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Abstract

In this study we compare monthly gross primary productivity (GPP) time series
(2000-2007), computed for Europe with the Biosphere Energy Transfer Hydrology
(BETHY/DLR) model with monthly data from the eddy covariance measurements net-
work FLUXNET. BETHY/DLR with a spatial resolution of 1 km? is designed for regional
and continental applications (here Europe) and operated at the German Aerospace
Center (DLR). It was adapted from the BETHY scheme to be driven by remote sensing
data and meteorology. Time series of Leaf Area Index (LAIl) are used to control the
development of vegetation. These are taken from the CYCLOPES database. Meteo-
rological time series are used to regulate meteorological seasonality. These comprise
daily information on temperature, precipitation, wind-speed and radiation. Additionally,
static maps such as land cover, elevation, and soil type are used. To validate our model
results we used eddy covariance measurements from the FLUXNET network of 74
towers across Europe. For forest sites we found that our model predicts between 20 %
and 40 % higher annual GPP sums. In contrast, for cropland sites BETHY/DLR results
show about 18 % less GPP than eddy covariance measurements. For grassland sites,
between 10% more and 16 % less GPP was calculated with BETHY/DLR. A mean
total carbon uptake of 2.5 PgCyr'1 (£0.17 Pg) was found for Europe. In addition, this
study states on risks that arise from the comparison of modeled data to FLUXNET
measurements and their interpretation width.

1 Introduction

Since the early 1950s the continuous rise of the atmospheric carbon dioxide con-
centration is known (Keeling, 1960). The linkage of higher concentrations of climate
active gases in the atmosphere with the thread of sustained global climate warming
(Houghton et al., 1996) greatly boosted research activities to quantify the various com-
ponents of the global carbon cycle. The terrestrial biosphere plays a prominent role in
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this system and thus can lead to major impacts in the atmospheric CO, concentration,
with only minor changes in its productivity (e.g. Fowler et al., 2009; Friedlingstein et al.,
1994). The quantification of the carbon exchange between biosphere and atmosphere
on regional and global scales currently relies on modelling approaches. To this effect
net primary productivity (NPP) is an often contemplated value, which describes the
amount of CO, accumulated by vegetation. In this context also the net ecosystem pro-
ductivity (NEE), which describes the total exchange of carbon within a biome, is used.
NEE can be determined by subtracting the heterotrophic respiration from NPP.

To assess NPP, currently two main modelling approaches are established. Models
which use the concepts of Monteith (1965) and Monsi and Saeki (1953) assume that
NPP can be calculated as the product of photosynthetic active radiation (PAR) and
the light-use efficiency. Examples are the models EPIC (Environment Policy Integrated
Climate) by Williams et al. (1984), CASA (Carnegie-Ames-Stanford Approach) by Pot-
ter et al. (1993), and C-Fix by Veroustraete et al. (1994). Another important modelling
approach follows the approach of Farquhar et al. (1980) who introduced a biophysical
model of photosynthesis. This concept is often used for Soil-Vegetation-Atmosphere-
Transfer (SVAT) models and dynamic vegetation models as for instance the LPJ (Lund-
Potsdam-Jena) model by Prentice et al. (1992), the BIOMES3 (Equilibrium Terrestrial
Biosphere) model by Haxeltine and Prentice (1996) and the ORCHIDEE (Organizing
Carbon and Hydrology in Dynamic Ecosystems) model by Krinner et al. (2005).

Most of the just mentioned models are designed for global applications and are run
on coarse resolution (e.g. 1° x 1°) or, for regional applications on, e.g. 1 km? resolu-
tion. However, only few studies exist for Europe, which regard the carbon exchange of
all vegetation types. Vetter et al. (2008) used seven models to investigate NEP time
series in Europe. They put a special focus on the year 2003, for which they found con-
sistent patterns in all seven model results. Veroustraete et al. (2002) used the C-Fix
model to calculate NEP for the period 1997-1999 and compared their results with Eu-
roflux data. They resulted in a total NEP for Europe of 2.7 ngr'1. Jung et al. (2007)
performed a study to assess gross primary productivity (GPP) using three different
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process-oriented biosphere models. The study showed that uncertainties in meteoro-
logical input data have significant effects on the model response. Total GPP values for
Europe of 3.6 Pg yr'1 to 8.7 ngr'1 (including parts of Russia) can be found in literature
(Jung et al., 2008; Beer et al., 2007). This indicates a high amount of variability.

Uncertainties in model results and their sources were investigated by Lin
et al. (2011). They focussed on boreal forests and found that biases in downward short-
wave radiation data have most significant effects and result in a systematic error of the
annual carbon uptake. However, largest cumulative errors result from biospheric pa-
rameters controlling the light-use efficiency and respiration-temperature relationships.

A further possibility to quantify carbon is to use remote sensing derived products,
either directly or as drivers for vegetation models. Remote sensing gives the opportu-
nity to monitor the earth’s surface on a regular and high spatial resolution and thus has
a potential of immense information gain on a global and regional level. The Moderate-
resolution Imaging Spectroradiometer (MODIS) product MOD17 provides continuous
time series of GPP and NPP on a 1km? resolution with a near real-time 8 day inter-
val (Zhao et al., 2005). Vegetation models as BETHY/DLR which are driven by remote
sensing bring further advantage, because they couple measured data with complex
modeling approaches. With such approaches data assimilation is in principle applica-
ble.

Model validation is often conducted using data from eddy covariance flux tower mea-
surements. The relationship between carbon exchange and energy flux has been stud-
ied before in international networks such as FLUXNET (Baldocchi et al., 2001), as well
as in projects such as EUROFLUX (Valentini, 2001) and CarboEurope. This research
has shown that eddy covariance flux tower measurements can be used to quantify NEE
at the spatial scale of the footprint of a tower (Baldocchi, 1997).

With this study we will contribute to the on-going discussion of the net carbon ex-
change balance in general and for Europe in special. We will investigate whether
BETHY/DLR is suitable for monitoring carbon fluxes by comparing against indepen-
dent data and present new GPP estimates for Europe for the period 2000—2007 on
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a 1 km? resolution. These were calculated with a modified version of our Biosphere En-
ergy Transfer Hydrology (BETHY/DLR) model, which was developed by Knorr (1997)
(see also Knorr and Heimann, 2001) and adapted for the use of remote sensing data
by WiBkirchen (2005). Furthermore, we compare our results with GPP data taken from
the FLUXNET database and state on the robustness and uncertainty of both: model
results and measurements.

2 BETHY/DLR model setup
2.1 Input data

BETHY/DLR is designed to be driven by remote sensing data. The condition of veg-
etation is described by Leaf Area Index (LAIl) time series derived from optical sen-
sors (e.g. SPOT-VEGETATION, ENVISAT-MERIS, TERRA/AQUA-MODIS). Vegetation
related parameters such as the Normalized Differenced Vegetation Index (NDVI),
the Fraction of Absorbed Photosythetic Active Radiation (FAPAR), or LAl are widely
used in vegetation and ecosystem models (e.g. WiBkirchen, 2005; Veroustraete et al.,
1994) and can easily be calculated using existing approaches (Gobron et al., 2008;
Baret et al., 2007). For this study we used data from the CYCLOPES database. This
database contains global LAI time series for the period 1999-2007 on a 1 km? res-
olution, which are offered as 10 day composites in 10° x 10° tiles. The data is freely
available.

Since time series data, which are derived from optical satellites, are often contami-
nated with gaps and outliers, time series analysis has to be applied to eliminate these
data errors. We used a modified harmonic analysis (HA) for un-even spaced data
sets based on the least-squares technique (Lomb, 1976; Bittner et al., 1994). Our HA
decomposes time series by successively subtracting the highest peak in the power
spectrum, then computing a new spectrum etc. resulting finally in a linear combina-
tion of trigonometric functions, i.e. sine and cosine oscillations. For each harmonic
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component, the amplitude, frequency, and phase are found by least-squares fitting
approaches. Before applying HA, outliers are determined using criteria for unrealistic
fluctuations of vegetation growth. In addition, large gaps (more than 5 missing compos-
ites) are filled using a land cover and regional-specific averaged LAI time series. This
approach yields a spatio-temporal continuous dataset as needed for BETHY/DLR. The
general advantage of using remote-sensing derived datasets in contrast to standardi-
zed growing functions is the possibility to better represent local phenological conditions.
However, a combination of both (measured and modelled data) can easily be used for
a data assimilation approach.

In addition to the LAI time series, the CYCLOPES database also provides a land
cover/land use classification (LCC) dataset — the Global Landcover Classification 2000
(GLC2000), which was also derived from SPOT data. GLC2000 is representative for
the year 2000 and contains 22 global land cover classes. The Land Cover Classification
System (LCCS) of the FAO (Food and Agriculture Organization) was used (Bartholome
and Belward, 2005; DiGregorio and Jansen, 2001) to derive these classes. With the
current model setup it is in principle possible to apply any LAI time series and LCC
product, irrespective of their source, but preferably with the same spatial resolution.
Depending on the availability of input data sources the current model output is on
1km? resolution but foreseen to be increased to 300m x 300m resolution.

BETHY/DLR is usually run with 10 day LAl data from SPOT/VEGETATION and
GLC2000 land cover classification. However, any other data sources with adequate
spatial and temporal resolution can be used. For Central Asia the usability of MODIS
LAl and MODIS land cover datasets was tested for modeling NPP in Kazakhstan (Eis-
felder et al., 2013). Most relevant adaptations to the model that had to made, include
the frequency of LAl data update interval, as MODIS LAl is provided on a 8 day basis,
and the transformation of the land cover classes to BETHY/DLR internal vegetation
classes. The usage of 16 day LAI input data for a test site in semi-arid Central Kaza-
khstan indicated that this longer time-step might be too coarse to capture variable
meteorological conditions (Eisfelder et al., 2013).
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Besides information about the condition of vegetation, the model is driven by mete-
orological time series, as precipitation, temperature, wind-speed and radiation. Knorr
(1997) used a weather generator on a daily basis to predict precipitation. Temperature
was scaled linearly from monthly to daily averages. Wind speed was considered as
constant (3 ms‘1) and PAR was calculated following the approach of Weiss and Nor-
mann (1985) using the solar elevation, earth-sun distance and solar flux, computed
from geographical latitude, Julian day and solar hour.

For our study we used data from the operational process chain of the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF). The ECMWF re-analysis project
(ERA-Interim) contains fourth daily data of the temperature at 2m height, wind speed
at 10 m height, soil water content (in the four uppermost soil layers) and cloud cover.
Twice daily data of precipitation is also available. All datasets have a spatial resolution
of 0.25° x 0.25°. From these datasets, the daily mean, minimum, and maximum temper-
atures and the water vapour pressure are calculated. Temperatures are scaled linearly
to 1km x 1 km resolution, by using the difference between the ECMWF reference height
and global SRTM (1km x 1km) elevation data, and the temperature gradient of the US
Standard Atmosphere, which is —0.65 K/100 m:

Tecmwe represents the reference temperature of ECMWEF, hgoywe is the ECMWF
reference elevation and hgry the elevation of the SRTM.

The ECMWEF dataset also includes estimates of daily PAR. However, this dataset
is not used. Analysis of WiBkirchen (2005) showed that calculating PAR following the
approach of Burridge and Gadd (1974) yields to highly reliable results. Thus, daily
fractions of high, medium, and low cloud cover from ECMWF are used to calculate
atmospheric transmission. Using the geographical coordinates, the Julian day and year
and the atmospheric transmission result in more exact estimates of PAR at 1 km spatial
resolution.

Soil type information is also needed. We used the dataset of Batjes (2006), which is
based on the FAO-Unesco soil map of the world and the soil profile database of ISRIC’s
(International Soil Reference and Information Centre) global WISE (World Inventory of
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Soil Emission potentials) database. It is freely available as grid file with the spatial
resolution of 5 x 5arc min (~ 9km x 9km at equator) and contains information on 128
FAO soil types, including sand, silt, and clay content, layering and depth.

2.2 Processes

The approach to model GPP, NPP, and NEP with BETHY/DLR has previously been
described in Knorr and Heimann (2001). However, for our study some processes were
refined to make the model better applicable for regional applications. Since most areas
in Europe cannot be described by one dominant vegetation type, WiBkirchen (2005) in-
troduced the consideration of two vegetation types per grid cell. This is done by trans-
lating the LCC into fractions of two vegetation types based on either own estimates
or external data (see Table 1). Currently, 33 vegetation types are implemented within
BETHY/DLR. With this method it is also possible to model carbon fluxes for coverage of
less than 100 %. Photosynthesis is calculated independently for each vegetation type
fraction on a daily basis. For the case that more specific information on the land cover
use (i.e. specific tree species distribution) is available, we introduced ten additional
crops and tree species. For all species the following parameters are provided: maxi-
mum carboxylation rate, maximum electron transport rate, and maximum plant height
(see Table 2).

For all vegetation types new maximum rooting depths were taken from Canadell
et al. (1996). These values were used to limit the bucket size in its height for the soil
water budged. The soil water content was initialized by the cumulative soil water con-
tent of the four uppermost layers of the ECMWF soil water at the first simulation day.
After initialization the soil water budged is calculated independent from further input
data. Since a transition phase needs to be considered criteria were defined to reach
equilibrium. At first WiBkirchen (2005) introduced a one year transition phase, assum-
ing stable conditions after this time. However, further studies revealed that, depending
on soil type and environmental conditions, transition phases of up to four years are
needed. The length of transition is calculated by comparing the soil water content of
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the first simulation day with the content one year later. It is assumed that within sta-
ble conditions the soil water content of these two days does not vary more than 5 %.
Therefore, it is assumed that if less than 10 % of the simulated pixels show a variation
of more than 5 % in their water content, stable conditions are reached.

3 Preparation of FLUXNET data

In order to compare our results with independent data, we used eddy covariance mea-
surements, provided by FLUXNET. FLUXNET is an association of regional networks
which aims to coordinate regional to global analyses of observations from micromete-
orological tower sites. These flux tower sites use eddy covariance methods to measure
parameters and fluxes. This includes carbon dioxide, water vapour and energy flow be-
tween terrestrial ecosystems and the atmosphere, also including meteorological data.
Over 500 towers are operated worldwide from which around 150 are situated in Eu-
rope. The European towers were established to measure carbon fluxes over various
vegetation types, including temperate conifers, deciduous and evergreen broad-leaved
forests, croplands, grasslands, evergreen shrubs, and wetlands. The data is provided
as half-hourly time series and available at http://www.europe-fluxdata.eu. It includes
several pre-processed datasets starting from level-0 data to calculated values of GPP
and ecosystem respiration, which are provided as level-4 products. GPP estimates are
based on the measured net flux of carbon from the vegetation/soil to the atmosphere
(called net ecosystem exchange, NEE) and on an estimation of the terrestrial ecosys-
tem respiration (R.,) according to:

Reichstein et al. (2005) proposed a method to estimate ecosystem respiration by
determining night-time temperature sensitivities of ecosystem respiration and to ex-
trapolate these estimates to daylight period after Lloyd and Taylor (1994):

T, is the regression parameter with constant value of —46.02°C, T,;=10°C is
the temperature of reference, Tg; is the soil temperature and R,y the temperature
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dependent contribution of respiration. £, is the free parameter of activation energy to
determine the temperature dependency (Reichstein et al., 2005).

Thus, GPP is given by the difference of measured NEE and estimated daytime R,.
Various uncertainties are within this approach and have been previously discussed in
literature. Papale et al. (2006) investigated uncertainties of algorithms and parame-
ter estimations, especially during the pre-processing of the eddy flux data. They found
a major concern in the heuristic low turbulence u*-filtering, which introduces the largest
uncertainties, while the quality of storage correction depends on the measured pro-
file of CO, concentration. Furthermore, they found that spike removal does not affect
directly the annual NEE but can affect the quality of gap filled datasets. Gap filling
(Moffat et al., 2007) and partitioning (Reichstein et al., 2005; Desai et al., 2008) of
NEE in the two components can also result in uncertainties. Reichstein et al. (2005)
showed that temperature sensitivity of R,., derived from long-term data (annual) sets
is different to the short term temperature sensitivity. Thus, if long-term temperature
sensitivity is used for extrapolation to half-hourly daytime respiration of summer active
vegetation, a systematic overestimation of R.,, of more than 25% might be realis-
tic for annual time-scales. On the other hand, for summer passive vegetation as, e.qg.
found in the Mediterranean regions an underestimation of annual R, is observed.
Similar results were found by Richardson et al. (2006) who investigated the suitability
of different respiration models for gap-filling techniques and for partitioning eddy flux
measurements to respiration and GPP. They stated that “Two of the most widely used
models of ecosystem and soil respiration, the basic Q10 model and the “restricted”
form of the Lloyd and Taylor model (Lloyd and Taylor, 1994) do a poor job of account-
ing for observed variation in ecosystem and soil respiration in comparison with other
simple models.” In addition they found little differences in the annual sum of respira-
tion for some test sites among the models (~ 75 ng'2 yr'1 ), but high ranges for other
test sites (35590m‘2 yr‘1), which is approximately 40 % of the mean annual respi-
ration. Reichstein et al. (2007) reported typical uncertainties in eddy covariance flux
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measurements of less than 1OOng‘2yr‘1 while the total systematic error, due to
non-ideal observations and correction procedures, is below ZOOng‘zyr‘1.

For our analysis we requested GPP data from 74 towers, included in the
GHG_Europe (Greenhouse Gas Management in European land use systems), Car-
boltaly and IMECC (Infrastructure for Measurements of the European Carbon Cycle)
networks. The towers are located in 18 European countries and are maintained and op-
erated for individual periods by local organisations. A list of all tower sites used in this
study is presented in Table 3. As can be seen, the complete simulation period (2000
to 2007) was covered only by few tower sites (DK_SOR, DE_THA, and CH_DAV). Ac-
cording to the individual availability of FLUXNET data, we performed a model run with
BETHY/DLR for each site. Thus a total of 273 complete measured and modelled years
were available. For the model run we translated the reported vegetation type to the
corresponding BETHY/DLR type, assuming 90 % coverage for each site. Mixed forests
were translated to a mixture of 50 % evergreen coniferous trees and 50 % broadleaved
deciduous trees (Table 3). Since half-hourly time series of GPP are not directly compa-
rable with BETHY/DLR’s model output, the data was aggregated to monthly and annual
sums.

4 Results and discussion

The modelled GPP results as calculated with BETHY/DLR for the period 2000—-2007
are presented in Fig. 1. It can be seen, that the GPP pattern is dependent on time and
space and shows high variations for individual regions. This is especially notable for the
area of Romania and West Ukraine. In order to quantify the GPP fluxes, annual values
per country are provided in Table 4. From this, it can be seen that on average the CO,
uptake by vegetation for Europe is about 2.5 Pg (£0.17 Pg) per year. The highest GPP
uptake was calculated for 2004 (2.7 Pg) and the lowest for 2001 (2.2 Pg).

In order to compare our results with FLUXNET data, we first calculated annual GPP
sums for all stations and modelled years. Statistical analysis revealed for 192 of 273
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(70 %) measurements a higher GPP in the FLUXNET data. The range is 71 gm‘2 yr‘1

to 2766 gm~2yr~' (FLUXNET) and 182gm~2yr~' to 2386gm~2yr~' (BETHY/DLR),
and is strongly dependent on the vegetation type. Standard deviations and averages
for the available years were also calculated (see Table 5). It can be found that on
average the standard deviation of the FLUXNET data is 16.1 % of the mean GPP value.
For the BETHY/DLR results this value is less than half as large (7.7 %), indicating
less variability in the annual results. This finding corresponds with the assumption,
that data provided by FLUXNET is influenced by more environmental conditions and
disturbances.

For a closer look to selected sites that represent main land cover types (i.e.
deciduous- and evergreen-broadleaved forest, coniferous and mixed forest, grassland,
and agriculture), monthly GPP values were calculated and presented as line graph in
Fig. 2. Depending on the land cover type, it can be seen that the agreement of this
comparison highly varies. We chose results which are exemplary for the main veg-
etation types, as listed above and preferably also cover the whole simulation period
(2000-2007). Thus, results for the sites FI_Kaa, FI_Hyy, IT_Cpz and DK_Sor, which al-
most cover the eight years, are presented. In addition IT_Ro1, which contains missing
data at the beginning and at the end, and DE_Geb with five years of data are shown.
For all vegetation types a full coverage of the 2000 to 2007 period is exceptional, in
particular for agriculture, no longer time-series was available.

As can be seen from Fig. 2 our results for the grassland (a) and coniferous forest
(b) sites are comparable with the FLUXNET data. Coefficients of determination (/-'»’2)
of 0.83 (grassland, GL) and 0.93 (coniferous forest, CF) combined with low RMSE of
149gC m~2mth~" (GL)and 39¢gC m~2mth~" (CF) were calculated. The average of these
values for all grassland sites (23) are 0.71 (%) and 66 gCm™?mth~' (RMSE), resulting
from 95 site-years. The 19 available CF sites cover 89 site-years with a mean R?of 0.79
and a RMSE of 7OQCm‘2 mth™'. Here FLUXNET estimates GPP consistently higher.
These results proof a good agreement of both the seasonal patterns, and the absolute
GPP values. Good agreement in the seasonal pattern was also found for the mixed
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forest (MF) site of BF_Vie (Fig. 2c). Here a R? of 0.89 and a RMSE of 40gCm™2mth~"
are obtained. Similar results are found for the other six MF sites (covering 39 site-
years), resulting in a mean RMSE of 67ng‘2 mth™" and a R? of 0.82. Thus, it can
be concluded, that seasonal productivity of grassland and coniferous forest modeled
by BETHY/DLR can be directly compared with the eddy covariance measurements.
Using the diagnostic biospheric carbon flux model VPRM (Vegetation Photosynthesis
and Respiration Model) driven by satellite data from MODIS a comparison between
simulated and observed hourly NEE data from two eddy covariance flux measurement
sites in Ontario and Québec yielded R? = 0.58 for mixed forest in Ontario and R? = 0.63
for Black Spruce in Québec (Lin et al., 2011).

The other three examples for agriculture, evergreen broadleaved forest (EF), and de-
ciduous broadleaved forest (DF) (see Fig. 2d—f), show less good agreement. The agri-
cultural sample (Fig. 2f) has a relatively low RMSE of 100 ng'2 mth™", but also a low
R? of 0.65, which is mainly based on deviations in amplitude and length of the vegeta-
tive period. In the DE_Geb case BETHY/DLR predicts higher GPP values, compared to
the FLUXNET measurements. This pattern is not consistent for all thirteen agricultural
sites, which we believe is caused by, e.g. management practices (tillage, crop rotation,
fertilization, etc.), which is not included in the BETHY/DLR scheme. FLUXNET data
was available for 46 site-years, resulting in a RMSE of 11390m‘2 mth™", combined
with a R? of 0.58. The two broadleaved forest sites (Fig. 2d and e) also show low R?
(0.6) with intermediate RMSE (EF: 54 gCm™2mth™", DF: 75gCm™2mth™"). 26 site-
years were available for EF and 28 for DF. The agreement for all EF sites is very low
(R?: 0.36, RMSE: 74gCm™2mth™"). For most of the five sites, the modeled GPP values
are consistently higher in the vegetative active phase and lower in the winter season
compared to the estimates provided by FLUXNET. For other sites, however, the com-
parison shows a contrary pattern. Thus, no clear tendency for evergreen broadleaved
forest vegetation can be found.

A closer look at the LAl time series which were used for the IT_Cpz site (Fig. 3)
reveals distinct seasonal pattern, which were not expected for evergreen deciduous
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forest vegetation. It is thus questionable if CYCLOPES data are realistic for this type
of vegetation. This finding was already discussed by Garrigues et al. (2008), who also
stated that CYCLOPES LAl is most realistic for grassland and agriculture. Significant
lower GPP estimates of BETHY/DLR during the winter season might thus be explained
by uncertainties in the LAl data. Hence, for evergreen deciduous forests, eddy covari-
ance measurements can be seen as more likely to predict realistic GPP values than
our model results.

The DF site (IT_Ro1) again shows a clear trend of higher GPP reported by eddy
covariance measurements, which is consistent for all eight stations. This results in
a mean RMSE of SOQCm'2 mth™", combined with an R? of 0.78 for all DF sites. The
better agreement for CF sites and less good agreement for deciduous sites stands in
accordance to the findings of Tum et al. (2011), who used BETHY/DLR to predict solid
wood increase for Germanys forests, and validated their results with empirical data of
solid wood increase.

Comparability of the two GPP datasets is in principal given, but strongly depends on
the vegetation type. Concerning the uncertainty in the model results of BETHY/DLR
and the eddy covariance flux measurements, further discussion is needed. To estimate
carbon fluxes with the eddy covariance technique meteorological conditions have to be
within a defined range. Unfavorable conditions, such as strong non-stationary and non-
turbulence, cannot be used to calculate fluxes and thus need gap filling approaches
(Chen et al., 2012). In addition, further environmental conditions (e.g. complex terrain
and vegetation distribution) can negatively influence measurements. These influences
have formerly been widely discussed by e.g. Chen et al. (2009), Gockede et al. (2004),
or Sogachev et al. (2004). Foken and Wichura (1996) discussed a potential of error
sources not only in the environmental condition of a tower site (i.e. internal boundary
layers, surface layer height, gravity waves, etc.) but also in sensor configurations (e.g.
flow distortion, sensor separation, and measuring height). When looking at Fig. 2a
and e the FLUXNET data shows two unrealistic high peaks of vegetation activity in
the winter seasons (FI_Kaa: month 24 and IT_Ro1: month 46). This pattern can be
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found for 28 of the 273 yr (10 %), indicating errors caused either by the measurement
or post-processing. For some months eddy covariance measurements predict negative
values (Fig. 2a,b,f), which is inconsistent with the definition of GPP as computed with
BETHY/DLR. Here GPP is defined as the total carbon uptake by vegetation, which is
necessarily positive. However, following equation 2 GPP calculated from eddy flux mea-
surements is the sum of measured NEE fluxes and calculated ecosystem respiration
Reco- IN cONnsequence, if respiration exceeds incoming CO,-fluxes negative GPP values
are possible. Thus these negative values are most likely caused by additional ecosys-
tem components, such as anthropogenic or fauna caused inputs to the system, which
are indirectly taken into account in the FLUXNET data. Similar findings were made by
Mitchell et al. (2009) who found that aside from errors in NEE retrieval, fundamental
problems in modeling approaches can lead to discrepancies in the data comparison.
Thus low correspondences of modeled and measured NEP (GPP) does not necessar-
ily state on the validity of both data sources. Law et al. (2001) underpinned this finding
and noted: “errors in the approaches to estimating NEE (eddy covariance approach)
and NEP (biological approach) are large, but combining biological and eddy flux data
is useful for model testing.”

A further error source which has to be accounted is the parameterization of
BETHY/DLR’s photosynthesis. We used parameters as described in Knorr and
Heimann (2001) and Table 2. Since these are generalized, improvement could be
archived when they are regionalized or scaled using assimilation techniques. Kato
et al. (2013) showed that improvements in the terrestrial water and carbon simulations
can be achieved if satellite and eddy covariance data are assimilated simultaneously.
However before assimilation is applied it has to be proven that general characteristics
of carbon fluxes correspond with measured data.
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5 Conclusions

In this study we introduced the BETHY/DLR vegetation model, which is an adapted
version of the BETHY scheme by Knorr and Heimann (2001). BETHY/DLR is optimized
to be driven with remote sensing derived products to calculate carbon fluxes. For this
study we modelled annual gross primary productivity for the period 2000—-2007 for
Europe. On average we found annual GPP sums of 2.5 Pg (+0.17 Pg) per year.

To compare our results we used monthly eddy covariance measurements taken
from 74 FLUXNET stations, distributed all over Europe. The criterion to include a site
was data access and at least one consistent year of measurements. In total, data
for eight vegetation types comprising 274 consistent years were available. Analysis
showed good agreement between most of the main vegetative types. Especially for
grassland and coniferous forest sites the datasets show comparable patterns. Interme-
diate agreement was found for agriculture and mixed forests, and higher differences for
evergreen-broadleaved and deciduous broadleaved forests. It can thus be stated that
the two approaches result in comparable patterns.

However, differences in the approaches to calculate GPP have to be considered.
These are mainly within the definition of measured and modelled GPP, where the eddy
covariance technique includes additional carbon fluxes, which are not considered in
BETHY/DLR. Thus if eddy covariance measurements are considered to be used to val-
idate modelled GPP, it has to be taken into account that qualitative statements on the
model accuracy cannot be stated. However GPP estimates as provided by FLUXNET
can be used to test models on their likeliness to predict, e.g. seasonal vegetation pat-
terns within reasonable degrees of uncertainty. Further studies will proof if our findings
for Europe are transferable to other regions. In addition datasets which can be re-
lated to biomass increase, such as empirical data on above ground biomass increase
(i.e. cereal yields, stem wood increase), are seen as valuable for model validation and
should be investigated for their applicability.
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This study shows that validation of process based modelling approaches is restricted
by the data availability and comparability of measured data. Thus it is not only neces-
sary to design comprehensive validation and calibration approaches, but also to gain
knowledge of the uncertainty and reliability of the data which is used for comparison.
Since complex process models already play an important role for understanding the
dynamics of earth systems, and are particularly used to forecast future responses of
vegetation to the noticeable climate change, more effort needs to be spend in collect-
ing precise validation data to improve the significance of model results. Further studies
should investigate if assimilation of, e.g. eddy covariance and remote sensing derived
data can further improve the model results.
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Table 1. Translation of GLC2000 vegetation classes to BETHY/DLR vegetation types with
weighting factors.

GLC2000 class BETHY/DLR vegetation type Weighting
factor

[%]
Tree Cover, broadleaved, evergreen tropical broadleaf evergreen trees 80
Cj; long grass 20
Tree Cover, broadleaved, deciduous, closed temperate broadleaf deciduous trees 80
Cj; long grass 20
Tree Cover, broadleaved, deciduous, open temperate broadleaf deciduous trees 40
Cj; short grass 60
Tree Cover, needle-leaved, evergreen evergreen coniferous trees 80
Cj; short grass 20
Tree Cover, needle-leaved, deciduous deciduous coniferous trees 80
Cj; short grass 20
Tree Cover, mixed leaf type temperate broadleaf deciduous trees 50
evergreen coniferous trees 50
Tree Cover, regularly flooded, fresh water (& brackish) temperate broadleaf deciduous trees 80
C; long grass 20
Tree Cover, regularly flooded, saline water temperate broadleaf deciduous trees 80
C; long grass 20
Mosaic: temperate broadleaf deciduous trees 50
Tree cover/Other natural vegetation evergreen coniferous trees 50
Shrub Cover, closed-open, evergreen temperate broadleaf deciduous trees 90
Shrub Cover, closed-open, deciduous deciduous shrubs 90
Herbaceous Cover, closed-open Cj; short grass 90
Sparse Herbaceous or sparse Shrub Cover C; short grass 70
Regularly flooded Shrub and/or Herbaceous Cover swamp vegetation 90
Cultivated and managed areas arable crops 90
Mosaic: arable crops 50
Cropland/Tree Cover/Other natural vegetation temperate deciduous tree crops 50
Mosaic: arable crops 50
Cropland/Shrub or Grass Cover Cj; short grass 50
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Table 2. Additional vegetation types of the BETHY/DLR model with vegetation parameters g
(after Knorr, 1997). 1j,: maximum carboxylation rate at 25° in umol (CO,) m2s7"; Jy: maximum g K. WiBkirchen et al.
electron transport rate at 25° in pmol (CO,) m2s"; height in m. g.
5
Vegetation Type 1}, Jy  Height Source é’ g
Sugar beet 129 226 0.5 Rao and Terry (1989) g
Soy o4 166 08 Parkhurstand Mott (1990) _ N .
Sunflower 80 213 2.0 Jacob and Lawlor (1991)
Barley 68 169 1.2 Kriedmann and Anderson (1988) g ! !
Wheat 83 193 1.5 Kriedmann and Anderson (1988) = ! !
Rapeseed 61 187 1.0 Dekker and Sharkey (1992) 73
Beech 46 108 30.0 Waullschleger (1993) )
Oak 49 100 25.0 Wullschleger (1993) R ! !
Fir 12 32 50.0 Waullschleger (1993) I ! !
Pine 46 121 40.0 Wullschleger (1993) - ! !
2 [ Fulsomen/Ese
(7]
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Table 3. 74 FLUXNET tower sites and corresponding vegetation types with associated

BETHY/DLR translations and measuring times in between 2000 and 2007.

Country Tower location Abbreviation Vegetation cover Plant functional type Observation used
Austria Neustift AT_Neu grassland Cj; short grass 2003-2005
Belgium Brasschaat BE_Bra mixed forest mixed forest 2000, 2002,
2004, 2006—2007
Lonzee BE_Lon cropland arable crops 2005-2007
Vielsalm BE_Vie mixed forest mixed forest 2000-2003, 2005-2007
Czech Republic  Bily Kriz CZBk1 evergreen NL forest  evergreen coniferous trees  2004—-2007
Denmark Risbyholm DK_Ris cropland arable crops 2004-2007
Soroe-LilleBogeskov DK_Sor mixed forest mixed forest 2000-2007
Enghave DK_Eng grassland Cj short grass 2006-2007
Finland Hyytiala Fl_Hyy evergreen NL forest  evergreen coniferous trees  2001-2004, 2006-2007
Kaamanen Fl_Kaa wetland Cj short grass 2000-2001, 2005-2007
Sodankyla FI_Sod evergreen NL forest  evergreen coniferous trees  2000-2001, 2003-2007
France Aurade FR_Aur cropland arable crops 20062007
Avignon FR_Avi cropland arable crops 2004-2007
Fontainebleau FR_Fon deciduous BL forest temp. BL deciduos trees 2006—-2007
Hesse Forest- Sarrebourg  FR_Hes deciduous BL forest temp. BL deciduos trees 2001-2007
Lamasquere FR_Lam cropland arable crops 2006
Laqueille FR_Lgt grassland Cj; short grass 2004-2007
Laqueille FR_Lg2 grassland Cj; short grass 2004-2007
Le Bray FR_Lbr evergreen NL forest  evergreen coniferous trees  2001-2002, 2004-2007
Puechabon FR_Pue evergreen BL forest temp. BL evergreen trees ~ 2001-2007
Mauzac FR_Mau grassland C; short grass 2006-2007
Germany Gebesee DE_Geb cropland arable crops 2004-2006
Grillenburg DE_Gri grassland Cj; short grass 2005-2007
Hainich DE_Hai deciduous BL forest temp. BL deciduos trees 2000-2001, 2003-2005, 2007
Klingenberg DE_KIi cropland arable crops 2005-2007
Mehrstedt DE_Meh grassland Cj; short grass 2004-2006
Tharandt DE_Tha evergreen NL forest  evergreen coniferous trees  2000-2007
Wetzstein DE_Wet evergreen NL forest  evergreen coniferous trees  2003-2007
Hungary Bugacpuszta HU_Bug grassland C; short grass 2004-2007
Matra HU_Mat cropland arable crops 2004-2007
Ireland Carlow1 IE_Cal cropland arable crops 2004
Dripsey |E_Dri grassland C; short grass 2005
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Table 3. Continued.

Country Tower location Abbreviation Vegetation cover Plant functional type Observation used
Italy Amplero IT_Amp grassland Cj short grass 2003-2006
Castelporziano IT_Cpz evergreen BL forest temp. BL evergreen trees 2001-2002, 2004-2007
Collelongo- Selva Piana  IT_Col deciduous BL forest temp. BL deciduos trees 2005, 2007
La Mandria IT_Lma deciduous BL forest temp. BL deciduos trees 2003, 2006—2007
Lavarone IT _Lav mixed forest mixed forest 2001-2006
Lecceto IT_Lec evergreen BL forest temp. BL evergreen trees ~ 2006-2007
Monte Bondone IT_Mbo grassland Cj; short grass 2003-2007
Nonantola IT_Non mixed forest mixed forest 2002-2003
Renon/ Ritten IT_Ren evergreen NL forest  evergreen coniferous trees 2001, 2003, 2005-2007
Roccarespampanit IT_Rot deciduous BL forest temp. BL deciduos trees 2001-2006
Roccarespampani2 IT_Ro2 deciduous BL forest temp. BL deciduos trees 2002-2005
Tolfa IT Tol macchia evergreen shrubs 2005-2006
Ticino-Canarozzo IT_Pt1 cropland arable crops 2003
Netherlands Cabauw NL_Cat grassland C; short grass 2003-2004, 2006—2007
Horstermeer NL_Hor grassland Cj; short grass 2005-2006
Loobos NL_Loo evergreen NL forest  evergreen coniferous trees  2000-2003, 2005-2007
Poland Polwet PL_Wet wetland Cj; short grass 2004-2005, 2007
Portugal Espirra PT_Esp evergreen BL forest temp. BL evergreen trees ~ 2003-2004, 2006—-2007
Mitra (Evora) PT_Mi1 evergreen BL forest  temp. BL evergreen trees 2003, 2005
Mitra IV Tojal PT_Mi2 grassland Cj short grass 2005-2007
Slovakia Tatra SK_Tat evergreen NL forest  evergreen coniferous trees 2007
Spain El Saler-Sueca ES_Es2 cropland arable crops 2005-2006
Las Majadas del Tietar ~ES_Lma evergreen NL forest  evergreen coniferous trees  2004-2007
Llano de los Juanes ES_Lju macchia evergreen shrubs 2005-2007
Vall d’Alinya ES_Vda grassland C; short grass 2004-2005, 2007
Sweden Degero Stormyr SE_Deg grassland C; short grass 2001-2002, 20042007
Fajemyr SE _Faj ombrotrophic bog swamp vegetation 2006-2007
Knottasen SE_Kno forest evergreen coniferous trees 2006
Norunda SE_Nor evergreen NL forest  evergreen coniferous trees 2003, 2005-2007
Skyttrop1 SE_Sk1 evergreen NL forest  evergreen coniferous trees  2005-2007
Skyttrop2 SE_Sk2 forest evergreen coniferous trees  2004-2005
Switzerland  Chamau CH_Cha grassland Cj short grass 2006-2007
Davos CH_Dav evergreen NL forest  evergreen coniferous trees  2000-2007
Fruebuehl CH_Fru grassland C; short grass 2006-2007
Laegeren CH_Lae mixed forest mixed forest 2005-2007
Oensingen 1 CH_Oe1 grassland C; short grass 2003-2007
Oensingen 2 CH_Oe2 cropland arable crops 2004-2007
UK Auchencorth Moss UK_Amo grassland C4 long grass 2005-2006
East Saltoun UK_Esa cropland arable crops 2005
Easter Bush UK_Ebu grassland Cj; short grass 2004-2005, 2007
Hampshire UK_Ham deciduous BL forest temp. BL deciduous trees 2004
Pang/ Lambourne UK_PI3 forest mixed forest 2005-2007
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Table 4. Annual GPP sums for the period 2000 to 2007 per country as calculated by

)

8

(=

BETHY/DLR in MtCa™". 7 GMDD

e 6, 2457-2489, 2013
Country 2000 2001 2002 2003 2004 2005 2006 2007 Average -
Albania 117 120 70 114 110 110 89 110 10.5 )
Austria 327 419 316 390 379 436 321 413 37.5 @ A
Belarus 853 346 1167 963 705 691 681 706 76.4 B Quantifying the
Belgium 5.9 96 118 143 100 232 100 105 11.9 o carbon uptake by
Bosnia and Herzegovina 404 333 188 242 281 30.3 255 31.0 28.9 n
Bulgaria 69.6 612 442 352 527 656 470 685 55.5 o vegetation for Europe
Croatia 430 406 240 322 336 373 317 368 34.9 &
Czech Republic 303 261 273 410 303 450 326 422 34.3 o! K. WiBkirchen et al.
Denmark 128 86 124 141 114 127 140 113 12.2 @
Estonia 148 11.0 243 146 41 86 208 145 14.1 @,
Finland 69.0 919 1294 98.0 476 874 1470 76.2 93.3 ©
France 2636 2712 3040 3666 3706 3966 3037 289.0 3207 T
Germany 1272 1180 1261 1766 1289 201.8 1220 1433  143.0 9 g
Greece 490 541 366 418 474 454 400 513 457 @
Hungary 611 522 360 487 491 583 364 600 50.2 ~ ! !
Ireland 114 157 115 132 102 221 145 151 14.2 -
Italy 147.0 1629 869 1416 1392 1426 1521 1791 143.9
Latvia 271 144 409 305 82 191 330 210 243 o ! !
Liechtenstein 00 01 01 01 01 01 01 01 0.1 =
Lithuania 307 139 366 312 126 225 276 17.0 24.0 8 ! !
Luxembourg 08 14 15 16 14 21 11 13 1.4 =
The Fmr Yug Rp Macedonia  15.6 15.3 9.4 13.2 14.5 12.2 11.3 12.8 13.1 @,
Republic of Moldova 165 110 115 105 152 128 103 16.9 13.1 © ! !
Netherlands 75 69 106 145 87 237 132 94 11.8 o
Norway 257 269 426 332 363 409 465 289 35.1 o
Poland 1369 783 1233 1850 1201 1642 1458 1157 1337 ® ! !
Portugal 523 560 537 533 620 600 591 60.1 57.1 =
Romania 1422 938 807 713 980 1344 777 1473 1057 ! !
Serbia and Montenegro 798 603 378 409 514 565 432 593 53.6 o
Slovakia 285 226 191 280 227 326 243 307 26.1
Slovenia 151 171 94 115 119 141 114 134 13.0 g g
Spain 1962 213.8 2043 2172 2263 2213 2207 2157 2144 o
Sweden 101.8  92.8 1543 1229 892 1316 1626 1027  119.7 =
Switzerland 121 105 11.6 161 145 190 120 17.7 14.2 @, g
Turkey 196.8 212.8 199.6 1951 2269 2381 2181 2064  211.7 o
UK 335 444 506 614 345 830 488 533 51.2 v g
Ukraine 2269 147.8 2259 2414 2145 183.8 192.6 2158  206.1 kY
Sum 2421 2185 2372 2588 2352 2773 2466 2497 2456 @
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(2]
Table 5. Average GPP values for the period 2000 to 2007 period and corresponding standard g GMDD
deviation for all 74 tower sites in MtCa™". @,
2 6, 2457-2489, 2013
Average Standard Deviation o
Site Years FLUX BETHY FLUX BETHY =
AT Neu 3 1871 747 60 69 @ Quantifying the
BEBra 5 1209 513 94 20
BELlon 3 1468 1726 520 147 — carbon uptake by
BE.Vie 7 1617 663 93 56 i
CHCha 2 2580 1192 262 59 o vegetation for Europe
CHDav 8 939 339 45 55 7
CHFru 2 1881 1298 76 25 2 K. WiBkirchen et al.
CH.lae 3 1423 613 292 33 7
CH.Oel 5 1893 1211 255 81 =
CH.Oe2 4 1451 1938 537 147 =
CZBKki 4 1369 1036 293 44 o
DEGri 3 1477 1327 403 66 ®
DEHai 6 1518 1050 128 293 = ! !
DEKIi 3 1222 914 133 118
DE_Meh 3 1138 1742 38 138 o
DEWet 5 1549 886 188 87 )
DK_Ris 4 1248 1524 176 109 o ! !
DK Sor 8 1956 519 126 25 S
DKEng 2 799 916 133 62 n
ESEs2 2 1287 187 91 6 o
ESLju 3 111 435 35 21 A
ESVda 3 679 981 57 28 S ! !
FIHy 6 1021 749 47 68 @
FlKaa 5 274 270 38 28
FRAur 2 911 1630 302 9
FRAvVi 4 1187 1730 479 39 o _
FR.Fon 2 1759 1164 203 37 i
FR.Hes 7 1631 1113 282 53 Q
FR.Lam 1 1113 1365 - - 17
FRLq2 4 1575 1546 158 31 2
FR.Lbr 6 1728 919 237 97 T _
FRPue 7 1323 1090 204 84 Q
FR.Mau 2 819 1047 33 18 2
@
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@
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Table 5. Continued. 2.
e 6, 2457-2489, 2013
Average Standard Deviation Y
Site Years FLUX BETHY FLUX BETHY =
HUBug 5 907 938 260 138 g Quantifying the
HUMat 4 804 2025 176 147
IECal 1 829 1880 - - — carbon uptake by
IEDri 1 1358 496 - - vegetation for Europe
ITAmp 4 1083 1173 238 44 o
ITCpz 5 1637 1501 195 35 a L
ITCol 2 1354 1426 100 121 e K. WiBkirchen et al.
MTLlma 3 925 915 301 40 %
Tlav 6 1840 490 129 49 o
Tlec 2 866 1756 21 32 =
ITMbo 5 1361 838 91 50 i
Thn 2 o s w5 2 T
ITRen 5 1118 531 210 22 @
TRl 6 1417 861 111 60 ! !
ITRo2 4 1562 1022 132 72 -
ITTol 2 2088 2324 353 88
TRO 1 oes e - o e R
NLCal 4 1547 1364 338 41 =
NLHor 2 1447 887 1 54 0 ! !
NLLoo 7 1593 815 77 61 =
PLWet 3 901 890 94 59 @
PTEsp 4 1670 810 532 105 S ! !
PTMi1 2 809 949 44 286
PTM2 3 952 807 368 340 Ry
SEDeg 6 319 630 43 57 ° ! !
SEFa 2 532 459 80 6 -
SEKno 1 2257 769 - -
SENor 4 1367 798 620 17 — ! !
SESk1 3 491 812 6 14
SKTat 1 615 490 - - @
UKAmo 1 725 911 - - 2
UKEsa 1 2040 1642 - - %
DeEw 3o e 0o - IR
UK Ham 1 2109 1029 - - 5
S
o)
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Fig. 3. Leaf Area Index time series as derived from CYCLOPES for the IT_Cpz FLUXNET site. ~ — ! !
Data is given as 10 day composites for the period 2000—-2007. o _

7

(=

(2}

(2]
2

=}
3

QO

)

@

(8)
()

2489


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/6/2457/2013/gmdd-6-2457-2013-print.pdf
http://www.geosci-model-dev-discuss.net/6/2457/2013/gmdd-6-2457-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

