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In this study the effect of sampling weather data has been evaluated for simulating yields of winter
wheat in a region in Germany over a 30-year period (1982-2011) using 12 process-based crop models.
A stratified sampling was applied to compare the effect of different sizes of spatially sampled weather
data (10, 30, 50, 100, 500, 1000 and full coverage of 34,078 sampling points) on simulated wheat yields.
Stratified sampling was further compared with random sampling. Possible interactions between sample
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Upscaling
Stratified sampling size and crop model were evaluated.
Yield estimates The results showed differences in simulated yields among crop models but all models reproduced

well the pattern of the stratification. Importantly, the regional mean of simulated yields based on full
coverage could already be reproduced by a small sample of 10 points. This was also true for reproducing
the temporal variability in simulated yields but more sampling points (about 100) were required to
accurately reproduce spatial yield variability. The number of sampling points can be smaller when a
stratified sampling is applied as compared to a random sampling. However, differences between crop
models were observed including some interaction between the effect of sampling on simulated yields and
the model used. We concluded that stratified sampling can considerably reduce the number of required
simulations. But, differences between crop models must be considered as the choice for a specific model
can have larger effects on simulated yields than the sampling strategy. Assessing the impact of sampling
soil and crop management data for regional simulations of crop yields is still needed.
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1. Introduction

Crop models have originally been developed to study crop
growth at the field scale for a single growing season, assuming
homogeneous weather, soil and management. They were meant to
be applied with location-specific data, such as daily weather data
from a nearby weather station and a common local sowing date.
With the increasing use of crop models in impact assessment stud-
ies of e.g. climate change (see e.g. Alcamo et al., 2007; Berg et al.,
2013; Franck et al., 2011; Gerten et al., 2011; Rosenzweig et al.,
2014; Tao and Zhang, 2011; Zhao et al., 2013b) crop models are
however increasingly applied for large areas at spatial scales that
range from regions within a country to the globe with time scales
ranging from decades up to 100 years.

At spatio-temporal scales exceeding field size or compris-
ing more than one year, assuming homogeneous conditions for
weather, soil and crop management will increasingly be invalid
with further coarsening the spatio-temporal scales. For exam-
ple, weather conditions can show considerable heterogeneity over
space and time (Daly, 2006; Hansen and Jones, 2000) due to ele-
vation gradients or coastal effects. Sources that could provide
sufficiently detailed data to capture the prevailing spatio-temporal
heterogeneity in weather, soil, and management conditions in a
region or over time, such as weather stations, are rarely available
(Nonhebel, 1994). And even if such detailed data and high perfor-
mance computing infrastructures are available, the computing time
will still constrain large area model applications at high resolu-
tion (Zhao et al., 2013a). Thus, to overcome the problem of missing
data and/or computational limitations, several scaling methods
have been proposed for large area crop model applications. Scaling
methods that can be distinguished include data extrapolation, data
aggregation, data modelling, e.g. data interpolation, and stratified
sampling (Ewert et al., 2011). Data extrapolation uses one or few
locations within a region to represent the entire region of interest.
In contrast, data interpolation tries to derive detailed or high reso-
lution data using the limited known data combined with physical
information, in order to capture some of the prevailing heterogene-
ity within the region of interest. Previous studies found however
that considerable errors could be introduced, when using inter-
polated or modelled weather data (Baron et al., 2005; Van Wart
et al., 2013a) or by using monthly instead of daily weather data
(Nonhebel, 1994; Van Bussel et al., 2011b).

Despite the increasing use of crop models for large areas, studies
that test the error in model outputs due to the use of scaling meth-
ods are scarce. Previous studies that assessed these errors, mainly
focussed on the effects of data aggregation on model simulations
(Anguloetal.,2013;Baronetal.,2005; De Witetal.,2005; Easterling
etal, 1998; Olesen et al., 2000; Van Bussel et al., 2011a; Wassenaar
et al., 1999). But, although large area crop estimates have also
been obtained by extrapolating point-based crop model simula-
tions from the field scale to a larger region, see e.g. Rosenzweig
and Parry (1994), Wolf and Van Diepen (1995), Alexandrov et al.
(2002), and Van Wart et al. (2013b), the magnitude of errors result-
ing from applying such a scaling method is currently unknown.
Better understanding of errors from extrapolation also concurs
with the approach of using downscaled climate projections from
weather generators (see e.g. Semenov and Barrow, 1997; Jones and
Thornton, 2013).

Recently, the relationship between the number of sampling
points in a region and the simulation error has been studied for
a region in Germany, the Free State of Thuringia (Nendel et al.,
2013). It was shown that the use of one representative soil and one
weather station was insufficient to reproduce the observed mean
yield in the region of interest. Including more detailed soil infor-
mation and weather stations improved the simulation accuracy.
However, several points remained unclear such as the relationship

between the number of sampling points and simulation error. It
remains also unclear to which extent such findings apply to other
regions and other crops and how independent the results are from
the specific crop model used. The latter deserves particular atten-
tion as recent studies have pointed to considerable differences
among models in simulating crop yields (Angulo et al.,2013; Asseng
et al., 2013; Palosuo et al., 2011; Rosenzweig et al., 2014) which
may also affect conclusions on effective sampling for regional crop
model application.

Hence, in this study we aimed to evaluate the effects of the spa-
tial sampling of weather data on simulations of winter wheat yield
in two production systems, potential and water-limited, for one
regionin Germany over a 30-year period (1982-2011). We explored
(i) which effects the different sizes of spatially sampled weather
data have on simulated wheat yields, comparing samples sizes of
10, 30, 50, 100, 500, 1000 and a full coverage of 34,078 points per
region, (ii) the advantage of a stratified as compared to a random
sampling, and (iii) to which extent results are consistent across a
range of crop models differing in structure and detail.

2. Methods and materials
2.1. Study area

The study area was the state of North Rhine-Westphalia (NRW)
in Germany, (Fig. 1a). NRW has a size of about 34,080 km? and
shows a considerable heterogeneity in altitude (Fig. 1b, data from
the German Meteorological Service) and hence in spatial variability
in weather conditions (Fig. 1c-f, Table 1). The region also experi-
enced temporal variability in weather conditions (Fig. 2a). In the
30-year period 1982 to 2011 average yearly minimum tempera-
ture varied from 4 to 6.5 °C, average yearly maximum temperature
from 8 to 10.5 °C, the yearly global solar radiation sum from 3500 to
4500 M] m~2, and the yearly precipitation sum showed the largest
temporal variation from 750 to 1150 mm. Observed actual yields
(Fig. 2b) varied in the time period 1999 to 2011 from 6.3 to
approximately 8 tDM ha~!. Although the districts cannot be eas-
ily attributed to the high or low altitude regions, observed actual
yields (averaged over the time period 1999 to 2011) tended to be
lower in the higher altitude regions as compared to lower altitude
regions.

2.2. Avadilable input data

2.2.1. Weather data

Time series of daily weather data with 1 km resolution were cre-
ated for the 30-year period (1982 to 2011). For this purpose, daily
minimum and maximum temperatures and sunshine duration
from about 280 weather stations (about 800 locations with precipi-
tation measurements) located within the region as well as monthly
mean values at a 1 km resolution were obtained from the German
Meteorological Service (DWD). To derive daily time series for min-
imum and maximum temperature and sunshine duration at the
1 km resolution, the monthly grids were combined with the daily
weather station data of the nearest station. The Angstrém-Prescott

Table 1
Mean weather conditions within the most important period of the winter wheat
growing season (March till July), based on a 30-year period (1982-2011).

Variable Lower Higher
altitudes altitudes
(0-100m) (100->800m)

Precipitation (mm) 250-330 330-550

Minimum temperature (°C) 9 6

Maximum temperature (°C) 18 15

Solar radiation (m=2d-1) 15.8 14.9
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Fig. 1. (a) The state (Bundesland, area approximately 34,000 km?) of North Rhine-Westphalia (left panel), the regional districts for which yield data are available (right panel);
(b) altitude (m); (c) 30-year period mean maximum temperature (°C); (d) 30-year period mean minimum temperature (°C); (e) 30-year period mean yearly precipitation
sum (mm); (f) 30-year period mean radiation (MJm~2d-"); (g) 12-year period mean actual farmers yields (tDM ha~1), observed zero yields, indicating crop failure by e.g.
frost, have been removed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Temporal variation in weather conditions, per year averaged over the whole of North Rhine-Westphalia; (b) temporal variation in the yearly mean actual farmers

yields (tDMha~'), the mean is area weighted using the area per district (Fig. 1g).

formula (Prescott, 1940) was applied to calculate the daily solar
radiation from sunshine hours. Data from the Satellite Application
Facility on Climate Monitoring (CM SAF; www.cmsaf.eu, resolution
approximately 7 km x 11 km) were used to derive location-specific
a and b coefficients for the Angstrém-Prescott formula. Due to the
limited availability of consistent measurements, wind speed was
represented by one value per day for whole NRW. This value was
based on the mean of all wind speed stations measurements, con-
verted to wind speeds of 2m above ground (Allen et al., 1998,
Eq. (47)). Daily relative humidity has been calculated with help
of Allen et al. (1998, Egs. (10) and (11)): actual vapour pressure
by assuming Tgew = Tmin — 0.5 and saturated vapour pressure by
assuming T =Tqajly mean- Daily precipitation data at 1 km resolution
were directly obtained from DWD for the years 1982 till 2009.
The other years were calculated as above described for the other
variables.

2.2.2. Soil, crop management and actual yield data

As the focus in this study was only on the effect of sampling
weather data we used for the simulations only one soil type (sandy
loam), which is common in NRW (Tables 2a and 2b). For crop
management we used, in accordance with farmers’ practices in
NRW, a sowing date of 1st of October, a harvest date of 1st of
August, and a winter wheat cultivar with daylength and vernal-
ization responsiveness. Information on actual farmers yields was
available per district (NUTS 3 level) for the time period 1999 to
2011 (Regionaldatenbank Deutschland, 2013) (Fig. 1g). Generally,
farmers in NRW apply sufficient fertilizer but hardly any irrigation
to their winter wheat crop. Therefore the mean observed actual
yields (Fig. 1g) can be considered as benchmark for simulated
water-limited yields. However as occurrence of pests, diseases,
and weeds are not considered by the crop models which may
have affected the observed actual yields, we did not quantitatively
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Table 2a
Soil properties of the used soil type.

Layer Thickness (dm) Volumetric water contents (m> HO m~3 soil) at
Air dryness Wilting point Field capacity Saturation
Layer 1a 3 0.085 0.17 0.36 0.45
Layer 1b 9 0.085 0.17 0.36 0.45
Layer 2 8 0.065 0.13 0.37 0.44
Layer 3 3 0.005 0.01 0.04 0.11
Table 2b

Initial soil conditions.

Layer Initial soil water per layer Initial soil nitrate and ammonium for layer (kg ha=1) Soil organic carbon pools (gC100g1)
Layer 1a 50% of FC 30 2.76
Layer 1b 50% of FC 20 0.38
Layer 2 50% of FC 5 0.27
Layer 3 50% of FC 1 0.25

evaluate the performance of crop models with these observed
data.

2.3. Crop models

The 12 utilized models in this study were: MONICA (v.1.2.5)
(Nendel et al., 2011), APSIM (v.7.5) (Keating et al., 2003) and
DSSAT-CERES-Wheat (v. 4.5.1.23) (Jones et al., 2003) run for large
areas in parallel (hence pAPSIM and pDSSAT-CERES-Wheat) within
the parallel System for Integrating Impacts Models and Sectors
(pSIMS; Elliott et al., 2014), HERMES (v.4.26) (Kersebaum et al.,
2007), MCWLA (v.2.0) (Tao et al., 2009), NWheat (v.1.55) (Asseng
et al., 1998), SALUS (v.1.0) (Basso et al., 2010), LINTUL2 (Spitters
and Schapendonk, 1990) implemented in SIMPLACE(LINTUL2)
(Gaiser et al., 2013), SPASS implemented in the model sys-
tem ExpertN (Biernath et al., 2011), STICS (v.8.3) (Brisson et al.,
2008) implemented in the RECORD platform (Bergez et al., 2013),
DSSAT-CERES-Wheat (v.4.5.0.0) (Jones et al., 2003), and DSSAT-
CropSim-Wheat (v.4.5.0.0) (Jones et al., 2003). Within these models
different representations of processes important for crop growth
are used and they differ with respect to the inclusion of soil pro-
cesses. All models ran with a daily time step, with the exception of
ExpertN, which used a time step of approximately an hour. Detailed
model descriptions are given in Table 3, based on Asseng et al.
(2013). Since data that can be used to calibrate models for large
area application are often hardly available, only limited calibration
was applied, using the general information on crop phenology and
grain yield (see Section 2.2.2).

The models were used with one exception to simulate poten-
tial and water-limited yields. The definitions from Evans and Fisher
(1999) and Van Ittersum and Rabbinge (1997) were applied: poten-
tial yield is the yield of a crop cultivar when grown without water
and nutrient limitations and biotic stress effectively controlled;
water-limited yield is similarly defined, but crop growth might be
limited by water supply.

2.4. Sampling strategy

We applied all crop models for each 1km resolution gridcell
that is located within NRW (see Fig. 3a for a simplified represen-
tation of the approach). We assumed that simulations for these
34,078 points and the derived statistics resemble field-based simu-
lations and provided us with the ‘true’ values of the NRW potential
and water-limited yields. We first applied the ‘stratified sampling’
to evaluate the effect of sampling size on yield simulations. This
involved the following steps:

for each gridcell

Output aggregation

7 for selected o

each gridcell u

Output aggregation

b)

Stratification of data points

Fig. 3. Graphic overview of the applied scaling method: (a) simulation for each
1 km resolution gridcells and subsequently aggregation of output data; (b) stratified
sampling and subsequently aggregation of output data.

1. The region was divided into environmental zones with similar
conditions (i.e. the strata or zones). The stratification (Fig. 4)
was taken from the global environmental stratification (GEnS) by
Metzger et al. (2013). It uses four variables to delineate relatively
homogeneous environmental strata, i.e. temperature season-
ality, potential evapotranspiration (PET) seasonality, growing
degree-days with a base temperature of 0 °C, and an aridity index
(the ratio between annual precipitation and PET).

2. Sampling locations (gridcells with 1km resolution) were ran-
domly selected within each zone, each sampling location was
considered to be representative for the entire zone. The number
of selected sampling locations per zone was proportional to the
area of the zone.

3. The models were run for each selected sampling location and the
output data were compared for different sample sizes (Fig. 3b).

2.5. Assessment of required sampling size

The aim of stratified sampling is to improve the representative-
ness of the samples by reducing sampling error. It uses a weighted
mean of sub-populations rather than the arithmetic mean of a typi-
cal random sample from the whole population. The performance of
the sampling can be indicated by the changes of the mean squared
error (MSE) when enlarging the sample size s. The MSE is equal to
the sum of the variance and squared bias of the sampled simulated
yields (Wackerly et al., 2008). Because we did not consider model
errors, but only sampling problems, we could assume that when
we sampled a point, we got exactly the correct value for this point.
This implies that we could set the bias term to 0.
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Table 3
Applied crop growth models and their used model approaches, following the approach of Asseng et al. (2013).

Model Leaf Light Yield Phenology! Root distri- Type of Water Evapo- No. cultivar
area/light utilization® formation® bution over water dynamics® transpiration” parameters
interception?® depth® stress'

MONICA S RUE Prt T/DL/V/O EXP E C PM 15

PAPSIM S RUE Prt/Gn/B T/DL/V/O 0 E C TE 7

pDSSAT-CERES-Wheat S RUE Gn T/DL/V EXP E/S C PM 7

HERMES D P-R Prt T/DL/V/O EXP E/S C PM/TW/PT 6

MCWLA S P-R HI/B T/DL/V EXP E R PM 7

Nwheat S RUE Prt T/DL/V EXP S C PT 7

SALUS S RUE Prt/HI T/DL/V EXP E C PT 18

SIMPLACE(LINTUL2) S RUE Prt/B T/DL LIN E C P 4

ExpertN D P-R Gn/Prt T/DLIV EXP E/S R PM 5

STICS S RUE Prt/Gn/B T/DL/V/O SIG E/S C P/PT/SW 13

DSSAT-CropSim-Wheat S RUE Gn T/DL/V EXP E/S C PM 7

DSSAT-CERES-Wheat S RUE Gn T/DL/V EXP E/S C PM 7

a S, simple approach (e.g. LAI); D, detailed approach (e.g. canopy layers).

b RUE, radiation use efficiency approach; P-R, gross photosynthesis—respiration.

¢ HI, fixed harvest index; B, total (above-ground) biomass; Gn, number of grains; Prt, partitioning during reproductive stages.

d T, temperature; DL, photoperiod (day length); V, vernalization; O, other water/nutrient stress effects considered.

¢ LIN, linear, EXP, exponential, SIG, sigmoidal; O, other approaches.

f E, actual to potential evapotranspiration ratio; S, soil available water in root zone.

& C, capacity approach; R, Richards approach.

b PT, Priestley-Taylor; PM, Penman-Monteith; TW, Turc-Wendling, P, Penman; SW, Shuttleworth and Wallace (restrictive model); TE, Transpiration efficiency approach
(“bold” indicates approach used during the study).

a)

Fig.4. Spatial allocation of the distinct sampling sizes: (a) 10, (b) 100, (c) 500, and (d) 1000 within the zones. The colours indicate the different GEnS strata or zones for North
Rhine-Westphalia. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Range in minimum and maximum temperature in pink zone of Fig. 4 based on full coverage of sampling points (n=5057) and based on sampled subset (n=9), for the
years 1995 and 1996. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2

The expected mean squared error (E (MSE), [t ha’l] x1073)
for the whole study area for a certain sampling size was calculated
as follows:

"z | w2 x var (f/z)

z

E(MSEnS):Z e (1)
z=1

in which ng is the number of sampling points, n, the number of

zones, var(y;) the variance of the simulated yields of the selected

sampling points in zone z, and

az
wW; = K

with a; the area for zone z and A the area for the whole study area.
Per sampling point first the mean yield over the 30-year simu-
lation period has been calculated. For interpretation reasons we

converted E (MSE) ([t ha’l}2 x 10‘3> into the expected rooted
mean squared error E(RMSE) (t ha™') with help of: E(RMSE) =

/(E(MSE) x 1000)/1000.

A relatively small stable E (MSE) indicates that the sample size
is large enough to represent the prevailing variability within the
region and consequently, the sample is likely to be an accurate
reflection of the ‘true’ simulated yield (mean and distribution) for
the whole region. In order to find the adequate sample size to rep-
resent the prevailing variability in weather conditions in NRW, we
conducted a stratified sampling of the simulated yields with vary-
ing sample size (10 to 1000 sampling points with 10 as increment).
Fig. 4 indicates the spatial allocation of 50, 100, 500 and 1000 sam-
pling points.

2.6. Effect of stratified sampling as compared to random sampling

To test the effectiveness of the stratification, the sampling of
NRW was repeated by selecting sampling points randomly, without
considering the zones. Both sampling methods (random and strat-
ified) were conducted 10,000 times for four sample sizes (5, 10, 30,
and 50). Probability density functions of the simulated yields per
sample were estimated using Gaussian kernels.

3. Results
3.1. Variability in climate input data after sampling

The spatial pattern of the climate zones aligned well with the
spatial pattern of the altitude of NRW (Figs 1b and 4). The zones

also reflected the spatial pattern of the weather variables which are
used as input for the crop models (Fig. 1c-f). To assess the ability of
the randomly stratified selected subset of sampling points to reflect
the weather conditions resulting from all sampling points within
a zone, the ranges in resulting temperature conditions were plot-
ted for two randomly selected years (Fig. 5). The randomly selected
subset of sampling points reflected the range in temperature con-
ditions resulting from all sampling points within the zone well,
with only slightly less higher and lower minimum and maximum
temperatures.

3.2. Comparison of simulated yields among models

3.2.1. Spatial patterns of the simulated yields

Distinct spatial patterns were detectable for simulated crop
yields and all models reproduced the pattern of the climate zones
and weather data. However, yield differences among zones varied
depending on the crop model (Fig. 6). While some models simu-
lated higher yields in regions with higher altitudes and lower yields
in regions with lower altitudes, other models simulated the oppo-
site spatial pattern, the latter being slightly more in line with the
spatial pattern of the observed actual farmer yields. In general, the
models simulated hardly any water-stress (i.e. water-limited yield
was approximately equal to potential yield). Besides contrasting
spatial patterns, the 30-year mean water-limited yields for NRW
(Fig. 7, violin plots with sampling size 34,078) simulated by the
models varied from 6.2tDMha~! to over 10t DMha~!. Not only
the means, but also the range in simulated water-limited yields dif-
fered: 8 models gave a range of approximately 0.5 t DM ha~! (based
on the 25th and 75th percentiles of the simulated 30-year mean
water-limited yields at the 1km resolution), while for 2 models
the 25th and 75th percentiles of simulated 30-year mean differed
more than 1.5DM ha~1.

If we assume that observed actual farmers yields are repre-
sentative for the whole region, including for locations where no
observations were available, the area-weighted mean winter wheat
observed actual yield for NRW is 7.2tDMha~! for the period
1999-2011 (Fig. 1g). In developed countries with intensive, high
input agriculture, farmers often produce approximately 80% of their
potential production (Cassman, 1999). Van Wart et al. (2013b)
showed that this is indeed a valid assumption for rainfed win-
ter wheat in Germany. Based on this 80% threshold and the mean
observed actual yield, the long-term mean water-limited yield for
NRW can be estimated at approximately 9t DM ha—!. The majority
of the models (8 out of 12) simulated a 30-year mean water-limited
yield between 8 and 10.3 t DM ha~1, this corresponds with relative
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Fig. 6. Spatial pattern of simulated yields (tDMha~1!), mean of 30-year period. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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yield gaps (i.e. the mean observed actual yield divided by water-
limited yields) of 90-70%. Two models simulated lower 30-year
mean water-limited yields than the mean observed actual yield in
NRW.

3.2.2. Temporal patterns of the simulated yields

The simulated temporal variability (Fig. 8) of yields was consid-
erably larger in comparison with the simulated spatial variability
(Fig. 6). The range of simulated water-limited yields across years
was approximately 1 to 2 t DM ha~! for 2 models (based on all sam-
pling points), which was in agreement with the temporal variability
of the observed actual yields (Fig. 8). Other models (3 out of 12)
simulated an interannual variability of more than 4tDMha~1.

The interannual variability pattern was rather similar among the
models (Fig. 8). For example for the year 2004, a year with rather
average weather conditions, 11 out of 12 models simulated a higher
water-limited yield in comparison with their model specific long-
term water-limited yield. However, in a few other years there was
less consensus, e.g. for the year 2003, that was characterized by high
summer temperatures and drought, 5 models simulated a higher
water-limited yield in comparison with their model specific long-
term water-limited yield, while 7 models simulated a lower water-
limited yield which was also observed.

-
s

3.3. Sampling strategy

3.3.1. Effects of sampling size on simulated yields

Median and mean of the simulated yields (aggregated for NRW
and the 30-year period) were hardly affected by the number of cho-
sen sampling points: decreasing the sampling points from 34,078
to 10 resulted in a change of maximally 0.34 tDMha~! of the sim-
ulated 30-year mean water-limited yield of NRW (Fig. 7). Even
simulations based on the lowest sample size (10 sampling points)
still resulted in a fairly similar distribution of the simulated yields,
in comparison with simulations based on the highest available level
of detail in the input data (simulations based on full coverage of
34,078 sampling points). This was consistent for all models and
independent of the production condition. For some crop models the
frequency distribution of the simulated yields changed as a result
of a different sampling size, especially the occurrence of lower
yields decreased with a decreasing number of sampling points.
See Appendix A for the exact values for each model. The tempo-
ral variability in simulated yields was also hardly affected by the
chosen sampling size (Fig. 8). Importantly, differences among the
means and distributions of the simulated yields by the various mod-
els were much larger than the effect of sample size: the simulated
30-year mean water-limited yields (based on all 34,078 sampling
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Fig. 7. (Continued ).

points) of the lowest and highest yield simulating model differ up
to 4tDMha~!, while decreasing the sampling points from 34,078
to 10 changed the simulated 30-year mean water-limited yields
with 0.14tDMha~! (averaged over all models).

3.3.2. Minimum sampling size for yield simulation

To quantify the minimum sampling size that is required to
obtain accurate simulated yields, as compared to results based
on full coverage of 34,078 sampling points, the weighted mean
squared error (E(MSE), Eq. (1)) was estimated for each model
(Table 4). All models showed a high E (MSE) at low sampling sizes,
E (MSE) dropped when the sampling sizes increased and for most
models the E (MSE) were relatively stable and small with a sam-
pling size of approximately 100 points (Table 4, 8 out of 12 models
reached E(MSE)<1[tha=1]%2 x 10~3 for water-limited conditions).
For the other models E (MSE) dropped below 1[tha=1]? x 10-3 at
500 sampling points. These results aligned with distribution shown
in the violin plots (Fig. 7): some models showed a larger range
in simulated yields than others and consequently more sampling
points will be required to get a similar accuracy in simulated yield.
Nevertheless, despite a relatively unstable E (MSE) when the sam-
pling size is less than 100, even simulations based on the lowest
sampling size (10) gave relatively low E(MSE) values for every
model; the E (RMSE, t DM ha_l) is at most 0.2tDMha~! for
water-limited conditions.

3.3.3. Stratified versus random sampling

To test the effectiveness of the stratification, we sampled the
model results using a random and stratified distribution of the
sampling locations, for four sampling sizes. The probability den-
sity functions of the samples look differently for the random and
stratified sampling (Fig. 9). Compared to random sampling, simu-
lations based on stratified sampling converged faster around the
simulated mean yield based on all sampling points if the sample
size decreases. These differences indicated that the stratified sam-
pling method is more efficient than the random one, especially with
a sample size of 10. Also here, differences among models were
observed. The probability density functions showed that differ-
ent models produced different spatial patterns in simulated yields,
since the differences in the probability density functions for ran-
dom and stratified sampling were not the same for the models.

4. Discussion
4.1. Stratified sampling to simulate regional crop yields

Accurate simulations of crop yields at the level of administra-
tive regions such as North Rhine-Westphalia (NRW) are essential
to assess for example the impact of climate variability on regional
crop productivity. The availability of accurate input data normally
decreases if the intended spatial extent for the model application
increases. This requires methods to process input data (Ewert et al.,
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2011) in order to obtain regional estimates of crop yields. Process-
ing input data, often referred to as upscaling methods, may have
implications for model outcomes (Baron et al., 2005; Easterling
et al,, 1998; Mearns et al., 2001; Nonhebel, 1994; Van Bussel et al.,
2011b; VanWartetal.,2013a), butdespite the increasing number of
studies with crop simulations for large areas, little is known about
the errors related to the scaling methods. The present study used
a high-resolution weather data set from a state in Germany, North
Rhine-Westphalia, in combination with 12 crop models to test the
magnitude of error on simulated regional wheat yields due to the
sampling of weather data. Although previous studies (Baron et al.,
2005; Van Wart et al., 2013a) showed that model outcomes can
show considerable errors if applied with interpolated weather data,
we assumed that due to the extensive weather station network
in NRW, these errors will be relatively low in the created gridded
weather database. It might be that certain assumptions, e.g. cal-
culating saturated vapour pressure by assuming T="Tgajly mean have
influenced the quality of the developed weather database. Testing
the quality of the weather data was however not the focus of this

study. We aimed to assess to what extent the spatial and temporal
patterns of the simulated yields could be represented by a distinct
chosen number of sampling points. It is to our knowledge the first
systematic study on analysing the effect of sampling size, sampling
methods and their possible interaction with crop models.

We found that for all the crop models a stratified sampling of
10 points was sufficient to reproduce the simulated 30-year mean
yield within a 34,078 km? region (Fig. 7). This has obviously a pos-
itive implication for the computing time required to run a crop
model across such a large area. In addition, such a huge decrease
in output data will make further data processing and analysis of
results easier or even possible. To obtain also an accurate spatial
distribution of the simulated yields, for the majority of the mod-
els (8 out of 12) approximately 100 sampling points were required
(Table 4). For models that showed a relatively large range in sim-
ulated yields, a larger number of sampling points was required to
reproduce the spatial distribution in simulated yields. This result
is in line with previous research that showed for models simu-
lating a higher variability in yields, the use of aggregated input
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Table 4
Expected mean squared error (E (MSE),

2
[t ha’l] x 107%) (Eq. (1)) for different sampling sizes (s) per model.

Crop model Ns=10 Ns=50 Ns=100 Ns=500 Ns=1000
E (MSE) for potential production conditions ([tha=1]? x 10-3)
MONICA 7.620 0.985 0.717 0.187 0.077
PAPSIM 5.512 0.678 0.373 0.071 0.038
pDSSAT-CERES-Wheat 4,615 1.447 1.119 0.218 0.100
HERMES 1.929 0.391 0.173 0.042 0.020
MCWLA 6.089 0.836 0.448 0.125 0.053
Nwheat 3.126 0.357 0.143 0.033 0.018
SALUS 32.545 6.125 2.747 0.648 0.351
SIMPLACE(LINTUL2) 3.734 0.508 0.220 0.051 0.028
STICS 3.645 0.907 0.578 0.124 0.061
DSSAT-CERES-Wheat 1.582 0.291 0.177 0.046 0.019
DSSAT-CropSim-Wheat 5.549 1.005 0.829 0.149 0.073
E (MSE) for water-limited production conditions ([tha~1]> x 10-3)
MONICA 38.703 3.236 3.468 0.513 0.265
PAPSIM 8.028 1.187 0.569 0.095 0.049
pDSSAT-CERES-Wheat 5.185 1.381 1.095 0.211 0.097
HERMES 1.407 0.500 0.453 0.063 0.043
MCWLA 2.899 0914 0.350 0.110 0.048
Nwheat 5.819 1.223 0.820 0.135 0.076
SALUS 32.545 6.125 2.747 0.648 0.351
SIMPLACE(LINTUL2) 2.306 0.468 0.183 0.042 0.024
ExpertN 8.684 4931 2.602 0.494 0.266
STICS 2.687 0.908 0.545 0.120 0.059
DSSAT-CERES-Wheat 1.582 0.291 0.177 0.046 0.019
DSSAT-CropSim-Wheat 5.549 1.005 0.829 0.149 0.073

data will result in higher deviations from the mean for these mod-
els as compared to models with a lower variability in simulated
yields (Hansen and Jones, 2000). The probability density functions
(Fig. 9) showed that if possible, stratified sampling is preferred
above random sampling, since stratified sampling clearly increased
the effectiveness of the sampling.

4.2. Implications for regional crop simulations

The aim of the presented study was not to compare the sim-
ulated yields by the different crop models with observed actual
yields or to compare crop models among each other, but to assess
the effect of spatial sampling of weather data on regional crop yield
simulations. Therefore we performed only a limited calibration,
which mimicked nevertheless the common practice in crop simula-
tions for large areas with respect to their calibration. Although not
the aim, we cannot ignore the striking result that possible errors
in regional crop simulations seem to be more caused by the dif-
ferent model approaches than by scaling issues with respect to
weather data availability. This large range in model results has
recently been shown by Angulo et al. (2013), Asseng et al. (2013)
and Rosenzweig et al. (2014), and justifies the efforts of programs
such as AgMIP (www.agmip.org) and MACSUR (www.macsur.org)
towards research on model improvement. It showed that, besides a
deeper understanding of errors due to scaling issues, improvement
of crop models, among other testing if a model is suited to simulate
crop growth and yield in a certain region, is essential in order to
obtain accurate yield estimates at scales that extent from fields to
the region and beyond.

In our study we had data at our disposal from about 280 weather
stations from the German Weather Service. However, these data
were only available through contract and freely available weather
data for the region of NRW from the weather service is restricted to
only six weather stations. In all large environmental strata of NRW
at least one of these six weather stations is located. The results of
our study indicate that it is likely that the mean regional yield can
be simulated relative accurately with help of the data from these six

weather stations, but that the spatial variability in simulated yields
might be less accurate. Crop simulations for large areas are often
applied in regions which have considerable less data available than
Germany, such as Sub-Saharan Africa. This study showed that espe-
cially the spatial distribution of simulations in such areas should be
assessed with care if they were derived from few single points only.
Our results provided insights how the minimum number of sam-
pling points can be assessed to provide acceptable simulations for a
region. Stratified sampling is certainly a way to reduce the required
number of sampling points. This applies to sampling the spatial het-
erogeneity but may also apply to temporal variability if long time
series are not available.

4.3. Future research

Results of the present study are valid primarily for the stud-
ied region and selected time period. They are however in line with
conclusions from an earlier study where 14 weather stations were
sufficient to reproduce well observed yields within another state
in Germany, the Free State of Thuringia (Nendel et al., 2013). This
leaves the question open however to which extent a more advanced
model calibration as done in Nendel et al. (2013) affects results
obtained in our study, particularly the obtained differences among
models and their responsiveness to the sampling of weather data.

In the present study, we have used only one soil type and we did
not consider known variations in management (see e.g. Van Bussel
et al., 2011a; showing that sowing dates can vary considerable
within aregion). The effect of sampling soils and management could
exceed the effects of sampling weather data which may particularly
be the case in regions with less favourable growing conditions, e.g.
where severe water limitations for crop growth can be expected,
since rainfall is especially variable over space and thus timing
of sowing and soil conditions are of great importance for affect-
ing water-limited yields. Therefore, further efforts are required to
expand the present study to also analyse the effects of sampling
soil types and crop management.
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5. Conclusions

Errors in large area crop simulations can result from the choice
of weather input data. If only a limited number of weather stations
is available within a region, this study showed that, despite a rel-
atively accurate spatial mean, the spatial distribution in simulated
yields can be prone to error. We have shown that to increase effec-
tiveness of sampling, stratified sampling is preferred above random
sampling. But most importantly, this study showed that the effect
of model choice on the outcomes of regional crop simulations is

far larger than the effects of the sampling and that models respond
differently to sampling. Efforts are therefore required to improve
crop models for regional applications. Further work is also needed
to extend the present study to investigate the effects of sampling
soil type and crop management.
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