 25.0
coniferous 1864 346 194 36.1
3221001 19.0 61.1
Germany 10320601 82717205 19.1 1579.9
Uncertainty +1.25 +103.5
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Since it was shown previously that underestimation ex-into smaller spatial units. Our MAI-based validation method
isted both for the areas of forests (as derived from remoteshould, however, be tested in additional countries, and should
sensing) and for modelled NPP, it is unsurprising that thebe comprehensively compared to validation using eddy mea-
empirical energy potential estimated from NFI data is 37 % surements, so that the benefits and drawbacks of each method
higher than the theoretical estimate from modelled NPP.  are clearly understood.

This new MAI-based validation method will be useful in
validating modelled NPP; as we demonstrated here, that also
8 Conclusions allows the further estimation of other metrics, such as bioen-
ergy potentials. Such estimates of forest energy potentials
For this study we modelled the Net Primary Productivity play an important role in planning for a sustainable econ-
(NPP) of German forests for 2000 and 2001 using the dy-omy. More broadly, accurate and precise model results,
namic biomass model BETHY/DLR. We presented a newcrosschecked against empirical data, are needed for a better

method for the validation of modelled NPP using empiri- ynderstanding of optimal forest management and the future
cal data related to MAI of above ground biomass. Mod- possibilities of renewable energy.

elled NPP was converted and aggregated to a net increment
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