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1. Introduction

ABSTRACT

For bare soil conditions, the most important process driving and initiating splash and interrill erosion is the
detachment of soil particles via raindrop impact. The kinetic energy of a rainfall event is controlled by the drop
size and fall velocity distribution, which is often directly or indirectly implemented in erosion models. Therefore,
numerous theoretical functions have been developed for the estimation of rainfall kinetic energy from available
rainfall intensity measurements. The aim of this study is to assess differences inherent in a wide number of
kinetic energy-rainfall intensity (KE-I) relations and their role in soil erosion modelling. Therefore, 32 KE-I
relations are compared against measured rainfall energies based on optical distrometer measurements carried
out at five stations of two substantially different rainfall regimes. These allow for continuous high-resolution (1-
min) direct measurements of rainfall kinetic energies from a detailed spectrum of measured drop sizes and
corresponding fall velocities. To quantify the effect of different KE-I relations on sediment delivery, we apply the
erosion model WATEM/SEDEM in an experimental setup to four catchments of NE-Germany. The distrometer
data shows substantial differences between measured and theoretical models of drop size and fall velocity
distributions. For low intensities the number of small drops is overestimated by the Marshall and Palmer (1948;
MP) drop size distribution, while for high intensities the proportion of large drops is overestimated by the MP
distribution. The distrometer measurements show a considerable proportion of large drops falling at slower
velocities than predicted by the Gunn and Kinzer (1949) terminal velocity model. For almost all rainfall events at
all stations, the KE-I relations predicted higher cumulative kinetic energy sums compared to the direct mea-
surements of the optical distrometers. The different KE-I relations show individual characteristics over the course
of rainfall intensity levels. Our results indicate a high sensitivity (up to a range from 10 to 27 tha™!) of the
simulated sediment delivery related to different KE-I relations. Hence, the uncertainty associated with KE-I
relations for soil erosion modelling is of critical importance.

affects the transport capacity (Kinnell, 2005). Due to these direct and
indirect implications of the KE of raindrops on several erosion processes

Rainfall driven soil erosion is traditionally subdivided into a number
of sub-processes, ranging from raindrop impact driven splash and in-
terrill erosion to surface runoff based rill and gully erosion processes.
Particularly initial soil erosion processes are closely related to the
rainfall kinetic energy (KE) that controls soil detachment, aggregate
disruption and transport by rain splash. Moreover, rain drop impact on
bare soil causes soil crusting and a corresponding infiltration reduction
(Morgan, 2005), and leads to turbulences in shallow surface runoff that
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KE is widely used as an important input parameter in erosion models. It
is implemented in conceptual and empirical models, especially the
USLE (Wischmeier and Smith, 1960) and its derivatives (RUSLE:
Renard et al., 1996; WaTEM/SEDEM: Van Oost et al., 2000) as well as
in physically-oriented models (LISEM: De Roo et al., 1996; EUROSEM:
Morgan et al., 1998).

The assessment of rainfall KE started more than a century ago with
the pioneer work of Wiesner (1895) and Bentley (1904) who introduced



Table 1

Table of theoretical relationships for rainfall kinetic energy (Jm~2h~!) and rainfall intensity (I mmh™?; see Fig. 1). Majority of equations are

harmonized according to Salles et al. (2002).

Original reference Equation Region
Logartithmic
Wischmeier and Smith, 1958 1(11.9 + 8.73 logyol) if I < 76 mmh™?! -
ifI > 76 mmh™"; KE = 28.3Jm™ *mm™"
Zanchi & Torri 1980 1(9.81 + 11.25 logiol) Italy

Kinnell 19817
Onaga et al. 1988
Brandt 1990

Exponential

McGregor & Mutchler 1976
Kinnell 1981°

Rosewell 1986

Rosewell 1986°

Brown & Foster 1987

1(17.12 + 5.23 log;oD)
1(9.81 + 10.6 logol)
1(8.95 + 8.44 logol)

1(27.3 +21.68 e~ %091 — 41,26 e =072 1)

29.31 I (1-0.281 e~ %018 1)
29 1 (1-0.596 e~ %0404 1
26.35 I (1-0.669 e~ 0349 T)
291(1-0.72e~%% 1)

USA (Florida)
Japan (Okinawa)

USA

USA (Florida)
Australia (NSW)
Australia (Queensland)
USA

Coutinho & Tomés 1995 35.9 I (1-0.559 e =034 1) Portugal

Cerro et al., 1998 38.4 1 (1-0.538 e~ %022 1) Spain
Jayawardena & Rezaur 2000 36.8 I (1-0.691 e~ 0038 1) China (Hong Kong)
Fornis et al. 2005 30.8 I (1-0.550 e~ 0031 ) Philippines
Intensity power

Park et al. 1980 21.1 I*¢ USA

Smith & De Veaux 1992* 13 1+ USA (Oregon)
Smith & De Veaux 1992° 11 1+ USA (Alaska)
Smith & De Veaux 1992¢ 18 [+ USA (Arizona)
Smith & De Veaux 1992¢ 11 17 USA (New Jersey)
Smith & De Veaux 1992° 10 18 USA (North Carolina)
Smith & De Veaux 1992¢ 11 1+ USA (Florida)
Uijlenhoet & Stricker 1999* 7.20 I'32 -

Uijlenhoet & Stricker 1999" 8.53 ['*° -

Uijlenhoet & Stricker 1999° 8.46 I''17 -

Uijlenhoet & Stricker 19994 8.89 [\28 -

Uijlenhoet & Stricker 1999° 10.8 % -

Uijlenhoet & Stricker 1999° 7.74 1'% -

Steiner & Smith 2000 11 % USA (Mississippi)
Shin et al. 2016 10.3 [+ -

Others

Carter et al. 1974 11.32 I + 0.5546 I*-0.500910 2 ° + 0.126 10 * I* USA (south central)
Usén and Ramos, 2001 23.41-18 Spain

Nyssen et al. 2005 36.65 (I-0.6/D) Ethiopia

the filter-paper and fleur pellet method to measure drop size distribu-
tions. Later, Laws and Parsons (1943) and Marshall and Palmer (1948)
found an exponential relation between drop size distribution (DSD) and
rainfall intensity and furthermore Laws (1941) and Gunn and Kinzer
(1949) developed a model for the terminal velocity of different drop
sizes used to calculate drop size specific fall velocities. Linking the
models of DSD and terminal velocity provided the necessary informa-
tion to calculate KE as a function of rainfall intensity. The most pro-
minent KE-I relation in erosion research was published by Wischmeier
and Smith (1958). The authors used a relation between DSD and in-
tensity from Laws and Parsons (1943) with a combined approach of
Laws (1941) and Gunn and Kinzer (1949) of drop size specific fall ve-
locities to calculate rainfall KE. Based on the calculated KE, a regression
equation between KE and intensity was derived and used as the basis for
the first erosivity index of the Universal Soil Loss Equation (USLE;
Wischmeier and Smith, 1960). Later, other combinations of DSD and
drop size specific fall velocities were used to calculate rainfall kinetic
energy, whereas the DSD of Marshall and Palmer (1948) is the most
frequently used (Renard et al., 1997). Based on new rainfall measuring
techniques that enable the continuous and simultaneous recording of
drop sizes and fall velocities (e.g. optical distrometer), it was shown
that drop size and fall velocity distributions can have complex patterns
between different storm events (Sempere-Torres et al., 2000), and also
vary during different phases within a rainfall event (Angulo-Martinez
et al., 2016). To date, a few KE-I relations are based on continuous
measurements of drop size distributions (e.g. Cerro et al., 1998; Petan
et al., 2010; Sanchez-Moreno et al., 2012), but almost no KE-I relation is
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based on both continuously measured drops size and fall velocity dis-
tributions. Instead, continuous DSD measurements are linked to term-
inal velocity models (except for Lim et al., 2015). Nonetheless, recent
research shows that a large amount of drops is not well represented by
terminal velocity models, which might have large implications for de-
riving rainfall KE from intensity (Angulo-Martinez et al., 2016; Larsen
et al., 2014; Montero-Martinez and Garcia-Garcia, 2016).

The aims of this study are (i) to analyze potential differences be-
tween measured and theoretically derived KE using state of the art
measuring techniques to directly calculate/measure KE from measured
drop sizes and fall velocities, (ii) to test a large number of published KE-
I relations to understand systematic differences between measured and
derived KE-I relations against the background of regional rainfall re-
gimes and (iii) to use the different KE results as input in a water erosion
and sediment transport model to quantify the ‘erosion-uncertainty’ as-
sociated with different KE approaches.

2. Materials and methods
2.1. Rainfall, drop size distribution and fall velocity data

2.1.1. Measured and derived rainfall KE

Rainfall intensity, drop size distribution and drop size specific fall
velocity are available at five stations in two different regions of
Germany equipped with optical laser distrometers (Laser Precipitation
Monitor: Thies-Clima, Germany). The distrometers are mounted at a
height of 1 m and record the full spectrum of drop size and fall velocity



distributions. Technically, the shade of a falling drop passing a flat laser
beam (228 X 20 mm) is measured. The corresponding amplitude of
signal reduction is used to calculate the drop diameter, whereas the
duration of signal reduction determines the fall velocity of the drop
(Thies-Clima, 2011). Each raindrop is measured individually and clas-
sified into 22 particle size classes ranging from 0.125 to 8 mm (largest
class ranges from 8 mm to infinity) and 20 fall velocity classes ranging
from < 0.2 to 20ms™?, respectively. Therefore, all the required in-
formation is available to directly calculate the rainfall KE (in Joule) as

1
KE = —mv?
2™ M
where m is the drop mass (kg) and v is the fall velocity (m s™1). The
device corrects for the drag force induced deformation of a falling drop
and returns the drop diameter that represents the drop volume.
Therefore, m can be calculated as

4 3
m = —mpr

3 (2)

where r is the radius in meter and water density (p) is assumed to be
1Mgm™3. KE calculated from drop size and fall velocity based on
measurements of the optical distrometer are subsequently referred to as
measured KE.

For a better mechanistic understanding of KE-I relations, measured
DSD and fall velocities are compared against traditional models (fall
velocity: Gunn and Kinzer, 1949; DSD: Marshall and Palmer, 1948).
Therefore, a comparison between measured and derived DSDs of dif-
ferent rainfall intensity ranges is analysed. Furthermore, measured drop
size and fall velocity distributions are assessed in terms of the counted
number of drops and their corresponding kinetic energy and compared
against the theoretical fall velocity model.

For comparison against the measured KE we used 32 published KE-I
relations (Table 1; Fig. 1) to derive rainfall KE from intensity (subse-
quently referred to as derived KE). The selection of equations cover the
most common KE-I relations representing all equation types published
(linear, logarithmic, exponential and power functions; reference see
Table 1). Both measured and derived KE are calculated based on optical
distrometer measurements of the same devices. For full comparability
of the measured rainfall amount, the rainfall intensity, which is the
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Fig. 1. Rainfall kinetic energy-intensity (KE-I) relations based on the equations
given in Table 1.
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Table 2

Descriptive statistics of observed annual rainfall data. Following Schwertmann
et al. (1990), an erosive rainfall event was classified according to the ex-
ceedance of 10 mm total rainfall or 5mm rainfall within 30 min. Individual
events are separated by 6 h without observed rainfall (I3o: maximum 30-min
rainfall intensity).

Station Year  Sum of erosive No. of erosive Max event Io [mmh~1]
events [mm] events sum [mm]

Uckl 2015 173 15 28.2 15.4
2016 203 12 38.0 73.7

Uck2 2015 199 15 35.8 19.6
2016 238 12 47.7 92.5

Rurl 2015 578 20 91.5 223
2016 545 16 46.6 39.9

Rur2 2013 396 19 49.0 22,5
2015 461 16 67.0 40.9
2016 193 10 38.9 50.1

Rur3 2013 328 19 349 52.1
2014 95 6 39.1 78.1
2015 357 21 51.3 20.5
2016 219 12 36.2 21.6

input for the KE-I relations, is based on the corresponding drop volume
that is also used for the direct measurements of the KE. All KE-I rela-
tions are validated against the reference, which is based on measured
KE that is directly calculated from drop size and fall velocity values.

2.1.2. Distrometer data set

The data set covers distrometer measurements made at 5 locations
of 1.9 x 10° min during erosive events (Table 2). Two stations are lo-
cated in the Uckermark in the Northeast of Germany (Fig. 2), re-
presenting a relatively dry and continental climate (mean annual pre-
cipitation 483 mm and temperature 8.7 °C; Aldana-Jague et al., 2016).
The stations are mounted both in close proximity (300 m distance be-
tween stations) to the small catchments that are modelled (see Section
2.2.1). Furthermore, three stations are located in the Rur catchment in
Western Germany (Fig. 2), representing a relatively wet and oceanic
climate. The distances between the stations are much larger compared
to the Uckermark stations (13km minimum distance), where two sta-
tions are located in the hilly Eifel region (Rurl and Rur2: mean annual
precipitation up to 1300 mm, Graf et al., 2014, and temperature 8 °C)
and the third station is located in flat and intensively used arable land
close to the village of Selhausen (Rur3: mean annual precipitation
700 mm and temperature 10 °C; Reichenau et al., 2016).

For general differences between the meteorological stations in the
Uckermark and the Rur region see Table 2. The heaviest precipitation
event (maximum 30-min rainfall intensities: I5p) of the dataset occurred
at the Uckermark stations in June 2016 (Uckl I3y 73.7 mmh~!; Uck2
I3p: 92.5mmh~1; Table 2). However, the Rur stations recorded higher
rainfall amounts and larger numbers of erosive rainfall events per year,
whereas I3, are higher at the Uckermark stations.

2.2. Erosion modelling

2.2.1. Test site

The modelling test site (53°21’2 N, 13°39’5 E) consists of four small
catchments (0.3 to 1.5ha) located in the proximity of the distrometer
stations in the Uckermark (Fig. 2). The study area represents a hum-
mocky ground morainic landscape of the Weichselian glacial belt
(‘young morainic area’) of northeastern Germany. Characteristic for
these landscapes are widespread closed depressions, so-called kettle
holes, which result from a delayed melting of dead ice blocks. They are
nowadays filled with mineral soil, (degraded) peat or water. The four
modelled TERENO observatory (Puetz et al.,, 2016; Zacharias et al.,
2011) catchments drain into a kettle hole and consist of different sizes
and slope characteristics that possesses heterogeneous sediment de-
livery ratios into the kettle hole. A typical conventional tillage crop
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Fig. 2. Location of rainfall stations in the Uckermark and Rur region and to-
pography of the modelled kettle hole catchments (C1-C4). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

rotation in the Uckermark region is rape (Brassica napus L.) — winter
wheat (Triticum aestivum L.) - winter barley (Hordeum vulgare L.), cul-
tivated without cover crops, which is adapted for the highly fertile soils
of the region. The soils are developed from glacial till and vary with
respect to their location in the landscape. The soil cover of the study
area reflects prolonged erosion and deposition processes due to long-
term arable land use since medieval times. Only 10-15% of the area
consists of soils unaffected by soil erosion (Luvisols, Stagnosols, Are-
nosols). Convex hilltops and steep slopes are dominated by extremely
eroded A-C profiles (Calcaric Regosols, soil classification according to:
IUSS, 2015). While Luvisols showing different degrees of erosion are
typically situated at the up and midslopes, the footslopes and depres-
sions show a sequence of Gleyic-Colluvic Regosols, Mollic Gleysols and
(buried) Terric Histosols (Gerke et al., 2010; Sommer et al., 2008). The
closed depression itself is built up by degraded Histosols and covered by
a colluvial layer of mineral topsoil material (40-100 cm). Between 7
and 11 erosive rainfall events per year take place (Deumlich, 1999). In
the region, maximum intensities up to 103mmh~' (per 30-min in-
terval) were recorded during an extreme event in June 2007 (Vogel
et al., 2016).
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2.2.2. WaTEM/SEDEM

We utilized the water erosion module WaTEM/SEDEM (Van Oost
et al., 2000; Van Rompaey et al., 2001) as implemented in the model
SPEROS-C (Fiener et al., 2015; Nadeu et al., 2015; Van Oost et al.,
2005). WaTEM/SEDEM is a widely used spatially explicit water erosion
model, which is based on a gridded application of the Revised Universal
Soil Loss Equation (RUSLE: Renard et al., 1996), which is coupled to a
sediment transport and deposition approach. Where erosion is calcu-
lated according to a slightly modified RUSLE approach, transport and
deposition is based on the grid cell specific local transport capacity TC
(kgm™~*a™"), which multiplies RUSLE factors with a transport capacity
coefficient (ktc; in meter)

3)

where R, C, K, L, S and P are the RUSLE factors (see Renard et al.,
1996): The model input rainfall-runoff erosivity (R) factor and cover-
management (C) factor are directly or indirectly related to the rainfall
KE. The annual R factor is calculated following Renard et al. (1996)

TC=ktcRCKLSP

J
R =) (BLk),

i=1

4

where E is the rainfall KE of event i (kJm~2) and I, is the maximum
30 min rainfall intensity during an event. As the product of El3, is the
event based rainfall erosivity. The C factor is calculated from daily
rainfall erosivity proportions (based on 1-min KE values) that represent
the distribution of the rainfall erosion potential over the course of the
year. Subsequently, the rainfall erosivity distribution is related to the
average daily soil cover of the applied crop rotation. Therefore, the C
factor relates the intra-annual distribution of rainfall erosivity to the
soil cover distribution (for more information see Renard et al., 1996).
The average soil cover per day of the modelled crop rotation is based on
sow and harvest dates combined with a typical crop cover development
given by Schwertmann et al. (1990). The L factor is calculated by an
approach of Desmet and Govers (1996) using the unit contributing area;
the slope (S) factor is calculated according to McCool et al. (1987).

2.2.3. Model implementation

For the model-based analysis we used a virtual rainfall and crop
rotation input data set for the four catchments. The data set combines
13 yrs. of rainfall measurements from the 5 different stations with the
typical 4-year crop rotation at the test site in the Uckermark and results
in 52 yrs. of independent annual rainfall-crop combinations. For these
rainfall-crop combinations, the R and C factor per year were calculated
for the measured KE and the 32 KE-I relations (Table 1). All other
RUSLE factors where kept constant during the overall 1664 model runs
to isolate the effect of different KE-I relations on soil erosion and se-
diment delivery.

According to the Federal Institute for Geosciences and Natural
Resources Germany (BGR, 2014) a RUSLE K factor of
0.25 (Mg h) (ha N)~! for sandy loam was applied. The P factor was set
to 1 as no soil conservation measures are applied at the test site. Ac-
cording to measurements of Gerke and Hierold (2012) at a nearby
(9km east) located study area, the topsoil bulk density was set to
1550 kg m~ 3. Based on a study of Van Oost et al. (2003), who assessed
measured ktc values (Verstraeten et al., 2006) against different grid
sizes, a ktc value of 150 m was used. The model operates on a 5 X 5m
grid resolution. Topographic information is based on an airborne laser
scanning digital elevation model aggregated to 5 X 5m resolution.

3. Results
3.1. Drop size and terminal velocity distributions

Comparing the measured DSD of station Uckl against the theore-
tical DSD model of Marshall and Palmer (1948; MP) indicates rainfall
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intensity specific differences (Fig. 3). (i) For minutes of low rainfall
intensities (46 mmh™?, Fig. 3a), the MP-DSD substantially over-
estimates the proportion of small drops (< 0.25mm), but under-
estimates the amount of all other drop size classes. (ii) For moderate
rainfall intensities (20-30 mmh~') the MP distribution predicts the
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proportion of the smallest drops size class and furthermore large drops
appropriately (> 1 mm, Fig. 3b). (iii) However, the proportions of large
drops are systematically overestimated by the MP distribution for high
intensities (40-60 and 100-150 mmh™?, Fig. 3c and d).

Comparing measured drop fall velocities against the theoretical fall
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velocity model of Gunn and Kinzer (1949; GK), exemplarily shown for
two events of station Uckl, also indicates pronounced deviations
(Fig. 4). Particularly for the highly erosive rainfall event (Fig. 4a), small
drops were measured at almost all fall velocities, where for the low
erosive rainfall event (Fig. 4b) the range of measured fall velocity is
somewhat smaller. A large proportion of small measured drops show
higher fall velocities than predicted by the terminal velocity model by
GK. For larger drops, the GK distribution describes more or less the
measured fall velocities, but a substantial number of large drops show
smaller fall velocities. As these large drops are highly relevant for the
KE, assuming the GK model leads to an overestimation of KE under
these conditions. The comparison of measured and theoretical drop size
and fall velocity distributions indicates that both potentially lead to KE
overestimations for large drops.
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3.2. Comparison of measured vs. derived kinetic energy

We analysed the deviation between measured and derived KE by 32
KE-I relations. The majority of KE-I relations show an overestimation of
cumulative KE with a large variety of results (Fig. 5). The deviation was
not uniformly distributed throughout the course of increasing measured
KE. In general, there are mainly three kinds of behaviour of the KE-I
relations: (i) an exponentially increasing overestimation, (ii) a pro-
nounced underestimation of the strongest 10% of rainfall minutes. (iii)
A number of relations do show a conservative behaviour and lead to a
constant overestimation (without exponential deviation at high en-
ergies) throughout the course of different energy levels (Fig. 5). The
minutes of highest KE are proportionally more relevant for the total KE
of the data series at the Uckermark stations compared to the Rur sta-
tions (Fig. 5). Hence, 90% of the total KE was achieved by 13.5% and
14.7% of rainfall minutes for Uckl and Uck2, respectively (Rurl:



Table 3

Annual deviation of 32 kinetic energy-intensity relations to measured kinetic
energy over 5 stations and a total of 13 yrs (see Table 2). Relative deviation (%)
is given in brackets behind absolute deviation (J m™2). Positive values indicate
an overestimation and negative values an underestimation of the measured
kinetic energy.

Station Year Measured KE A measured KE
[Jm™2] Mean Median
Uckl 2015 2152 788 (36.6) 635 (29.5)
2016 3203 870 (27.2) 700 (21.9)
Uck2 2015 3173 462 (10.9) 273 (8.7)
2016 4247 742 (8.2) 568 (6.5)
Rurl 2015 6278 3036 (48.4) 2531 (40.3)
2016 5519 1845 (33.4) 1416 (25.7)
Rur2 2013 4236 1810 (42.7) 1370 (32.3)
2015 4444 3134 (70.5) 2738 (61.6)
2016 3133 963 (30.7) 883 (28.2)
Rur3 2013 5846 283 (4.8) —-11(-0.2)
2014 1604 906 (56.5) 790 (49.2)
2015 2106 22 (1.0) —66 (—3.1)

23.3%, Rur2: 20.8%). In contrast, the largest contribution of heavy
precipitation minutes was found for station Rur3 (12.6%).

On an annual aggregation level, all years at all stations show a mean
overestimation of the 32 KE-I relations compared to the measured KE
(Table 3). The highest annual deviations are found for the stations Rurl
and Rur2, which are located in the hilly Eifel region. The highest mean
deviation of 71% for a measured total annual KE sum of 4.4 kJ m ™2 was
found at station Rur2 in 2015. The lowest annual deviation was shown
for station Rur3 with a relative mean deviation of 1% for a total KE sum
of 2106 Jm ™2,

Rainfall erosivity [N h™']

3.3. Measured vs. derived kinetic energy affecting event erosivity

Analysing event differences for measured and derived KE in relation
to erosivity, shows distinct differences between the Uckermark and Rur
stations. Uckl and Uck2 are dominated by events with low rainfall
erosivities < 5N h ™!, while the Rur stations show regularly occurring
events of higher rainfall erosivities between 5 and 20Nh™~! (Fig. 6;
Table 2). Events of long duration (> 2.5days) can accumulate large
quantities of KE but do not have high rainfall intensities and therefore
low erosivities. A long duration event at Rurl (approx. 10Nh™7;
Fig. 6b) shows the largest 95% confidence interval for the 32 KE-I re-
lations, ranging from 1.3 to 3kJm™2. Surprisingly, this large range
does not cover the measured KE (1.2kJm™%; Fig. 6). As already shown
by the analysis of minute-wise data, the derived KE distinctively over-
estimates the measurements, which is indicated by the median PBIAS
(average over- or underestimation between derived and measured KE
values in percent) of all KE-I relations, ranging from 10 to 54%. KE-I
relations originally developed for Spain (Us6n and Ramos, 2001) and
North Carolina (Smith and De Veaux, 1992) matched the events of the
Uckermark stations best, where KE-I relations theoretically developed
from DSDs (Uijlenhoet and Stricker, 1999) performed best for Rurl and
Rur2. The heavy event at the stations Uckl and Uck2 in 2016 (Fig. 6a)
contributes only with 11% and 17% to the total KE but with 46% and
60% of the total rainfall erosivity, respectively. Although single events
have limited impact on the total KE sum of a time series, the relevance
of single events for the total rainfall erosivity is high. Noteworthy, the
Uckermark stations are located 300 m apart, but show substantial dif-
ferences (Table 3).

3.4. Modelled differences in sediment delivery

Appling the WaTEM/SEDEM model with altered R and C factors in
relation to different rainfall KE-I relations shows high variations in se-
diment delivery (Fig. 7). Where the reference runs (based on measured
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rainfall KE), show for the larger catchments (C1 to C3; Fig. 2) moderate
sediment delivery (< 4 Mgha ™! yr™1), the highly connected catchment
4 shows annual sediment delivery up to 18 Mg ha~' yr~'. Catchment 2,
which is the largest catchment that consists of erosional and deposi-
tional structures (Fig. 8), shows the lowest reaction on different KE-I
relations. Contrary to that, the smallest and mainly erosion dominated
catchment 4 shows the largest sediment delivery feedback in response
to alterations in the derived KE from 13 up to 27 Mgha ™' yr ™. Inter-
estingly, the model runs of highest sediment delivery show conflicting
results in relation to the corresponding reference runs. The year of
highest sediment delivery (Rur3, 2013) shows a median under-
estimation of 5Mgha~'yr~!, where the second highest year (Rur2,
2015) has a median overestimation of 5.9 Mgha™'yr~! in catchment
4. Substantial sediment delivery was solely simulated for rainfall data of
the Rur stations (Fig. 7). The extreme event at the Uckermark stations in
2016 occurred in times of high soil cover and does not cause substantial
simulated sediment delivery. Highest sediment delivery of the crop
rotation is caused by rape cultivation.

4. Discussion

Optical distrometers have potential error sources e.g. splash from
device arm into the sensor, two drops detected as a single drop, hor-
izontal moving drops by wind (Angulo-Martinez et al., 2016). None-
theless, optical distrometers enable the continuous observation of
rainfall KE dynamics on high temporal resolution. Due to dynamics in
drop size distributions (DSD) according to the type of rainfall, the KE-I
relationship is not static for different events and furthermore
throughout different event phases (Angulo-Martinez et al., 2016).
However, almost all KE-I relations are explicitly developed for one ty-
pical DSD of a single distinct meteorological region, rainfall type and
utilize static drop size specific fall velocities. Therefore, combined
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measurements of DSD and corresponding fall velocities by optical
distrometers are assumed to be the most accurate and available source
to measure and analyze rainfall KE dynamics.

4.1. High resolution analysis

The minute based analysis shows pronounced deviations between
measured and derived KE (Fig. 5), which is in line with earlier studies
(e.g. Angulo-Martinez et al., 2016; Petan et al., 2010; Salles et al.,
2002). Specific deviations in reaction to different rainfall KE-I relations
are shown. A few KE-I relations match the total sum of measured KE
after the complete time series well, but nonetheless do have a large
absolute error, caused by high deviations over the course of different KE
levels. The majority of KE-I relations show a distinct overestimation
(Fig. 5), which is likely to be caused by a large number of drops falling
at velocities conflicting common models of terminal velocity (Gunn and
Kinzer, 1949; Hinkle et al., 1987; Laws, 1941) used to derive theoretical
KE-I relations. We observed a large quantity of small drops
(< 0.75mm) falling at extraordinarily high velocities (Fig. 4). These
super-terminal drops are reported in literature and are likely to be
caused by wind effects (Montero-Martinez and Garcia-Garcia, 2016)
and fragmentation of fast and large drops (Larsen et al., 2014). Since
super-terminal drops have higher energies than estimated from theo-
retical terminal velocity models, they cause an underestimation of KE-I
relations. However, Fig. 4 shows that the amount of KE caused by drops
smaller than 0.75mm is rather limited for the overall KE estimation.
Furthermore, we observed drops falling at substantially lower velocities
than expected from terminal velocity models (Fig. 4), which were also
observed in other studies (Angulo-Martinez et al., 2016; Cerro et al.,
1998; Montero-Martinez and Garcia-Garcia, 2016; Petan et al., 2010).
Sub-terminal drops cause an overestimation for KE-I relationships and
mainly occur in the drop diameter class contributing to the highest
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amount of rainfall KE (Fig. 4). Therefore, sub-terminal drops and the
overestimation of large drops in case of high rainfall intensities (Fig. 3)
are likely to be the reason for the disagreement between measured and
theoretically derived KE. This general overestimation of KE-I relations is
in line with recently published results of Angulo-Martinez et al. (2016).
With similar methodology, they reported a minute based positive bias
for the KE-I relations compared to optical distrometer based measured
KE.

4.2. Regional conditions for event based model input

The most common use of KE-I relations in soil erosion modelling, is
to provide region-specific event based kinetic energies. Interestingly,
the best matching KE-I relations are not necessarily developed for si-
milar regions or environmental conditions. One could argue that the
good performance for Uckl and Uck2 of the KE-I relation developed for
Spain (Uson and Ramos, 2001) is attributed to meteorological simila-
rities, such as convective rainfall of high intensities. However, Usén and
Ramos (2001) developed this relation based on data with a maximum
rainfall intensity of 20 mmh ™. Since our rainfall records consist of
measurements of much higher rainfall intensities (up to 300 mm h™Y,
the good agreement cannot be attributed to meteorological reasons due
to heavy uncertainties by extrapolation.
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We found regional differences in estimate quality. The predictions
for the Uckermark stations were better compared to the Rur stations,
which is potentially caused by less variation in rainfall types. In con-
trast to the predominantly cyclonic rainfall in the maritime climate of
the Rur stations, the short and heavy convective rainfall in the sub-
continental climate of the Uckermark might have less variation in DSD,
which leads to a better predictability of static KE-I relations.
Furthermore, the stations Rurl and Rur2 are located in the hilly Eifel
region that may cause larger dynamics in rainfall types and corre-
sponding DSD, which may to some extent explain the poor estimate
quality at these two particular stations (Tables 3 and 4). Therefore, it is
suggested to select the utilized KE-I relation on event level in relation to
the rainfall type or seasonal rainfall patterns and not only for a distinct
meteorological region.

4.3. Soil erosion modelling

The parsimonious WaTEM/SEDEM model showed its reliability in
predicting soil erosion estimates in numerous studies for different en-
vironments (e.g. Bakker et al., 2008; De Vente et al., 2008; Dlugof3
et al., 2012; Nadeu et al., 2015; Van Rompaey et al., 2005; Verstraeten
et al., 2002). Due to the virtual input data, a rigorous validation was not
possible. However, with respect to the study aim of quantifying the
range of possible uncertainties induced by a variety of KE-I relations
and focusing on relative differences, the model performance is assumed
to be sufficiently good.

Sediment delivery is substantially affected by the seasonal dis-
tribution of rainfall KE occurrence. For the year of the highest KE and R
factor, low sediment delivery was simulated because the largest energy
proportion occurred during a period of full vegetation cover. Thus,
pronounced sediment delivery was solely simulated for the rainfall data
of the cyclonic Rur stations due to a higher event frequency. An altered
seasonal rainfall distribution would cause much higher sediment de-
livery and thus our estimates are rather conservative. Soil erosion by
water is a highly episodic process, driven by single events (Fiener et al.,
2015; Wilken et al., 2017) and requires a combination of environmental
conditions. Unfortunately, extreme events show the highest variation
and uncertainty of the KE-I relationship. Fig. 7 illustrates that the de-
viation is not constant throughout all years of highest sediment delivery
and can either over or underestimate the reference run considerably.
This implies for water erosion modelling, that KE derived from rainfall
intensity underlies large uncertainties for rare and highly important
extreme events. This might be particularly true for physically-oriented
models that apply KE-I relations on high temporal resolution. In con-
trast, on long time scales, the error might to some extent average out
when utilizing conceptual models that were originally developed for
the prediction of long-term average soil loss such as the USLE
(Wischmeier and Smith, 1960).

The majority of environmental studies utilize tipping bucket rain
gauges, which have a known underestimation problem of high intensity
rainfall (Humphrey et al., 1997; Marsalek, 1981; Shedekar et al., 2016).
Since most KE-I relations were developed to be applied on tipping
bucket rain gauges, the positive bias might intentionally compensate
the mechanically caused underestimation. Petan et al. (2010) showed
that the derived KE from tipping bucket rain gauges is distinctively
lower compared to the measured KE based on two optical laser dist-
rometers (Thies-Clima and OTT). However, this would suggest that
traditional KE-I relations need to be calibrated for an application on
intensity measurements of modern ombrometers.

5. Conclusions

We applied various rainfall kinetic energy-intensity (KE-I) relations
on five optical distrometers to assess (i) deviations between measured
and theoretically derived kinetic energy (KE), (ii) variations throughout
different energy and temporal aggregation levels and (iii) implications



for soil erosion modelling. Pronounced differences between measured
and modelled (Gunn and Kinzer, 1949; Marshall and Palmer, 1948)
drop size and fall velocity distributions were found, which cause a
substantial overestimation of KE-I relations compared to measured KE
Meteorological regions of highly complex rainfall regimes show larger
differences between measured and derived KE compared to locations of
a single dominant rainfall type. Hence, the geographical region is not
necessarily the best predictor to determine the most adapted KE-I re-
lation for a study area with heterogeneous rainfall characteristics. Our
results highlight large uncertainties far from negligible for soil erosion
modelling that are associated to theoretical KE-I relations (range in
sediment delivery from 10 to 27 tha™1).
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