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Motivation

Soil erosion, phenology and vegetation coverage

Soil erosion is an event-based process which is mainly controlled
by the simultaneous occurrence of heavy rain events and low soil
coverage.
Extensive phenological information can be used as an indicator
for time frames of high erodibility.
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Objectives

Coupling of crop phenology and NDVI profiles

Automatic interpolation of phenological phases
Generating of NDVI profiles derived from time-series of high
temporal resolution
Development of a phase-specific fractional vegetation coverage
model
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PHASE

Reported phenological phases for eight typical field crops
in Germany

crop scientific name ID reported phases
Winter wheat Triticum aestivum L. 202 10, 12, 15, 18,19, 21, 24
Winter rye Secale cereale L. 203 10, 12, 15, 5, 6, 18, 21, 24
Winter barley Hordeum vulgare L. 204 10, 12, 15, 18, 21, 24
Oilseed rape Brassica napus L. 205 10, 12, 14, 67, 17, 5, 22, 24
Oat Avena sativa L. 208 10, 12, 15, 66, 19, 21, 24
Maize Zea mays L. 215 10, 12, 67, 5, 65, 19, 20, 21, 24
Potato Solanum tuberosum L. 234 10, 12, 5, 24
Sugar beet Beta vulgaris subsp. vulgaris 253 10, 12, 13, 24
5 – Beginning of flowering | 6 – full flowering | 10 - Beginning of sowing | 12 - emergence |
13 - closed stand | 15, 67 - beginning of shooting/stem elongation | 17 - beginning of bud
formation | 18 - beginning of heading | 19 - beginning of milk ripening | 20 - beginning of
early dough ripening | 21 - beginning of yellow ripening | 22 - beginning of full ripening |
24 - harvest | 65 - beginning of tassel emergence
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Figure 2: Model structure including preprocessing, model fitting and interpolation. SRTM

DEM - Digital elevation model; T eff
sum - accumulated temperatures from DOYstart to observed

day DOYobs; Qopt- Quantile of T eff
sum distribution that leads to lowest RMSE values; DOYcrit-

day on which cumulated temperature sum exceed; DOYpred - predicted day of entry of a

phenological event.

accurate predictions can be assumed. On the other hand, kriging is based on283

the assumption that more distant observations are almost ineffective for the284

prediction result (Hengl, 2009). Since computation time increases strongly with285

increasing number of considered stations, the number of the included stations286

can be reduced to limit processing time.287
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Figure 1: Germany-wide input data sets. All DWD stations which observed phase “beginning

of yellow ripening” for winter wheat in 2011, and all stations that provided daily temperature

measurements on 1st January 2011 (left) and the 1 km elevation model (right). Projection:

EPSG code 25632(Spatialreference, 2015). Data sources: DWD (2015) and USGS (2004).

phenology and is mostly referred as growing degree day (GDD ; Eq. 1).184

GDD = 0.5× (Tmax − Tmin)− TB (1)

According to Eq. 1, a GDD is the daily contribution to the accumulated heat185

sum, Tmax and Tmin are the daily observed maximum and minimum temper-186

atures, and TB is the base temperature. TB can be either species-specific or187

individual for each phase of a crop species (Slafer and Savin, 1991). The daily188

GDD – beginning at a starting point in time (DOYstart) – is then accumulated189

over a vegetation cycle. Because winter crops are sown during autumn of the190

previous year, the often-used 1st January is not necessarily the optimal start-191

ing day. This day does not take environmental differences into account which192

are expected to lead to inaccurate extraction of the critical temperature sum.193

Station-specific starting days like the day of sowing or the start of snow melt194

can be chosen instead to respect topographic or climatic differences. Since other195

factors than climate are also influencing the day of sowing, using snow melt as196

9

Model core

topography that has to be considered. Kriging using explanatory variables is227

referred as universal, external drift or regression kriging. Other methods like228

inverse distance interpolation, averaging values per polygon and ordinary kriging229

can be understood as special cases of the regression kriging method (Hengl,230

2009), which hence is understood as best linear unbiased predictor (Stein, 1999;231

Hengl, 2009).232

3.1.3. Cross validation233

Cross validation is an often applied method for accuracy assessment for in-234

terpolations of environmental variables (Kuhn and Johnson, 2013). It compares235

predicted values on a location with the observed values on the same location.236

Leave-one-out cross validation excludes one sample from the input data set and237

predicts this sample using the surrounding observation points. Afterwards, the238

difference between the predicted value and the observed value is used as estim-239

ate of the prediction performance. 10-fold cross validation is is an alternative240

technique, which is a variant of bootstrapping and is insensitive against outliers241

(Hengl, 2009). Here, the data set is split into 10 parts (folds) of equal size and242

each fold is used for cross validation and calculation of the parameters Root243

Mean Squared Error (RMSE) and R2 as metric for the model’s goodness of fit.244

Cross validation provides global accuracy measures as well as the residuals245

for each observation which can be used to detect observations of high uncertainty246

that can affect the entire prediction result negatively.247

3.2. Model conception248

The PHASE model follows the growing degree days approach (see Eq. 1)249

but includes day length as proxy for latitude influences. It extracts the day of250

year (DOYcrit) on which the temperature sum T eff
sum exceeds a certain quantile251

of the distribution of all temperature sums (Eq. 2).252

T eff
sum[j] = Qopt

[
DOYobs∑

i=DOYstart

(
(T i,j − TB)×

DLi

24

)]
(2)

11

Gerstmann, H., Möller, M., Doktor, D. & Gläßer, C. (20??). PHASE: A geostatistical model for

the Kriging-based spatial prediction of crop phenology using public phenological and
climatological observations. Computers and Electronics in Agriculture, submitted.

Möller, M., Möller, S., Doktor, D., Gläßer, C. (2011): Automatic interpolation of phenological

phases in Germany. In MultiTemp2011, 6th International Workshop on the Analysis of
Multi-temporal Remote Sensing Images (pp. 37–40). Trento/Italy.
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DEM - Digital elevation model; T eff
sum - accumulated temperatures from DOYstart to observed
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sum distribution that leads to lowest RMSE values; DOYcrit-

day on which cumulated temperature sum exceed; DOYpred - predicted day of entry of a

phenological event.

accurate predictions can be assumed. On the other hand, kriging is based on283

the assumption that more distant observations are almost ineffective for the284

prediction result (Hengl, 2009). Since computation time increases strongly with285

increasing number of considered stations, the number of the included stations286

can be reduced to limit processing time.287
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Figure 6: Distribution of T eff
sum calculated for all phenological stations from sowing to the

observation date of “shooting” (left) and “yellow ripening” (right) for winter wheat

cording to Fig. 6, the median of T eff
sum for “shooting” and “yellow ripening” are391

423HU and 1272HU with standard deviations of 92.59 and 103.96, respectively.392

The DOYcrit value on which the temperature sum exceeds a certain quantile393

Qopt has been determined. The mean error of the observed and modelled values394

as well as the corresponding Qopt value are shown in Fig. 7. Accordingly, Qopt395

is close to the expected median Q0.5 but for “shooting” slightly above and for396

“yellow ripening” slightly below the median (Q0.55 andQ0.45 or the 55%-quantile397

and 45%-quantile respectively).398

All data points where the residual of DOYcrit and DOYobs is larger than399

the standard deviation σv of DOYobs have been excluded from the data set.400

This filtering process reduces the considered stations by about 43% and 41%401

respectively. Fig. 8 visualizes the filtering effect. The data points are plotted in402

Fig. 8. As a result, the model fitting increases significantly. The R2 and RMSE403

values for the filtered point data set are 0.59 and 6.11 for “shooting” and 0.72404

and 3.88 for “yellow ripening”. The data points for “shooting” are more scattered405

than those for “yellow ripening”, which indicates that the model performs better406

in prediction of summer phases than on spring phases due to less uncertainty in407

the calculation of T eff mentioned above. For all other phases and plants, the408

19

Distribution of T eff
sum calculated for all phenological stations from

sowing to the observation date for shooting of Winter Wheat in
2011
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accurate predictions can be assumed. On the other hand, kriging is based on283

the assumption that more distant observations are almost ineffective for the284

prediction result (Hengl, 2009). Since computation time increases strongly with285

increasing number of considered stations, the number of the included stations286

can be reduced to limit processing time.287

13

Statistical filtering

●

●
●

●

●

●

●
●

●

● ● ●

●

●
● ●

●
●

●

●

●

●
●

●
●

●

● ●
●

● ● ● ●
●

● ● ●

●
●

●
● ● ●

● ● ●
● ● ●

●
● ● ● ●

●

● ●
●

●

● ● ●●●●●●●●●●●●●●● ● ● ●● ● ● ● ●
●●

●

●

● ● ●●●●●● ●●●● ●●●●
●
●● ● ●

●
● ● ●

●

●

●
●

●
●

● ●● ● ●●● ● ●●●
●● ● ●

● ●
● ●

●
●

●

●● ●
●

● ●

● ●
● ● ● ● ●●

●●
●

●●
● ● ● ● ● ●

●
●

●

●
●

● ●

● ●

●

●
●

●
●

●
● ● ●

●
●

● ●
●

●

90 100 110 120 130

80
10

0
12

0
14

0
16

0

Correlation between DOYpred and DOYobs

Shooting
DOYobs

D
O

Y
cr

it

●

● ● ●

●

●

●

●

●
●

●
●

●

● ●
●

● ●

●
●

●
● ● ●

● ● ●
● ● ●

●
● ● ●

●●●●●●●●●●●●● ● ● ●

●●● ●●●● ●●●●
●
●● ● ●

●● ● ●●●
●● ● ●

● ●
● ●

●
●

●
●●

● ● ● ● ● ●
●

●
●

●
●

● ● ●
●

●

● ●
●

Included stations:     621

Stations within σobs: 353

●
●

●

●

●
● ● ●
● ●

●
●

● ●
● ●

● ● ●
●

● ● ●
●

● ● ●
● ● ● ● ● ● ● ● ●

●
● ● ●

● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
●

● ● ● ●
● ● ● ● ● ● ● ● ● ●

● ●
● ● ●

●
● ● ● ● ● ● ● ● ● ● ● ●

● ● ●
●

●
● ●

● ●●● ● ● ● ● ● ● ● ● ● ● ●
● ●

● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

● ● ●
● ● ●● ● ● ● ● ●● ●

● ● ● ●
● ●

●
● ● ● ● ● ● ● ●● ● ● ● ● ● ● ● ●

●
●

● ●
● ● ● ●● ● ● ● ● ● ●

● ● ● ● ●
●

●
● ●

● ● ● ●
●

● ● ● ● ● ● ● ● ● ●
● ●

● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ● ●

●
●

●
● ● ●

● ● ● ● ● ● ● ● ● ● ●

● ● ● ● ●
● ● ● ●

●
● ● ● ●

● ●
● ● ● ●

●
● ● ● ● ●

● ● ● ● ● ●
● ●

●
●

●
●

●
● ●

● ● ●
●

● ●
●

● ●
● ● ● ● ● ● ● ●

●
●

● ● ●
● ●

●
●

● ● ●
● ●

● ●
●

●

●
●

●

●

180 185 190 195 200 205 210

18
0

20
0

22
0

24
0

Correlation between DOYpred and DOYobs

Yellow ripening
DOYobs

D
O

Y
cr

it

● ●
● ●

●
● ● ●

●
● ●

● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ●

● ● ● ●
● ● ● ● ● ●

● ● ●
●

● ● ● ● ● ● ● ●● ●
●

●
● ●

● ●●● ● ● ● ●
● ●

● ● ● ● ● ● ● ● ● ● ● ● ●
● ●

● ● ●● ● ● ● ● ●● ●
● ● ● ● ● ● ● ●● ● ● ● ● ●

● ●● ● ● ● ● ● ●
● ● ● ●

● ● ● ● ● ● ● ● ●
● ●

●
● ● ● ● ● ● ● ● ● ●

● ● ● ● ● ● ● ●

● ● ● ●
●

● ● ● ●
● ● ● ● ●

● ●
●

●
●

●
●

● ●
●

● ●
● ● ●

●
●

●
● ●

●

Included stations:     590

Stations within σobs: 348
●

●

●

●

●

●

●

●

●

●

●

●

●

Count

1
2
3
4
5
6
7
8
9
10
11
14
15

Figure 8: Density plot of DOYcrit and DOYobs for “shooting” (left) and “yellow ripening”

(right) of winter wheat in 2011. The diameter of the points indicates the frequency of occur-

rence. All data points within the standard deviation σ are highlighted in red, the black line

indicates the ideal fit.

deviations are similar in all regions suitable for wheat cultivation, independ-428

ently of the point density in those areas. The most obvious source for model429

uncertainty are unsuitable conditions for demanding crops. The prediction is430

performed even in areas where the particular crop cannot be grown due to431

unsuitable environmental conditions. For instance, winter wheat can only be432

grown in regions with sufficient precipitation, mild winters and warm summers433

as well as on fertile soils which are not present in entire Germany. However, the434

model produces information independently of these requirements. This prob-435

lem is particularly obvious in north-eastern Germany. There, the soils are very436

sandy and thus not very fertile, and winter wheat is consequently only rarely437

cultivated and almost no observations exist from this area. However, the kriging438

algorithm predicts the phase using the closest locations, in this case from the439

very fertile regions in Central Germany. Consequently, regions of actually poor440

environmental conditions appear to be favoured regions for the cultivation of the441

particular crop. The integration of a mask derived from soil types or detailed442

land use information that margins the prediction on potential cultivation areas443

could solve this problem, but would increase the required input data amount444

21

Density plot of DOYcrit and DOYobs for shooting of Winter Wheat
in 2011
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PHASE

Shooting of Winter Wheat in 2011
and thus reduce the intended universal applicability of the model.445

Figure 9: Modelling results (left) and kriging standard deviations (right) for the phenological

phases “beginning of shooting” (ID 15) and “yellow ripening” (ID 21) of winter wheat in 2011.

Projection: EPSG code 25632, (Spatialreference, 2015)

4.4. Optimal parametrization and model accuracy446

The accuracy metrics were computed using 10-fold cross validation (Sec. 3.3).447

Tab. 3 combines the determined optimal model parameters nmax and Qopt as448

well as the accuracy metrics RMSEmod and R2
mod of the interpolated model449

output and RMSEraw and R2
raw of the ordinary kriging interpolation of the450
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PHASE

Accuracy metrics
Table 3: Optimal model parameters and accuracy metrics for crop phenological phases ob-

served in 2011.

Plant Phase TB Qopt nmax RMSEmod R2
mod RMSEraw R2

raw

Winter wheat emergence 0 0.35 50 12.66 0.91 10.90 0.18
shooting 0 0.55 25 6.11 0.59 10.46 0.03
heading 8 0.50 40 2.75 0.69 5.51 0.24
milk ripening 6 0.45 50 3.33 0.58 9.25 0.03
yellow ripening 0 0.45 13 3.88 0.72 7.29 0.13

Winter rye emergence 0 0.40 60 9.99 0.84 8.98 0.07
shooting 0 0.6 17 6.46 0.69 8.08 0.02
beginning of flowering 10 0.5 40 2.92 0.70 6.08 0.14
full flowering 10 0.45 60 2.76 0.65 7.36 0.07
heading 7 0.50 50 3.93 0.70 5.63 0.17
yellow ripening 6 0.45 50 3.86 0.63 8.78 0.13

Winter barley emergence 0 0.4 60 7.35 0.87 7.93 0.10
shooting 0 0.50 60 5.97 0.64 8.96 0.06
heading 0 0.50 60 3.81 0.72 5.16 0.24
yellow ripening 6 0.50 50 3.92 0.64 8.15 0.13

Oilseed rape emergence 0 0.45 60 7.35 0.82 7.45 0.04

4 th leaf unfolded 0 0.45 50 10.20 0.63 13.34 0.03
shooting 0 0.7 40 7.82 0.70 8.16 0.22
bud formation 0 0.7 30 6.47 0.78 6.16 0.22
full flowering 0 0.55 60 4.92 0.66 4.90 0.42
full ripening 2 0.45 60 5.41 0.58 10.01 0.19

Oats emergence 0 0.40 60 5.09 0.81 6.06 0.16
shooting 2 0.50 60 4.52 0.58 8.93 0.03
heading 0 0.45 50 3.21 0.66 6.25 0.02
milk ripening 1 0.45 60 3.36 0.54 9.65 0.01
yellow ripening 0 0.45 30 3.48 0.63 8.77 0.12

Maize emergence 3 0.45 20 5.05 0.82 5.14 0.18
shooting 7 0.45 50 3.21 0.41 9.58 0.00
tassel emergence 3 0.45 60 3.21 0.68 6.41 0.12
beginning of flowering 0 0.45 60 3.60 0.65 7.36 0.12
milk ripening 0 0.45 50 4.08 0.61 8.09 0.10
early dough ripening 3 0.45 20 4.33 0.66 9.38 0.11
yellow ripening 0 0.4 40 4.88 0.67 9.31 0.05

Potato emergence 4 0.50 19 5.36 0.73 7.46 0.04
closed stand 4 0.50 20 4.11 0.64 7.17 0.06

Sugar beet emergence 3 0.45 30 5.35 0.71 7.53 0.00
closed stand 3 0.5 30 3.25 0.46 7.44 0.05
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PHASE

Temporal phase windows: Winter Wheat 2011
GERMANY
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Figure 1: Saxony-Anhalt in grey and the extent of the study site in red (a), reported parcel-specific LPIS data (b) and the the
area percentages of the most important crops (c).

Winter Wheat, Winter Barley, Winter Rape, Maize and Sugar
Beets (Fig. 1).

1) Sampling of representative digital photographs: Pho-
tographs have been taken from specific physical blocks within
the test site area during the vegetation period (Fig. 2a). The
selection of physical blocks was guided by the existence of
complex terrain conditions and the observation of soil erosion
events in the past. The samples’ locations have been chosen
within classified topographic positions for which a relation to
FV C degrees – especially in early phenological phases – is
assumed. The photographs have been taken in a vertical and
downward manner (10) and cover a defined and referenced
surface subset. Similar to (13), the extraction of the photo-
specific FV C has been realized by a supervised classification
using the maximum likelihood method implemented in ENVI
software. In Figure 2a, distributions of mapped and classified
FV C degrees are shown on the example of Winter Wheat
sampled in spring of 2011.

B. STARFM

The Spatial and Temporal Adaptive Reflectance Fusion
Model (STARFM) is an image fusion approach which has
been originally developed for the blending of Landsat images
(with high spatial resolution) and Moderate-resolution Imaging
Spectroradiometer (MODIS) images (with high temporal res-
olution) to simulate the daily surface reflectance at Landsat
spatial resolution and MODIS temporal frequency (12). In
doing so, 49 NDVI data sets have been simulated between
April and July 2011.

C. PHASE

The phenological model PHASE enables the fast prediction
of the phenological stage of a crop type by relating pheno-
logical observations to climate and elevation data using the
growing-degree-days approach (14). The accumulated daily
temperatures until a phenological observation date beginning
on the date of sowing are calculated and spatially interpolated
to derive Germany-wide phenological information at 1 km
spatial resolution.
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PHASE

Temporal phase windows: Winter Wheat
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PHASE

Temporal phase windows: Winter Wheat
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PHASE

Temporal phase windows: Winter Wheat
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PHASE

Temporal phase windows: Winter Wheat
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PHASE

Temporal phase windows: Winter Wheat

2014
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STARFM

Spatial and Temporal Adaptive Reflectance Fusion Model

 

6 On blending Landsat-MODIS surface reflectances in two landscapes with contrasting spectral, spatial and temporal dynamics 

 

 

 

 

Figure 1. Generic overview of Landsat-MODIS blending.  Part (a) illustrates simulating a Landsat-like image from two Landsat-

MODIS pairs ( 1t and 2t ) and one MODIS image observed at st : 1 2st t t  .  The simulated image is indicated by the yellow 

line.  The direction of information flow is represented by the arrows.  Part (b) shows a schematic representation of the blending 
procedure, see text for the description of the notation.  The outer black solid and dashed lines represent observed and 
calculated data, respectively, and l1(X,Y) and l2(X,Y) are spatially upscaled Landsat images associated with 5 Oct 2000 and 30 Mar 
2001, respectively.  Note this is a dual-pair blending example; in theory blending can also be performed using just one Landsat-
MODIS pair. 
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Sampling

Photo spots Mapping App

http://www.umgeodat.de/?q=node/8
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Sampling

Photo spots
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Sampling

Winter Wheat 2014
Spot 1 Spot 2

Spot 4 Spot 5
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Mapping results and FVC regression model

Mapping results: Winter Wheat in spring 2014
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Mapping results and FVC regression model

FVC model based on samples of 2013/2014 and
corresponding Landsat imagery
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FVC = NDVI 118.73 + 4.32
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Modelled phenological phases

Winter Wheat 2011

available Landsat 7 imagery
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Modelled phenological phases

Winter Wheat 2011

simulated Landsat 7 imagery (cloud cover < 70 %)
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DOY

P

1 21 51 81 111 141 171 201 231 261 291 321 351

Phase

10
12
15
18
19
21
24
AH

10 – sowing | 12 – emergence | 15 – shooting | 18 – heading | 19 – milk ripening | 21 – yellow ripening | 24 – harvest

MultiTemp 2015 | 23rd July 2015

Coupling of phenological information and synthetically generated time-series for crop types as indicator for vegetation coverage information



Introduction Data and methods Results Conclusion & outlook

Coupling of crop phenology and simulated NDVI profiles

25 % and 75 % NDVI quantiles
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Coupling of phenological information and synthetically generated time-series for crop types as indicator for vegetation coverage information



Introduction Data and methods Results Conclusion & outlook

Coupling of crop phenology and simulated NDVI profiles

Validation: available RapidEye imagery
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Coupling of phenological information and synthetically generated time-series for crop types as indicator for vegetation coverage information



Introduction Data and methods Results Conclusion & outlook

Coupling of crop phenology and simulated NDVI profiles

Validation: scatterplots

DOY 66 – PHASE 12
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Coupling of phenological information and synthetically generated time-series for crop types as indicator for vegetation coverage information



Introduction Data and methods Results Conclusion & outlook

Coupling of crop phenology and simulated NDVI profiles

Validation: scatterplots

DOY 128 – PHASE 15
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Introduction Data and methods Results Conclusion & outlook

Application of the FVC regression model on NDVI profiles

FVC prediction for phase 12 and 15 in 2011
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Coupling of phenological information and synthetically generated time-series for crop types as indicator for vegetation coverage information



Introduction Data and methods Results Conclusion & outlook

Outline
1 Introduction

Motivation
Objectives

2 Data and methods
PHASE
STARFM
Sampling

3 Results
Mapping results and FVC regression model
Modelled phenological phases
Coupling of crop phenology and simulated NDVI profiles
Application of the FVC regression model on NDVI profiles

4 Conclusion & outlook

MultiTemp 2015 | 23rd July 2015

Coupling of phenological information and synthetically generated time-series for crop types as indicator for vegetation coverage information



Introduction Data and methods Results Conclusion & outlook

Conclusion
Vegetation indices show a high correlation to fractional
vegetation cover during green phenological phases.
We have shown how such relevant time periods can be identified
by coupling phenological phases and simulated NDVI time series
over a specific vegetation period.

Outlook
effective sampling
application for crop residue coverages
implementation in a WebGIS environment
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Temporal and spatial C-factor derivation by using Sentinel 2
imagery for the localization of soil erosion events by water

http://paradigmaps.geo.uni-halle.de/dynac

Phenological structuring of high temporal Sentinel-2 satellite
imagery to improve land cover classification
http://paradigmaps.geo.uni-halle.de/phenos
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