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Summary

Introduction: The Universal Soil Loss Equation (USLE) is one among several models which
are capable of predicting long-term average soil loss rates. The soil loss rates are calculated
as the product of six factors. These six factors account for rain erosivity, soil erodibility, slope
length, slope steepness, cultivation management, and permanent erosion control measures.
The USLE was first developed and established in the USA and subsequently adapted to
conditions in other regions of the World. In Germany, the USLE is used by many federal and
state administrative institutions to identify erosion prone sites. However, soil loss predictions
by the USLE with institutionally available data have not yet been validated. The lack of
validation was due to the great effort to measure soil loss at many agricultural fields over
long periods and due to the lack of rain erosivity from rain-gauge data for individual events

and individual fields, as erosive rains vary strongly in space and time.

Now, these two deficits could be addressed as contiguous radar rain data with high spatial
and temporal resolution have become operationally available from the Deutscher
Wetterdienst for Germany, as real-time product (RADOLAN, RADar OnLine ANeichung,
radar on-line adjusted) and as radar climatology (RADKLIM, RADarKLIMatologie), both with
a resolution of 1 km x 1 km in polarstereographic projection. In principle, weather radars can
record all (erosive) rain events at any site. Thus, the spatial and temporal pattern of erosivity
can be analysed, even for individual events. Such analyses have not been done

comprehensively till now because large data sets of dense rain-gauge networks rarely exist.

In this thesis, it was hypothesized that the availability of RADOLAN and RADKLIM data now
allows for calculating rain erosivity and thereby soil loss by the USLE for individual erosion
events wherever they occur within the coverage of the radar. It was further hypothesized that
the failure to measure these soil losses directly in the fields for validation purposes can be
compensated by visual classifications of erosion damages using high quality aerial photos

which document the degree of erosion. The visual classifications of erosion damages can



then be used to validate soil loss estimations by the USLE using institutionally available data

and RADOLAN derived erosivities.

Indeed, the spatial and temporal resolution of radar rain data is still lower than that of the
rain-gauge data. Rain gauges can deliver rain data almost at point scale and typically with
1 min resolution while radar rain data are often available with a resolution of 1 x 1 km? and
5 min or lower. These differences in temporal and spatial scales can affect rain erosivity
estimates and hence soil loss estimates. Therefore, erosivities derived from rain data with
different spatial and temporal resolutions were compared to determine these scale effects for

individual events as well as for the long-term average.

Aims: The main aims of this thesis were to make radar rain data applicable for soil loss
predictions and to validate the way at which the USLE is applied by many federal and state
administrative institutions. Three main studies were carried out for this: 1) Determining the
effects of using RADKLIM data, which have spatial and temporal resolutions lower than the
resolution of rain-gauge data, on erosivity estimates. 2) Analysing the spatial and temporal
variability of erosivity derived from RADOLAN data. 3) Assessing the validity of soil loss
predictions with the USLE using institutionally available data and RADOLAN derived

erosivities by visual erosion classifications with aerial photos.

Material & Methods: Rain erosivity is the product of the maximum 30-min rain intensity
(Imaxso) @nd the kinetic energy of an erosive rain event. A rain event is defined as erosive
when it has reached certain minimum thresholds for either total rain depth or lphaxso. Dry
spells of 6 h or longer separate rain events from each other. Annual erosivity is the sum of

the individual erosivities of all erosive events within one year.

Aim 1: Numerous large data sets from rain-gauge and radar rain measurements of various
spatial and temporal resolutions were analysed to determine the effect of rain data resolution
on erosivity estimates. The temporal resolutions varied between 1 min and 120 min and the

spatial resolutions between point and 18 x 18 km2. Temporal and spatial scaling factors were
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determined to correct for the effects of data resolutions lower than 1 min and point scale on
erosivity estimates. It was also determined the effect of the difference in method to measure
rain by rain gauges and radars on erosivity. This was done at 1 x 1 km? scale with RADKLIM
data and with data derived from a dense rain-gauge network. To analyse the effects of
spatial scale and method for individual events, the deviations of event erosivity R, at

1 x 1 km2 scale from RADKLIM and R, at point scale from rain-gauge data were determined.

Aim 2: The spatio-temporal variability was analysed for rain depths and erosivities derived
from 5 min RADOLAN data of two years from a study area of ~15 000 km? located in Bavaria.
The spatial variability of erosive rain events was determined geo-statistically by
semivariogram analyses. Gradients of rain depth and erosivity were calculated by the
standard deviation per distance within the range of autocorrelation. The diurnal probability
distribution for I,axs0 periods and for dry spells lasting at least 6 h were determined for the
temporal pattern of erosive events. Also the diurnal distribution of maximum rain intensities

was analysed.

Aim 3: The USLE was validated by comparison of visual classifications of erosion damages
and soil loss estimates from the USLE for individual erosive rain events. In total, 8100 fields
located in Bavaria were documented by 2500 aerial photos. The photos were taken shortly
after erosive rain events had occurred. Each field was visually classified into one out of four
erosion classes by a trained person. The visual classifications were tested for reliability by
three independent classification repetition runs carried out by trained persons. Values for the
USLE factors were mainly taken from the official erosion database of Bavaria and from
literature. Erosivities were calculated with 5 min real-time RADOLAN data. The validation of

the USLE was done by regression analyses and scatter plots.

Results & Discussion: Annual and event erosivities were increasingly underestimated with
decreasing spatial and temporal resolution of the rain data. Accordingly, spatial and temporal
scaling factors, which compensate for these underestimations, increased. Temporal scaling

factors increased steeper for erosivity at point scale than at 1 x 1 km? scale for temporal
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resolutions lower than 30 min. Thus, the spatial scale has to be considered when temporal
scaling factors are applied. The underestimation of erosivity based on RADKLIM data
compared to erosivity derived from rain-gauge data was a combined effect of resolution and
rain measuring method. The method effect accounts for about 24% of the factor to scale
annual erosivity derived from 1 x 1 km2 RADKLIM to point scale of rain gauges at the same
temporal scale. Event erosivities calculated at 1 x 1 km2 scale deviate from those at point
scale due to the variability of rain within 1 km?2 that cannot be resolved by these radar data.
The direction and magnitude of these deviations vary from event to event. Therefore, the
scaling factors are not appropriate for individual events. This contributes considerable

uncertainty to event soil loss estimates.

Erosivities of individual events showed strong spatial gradients. These gradients were
considerably steeper than those of rain depths. Gradients of erosivity remained pronounced
also for annual and biennial erosivities. The biennial erosivity still showed a patchy pattern
within the study area. Hence, contiguous, highly resolved rain data are necessary for erosion
analyses and far more than two years are required until regional characteristic patterns of

erosivity emerge from random scatter which occur in individual years.

The diurnal pattern of erosive events was pronounced. The occurrence of the |30 period
followed a diurnal cycle, with a clear peak of occurrence probability in the late afternoon. The
timing of this peak agreed with the peak of the diurnal cycle of maximum intensities. Dry
spells of at least 6 h between rains were highly common at days with erosive rains and
occurred mainly in the morning hours. Mostly, only one of both rain events separated by such
dry spells was erosive. Moreover, events often lasted over midnight. Both cases, dry spells
separating erosive and non-erosive events during one day and erosive events extending
over several days cause rain depths of erosive events to differ from rain depths of individual

days. In consequence, temporally continuous rain data should be used for erosivity analyses.

The visually classified erosion damages of the fields agreed well for the different

classification repetition runs. Mean soil loss calculated by the USLE increased significantly
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with increasing visually classified erosion damage. None of the USLE factors caused
directional disagreement between visually classified and calculated soil loss. However,
erosivity and erodibility caused less variation in classified and calculated soil loss than the
other factors of the USLE. The small influence of erodibility was caused by the narrow range
of erodibility in the study area. The small influence of erosivity was rather caused by the
difference in spatial scale that still existed even when using radar rain data. The field scale
on which soil loss was determined was much smaller than the 1 x 1 km2 scale of radar rain
data. Large gradients in erosivity within 1 x 1 km2 areas, which were already evident from the
deviations of erosivity from radar and rain-gauge data for the same event, contributed to the

scatter between calculated and visually classified soil loss.

Conclusions: Combining the USLE with radar rain data and institutionally available data
allows calculation of valid mean soil loss values for large data sets, and thus also for the
long-term. Scaling factors for erosivity have to be applied to compensate for the effects of

spatial and temporal resolution and measuring method when using radar rain data.

The high variability of event erosivity within short distances, such as 1 km, is a serious
constraint when individual erosion events of individual fields are under focus. Nevertheless,
the shown deep spatial erosivity gradients across the total rain cell call for radar rain data in
erosion analysis. Their use is promising to allow for more advanced analyses of erosion
events instead of using rain-gauge data exclusively. The constraint by the small-scale
variability does not apply for long-term mean annual erosivity. This allowed the development
of a new map of the R factor for the territory of Germany which can benefit from the

advantages of the contiguous and topical RADKLIM data set.
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Zusammenfassung

Einleitung: Die ‘Universal Soil Loss Equation’ (USLE) ist eines von vielen Modellen zur
Berechnung des langjahrigen mittleren Bodenabtrags durch Wasser. Mit der USLE ergeben
sich Bodenabtragsraten aus dem Produkt von sechs Faktoren, welche die
Bodenerodierbarkeit, das Erosionspotential der Regen (Erosivitdt), Hanglange und
Hangneigung, Bodenbedeckung und -bearbeitung und permanente
ErosionsschutzmalRinahmen bertcksichtigen. Das Modell wurde in den USA entwickelt und
an deutsche Anbauverhéltnisse angepasst. Es wird unter anderem in Behorden genutzt, um
erosionsgefahrdete Standorte auszuweisen. Jedoch wurde die USLE unter Verwendung der
behdrdlich verfuigbaren Daten seit ihrer Einfilhrung in Behérden nicht validiert. Dies liegt zum
einen daran, dass langjahrige Bodenabtragsmessungen unterschiedlicher
landwirtschaftlicher Flachen schwierig und sehr aufwendig sind. Zum anderen war es bisher
nicht hinreichend mdglich, Erosivitaiten mit Ombrometerdaten fir einzelne Ereignisse und
einzelne Felder zu berechnen. Da erosive Regen meist mit hoher raumlicher und zeitlicher
Variabilitat auftreten, sind Niederschlagsmessungen nachstgelegener Ombrometer nicht

ausreichend reprasentativ fur die Flache der erodierten Felder.

Mittlerweile werden auch flachendeckende, zeitlich und rdumlich hochaufgeloste
Radarniederschlagsdaten fir Deutschland vom Deutschen Wetterdienst (DWD) im
Echtzeitbetrieb (RADOLAN, RADar OnLine ANeichung) und als Radarklimatologie
(RADKLIM) jeweils mit einer Auflésung von 1 km x 1 km in polarstereographischer Projektion
zur Verfigung gestellt. Die Wetterradare des DWD kdnnen prinzipiell alle Regen im
gesamten Bundesgebiet erfassen. Damit koénnen raumliche und zeitliche Muster der
Erosivitat auch fir einzelne Ereignisse ermittelt werden. Dies war bisher noch nicht
umfangreich maoglich, da dichte Ombrometermessnetze, welche die Muster erfassen kdnnen,
kaum betrieben wurden. Mit Radarniederschlagsdaten kdnnen nun auch Erosivitaten
einzelner Ereignisse und somit auch Bodenabtrdge einzelner Erosionsereignisse erstmalig
unabhangig ihres lokalen Auftretens berechnet werden. Qualitativ hochwertige Luftbilder

bieten nun die Mdglichkeit, landwirtschaftliche Flachen bezuglich der sichtbaren
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Erosionsschaden auszuwerten und somit die Erosionsprognose der USLE, berechnet mit

den behoérdlich verfigbaren Daten, zu validieren.

Die zeitliche und raumliche Auflésung von Radarniederschlagsdaten ist jedoch geringer als
die der Ombrometerdaten. Die volumetrischen Radarmessungen liefern Niederschlage
gemittelt Uber eine Flache von, hier, 1 km x 1 km mit einer maximalen zeitlichen Auflésung
von 5 min. Ombrometer kénnen Niederschlage zeitlich hochaufgel6st (typischerweise 1 min)
Uber einer Auffangflache von meist ~200 cm?, welche hier als annahernd punktuell betrachtet
wird, messen. Die Effekte der zeitlichen und raumlichen Auflésung der Niederschlagsdaten
auf die Erosivitdt wirken sich ebenso auf Bodenabtragsberechnungen aus. Daher ist es
notwendig, die Effekte auf die Erosivitat sowohl fir Einzelereignisse, als auch fiir langjahrige

Mittel zu bestimmen.

Ziele: Hauptziel der Arbeit war es, Radarniederschlagsdaten auf ihre Verwendbarkeit zur
Prognose von Bodenabtrdgen zu untersuchen und die USLE, so wie sie behordlich
angewandt wird, zu validieren. Dazu wurden drei Studien durchgefihrt: 1) Ermittlung der
Effekte auf die Erosivitat, bedingt durch die zeitliche und rédumliche Aufldsung und die
Messmethodik der Niederschlagsdaten unter Verwendung von Ombrometer- und RADKLIM-
Daten. 2) Ermittlung der rdumlichen und zeitlichen Variabilitat der Erosivitdt auf Basis von
RADOLAN-Daten. 3) Validierung der RADOLAN-basierten Erosionsprognosen unter
Verwendung der behordlich verfiigbaren Datengrundlagen fir die USLE mittels

Luftbildauswertungen.

Material & Methoden: Die Erosivitdt ergibt sich aus dem Produkt der maximalen 30-
Minuten-Intensitat (Imaxso) Und der kinetischen Energie eines erosiven Regenereignisses.
Erosive Regen sind durch einen Mindestwert von lnaz0 oder einer erforderlichen
Gesamtniederschlagsmenge definiert. Einzelne Regenereignisse grenzen sich voneinander
durch Regenpausen von mindestens sechs Stunden ab. Die Jahreserosivitat ergibt sich aus

der Summe der Erosivitaten aller erosiven Regenereignisse eines Jahres.



Ziel 1: Zur Ermittlung der Effekte der rdumlichen und zeitlichen Auflésung auf die Erosivitat
wurde eine Vielzahl an Ombrometer- und Radarniederschlagsdatensatzen unterschiedlicher
zeitlicher und raumlicher Auflosung verwendet. Die zeitlichen Aufldsungen variierten
zwischen 1 min und 120 min, die rd&umlichen Aufldsungen zwischen punktuell und
18 km x 18 km. Es wurden zeitliche und raumliche Skalierungsfaktoren ermittelt, um damit
die Effekte auf die Erosivitat zu korrigieren, die durch Auflésungen geringer als 1 min und
punktuell verursacht werden. Weiterhin wurde der Effekt durch die zwei unterschiedlichen
Methoden der Niederschlagsmessung, Radar und Ombrometer, ermittelt. Dazu wurden
RADKLIM-Daten und Daten eines dichten Ombrometermessnetzes tber einer Flache von
1 km x 1 km verwendet. Zur Bestimmung der raumlichen und messmethodischen Effekte fiir
Einzelereignisse  wurden  Erosivititen  derselben  Ereignisse  mit  punktuellen
Ombrometerdaten und entsprechenden 1 x 1 km? RADKLIM-Daten berechnet und jeweils

deren Abweichungen ermittelt.

Ziel 2: Die raumliche und zeitliche Variabilitat der Regenmenge und der Erosivitat wurde auf
Basis von 5 min RADOLAN-Daten eines etwa 15000 km2 groRen Untersuchungsgebietes
von zwei Jahren ermittelt. Die raumliche Variabilitat der erosiven Ereignisse wurde mittels
Semivariogrammen geostatistisch analysiert. Die Gradienten der Regenmenge und Erosivitat
wurden aus der Standardabweichung je Distanzeinheit (km) innerhalb der Distanz, in der
Autokorrelation auftrat, berechnet. Zur Charakterisierung des zeitlichen Musters erosiver
Regenereignisse wurde die tageszeitliche Verteilung der maximalen Regenintensitaten und
der Auftrittswahrscheinlichkeiten von |30 und mindestens sechsstiindiger Regenpausen

ermittelt.

Zur Validierung der USLE wurden visuell Kklassifizierte Erosionsschdden mit
Bodenabtragsberechnungen der USLE fiir einzelne erosive Regenereignisse verglichen.
Dazu wurden insgesamt 8100 Feldstiicke in Bayern mit etwa 2500 Luftbildern ausgewertet.
Diese Luftbilder waren kurze Zeit nach dem Auftreten erosiver Regen aufgenommen worden.

Jedem Feldstick wurde durch einen Bearbeiter manuell eine von vier
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Erosionsschadensklassen zugeordnet. Die Zuverlassigkeit dieser Klassifizierungen wurde
durch drei weitere unabhéngige Klassifizierungsdurchgéange verschiedener Bearbeiter
geprift. Die Werte fur die Faktoren der USLE wurden groftenteils aus der offiziellen
Erosionsdatenbank von Bayern und aus der Literatur entnommen. Die Erosivitaten wurden
mit 5 min RADOLAN-Daten berechnet. Die Validierung der USLE erfolgte mittels

Regressionsanalysen und Scatterplots.

Ergebnisse & Diskussion: Die Ereignis- und Jahreserosivitaten wurden mit abnehmender
zeitlicher und raumlicher Auflosung der Niederschlagsdaten zunehmend unterschétzt.
Daraus ergaben sich zunehmende zeitliche und rdumliche Skalierungsfaktoren. Die
zeitlichen Skalierungsfaktoren fur Auflésungen geringer als 30 min stiegen flr Erosivitaten
bei punktueller Auflésung steiler an als bei 1 x 1 km2 Auflésung. Daher muss die raumliche
Auflésung bei der Verwendung der zeitlichen Skalierungsfaktoren bertcksichtigt werden. Die
Unterschatzung der Erosivitat mit RADKLIM-Daten ergab sich aus einem kombinierten Effekt
durch die raumliche Auflésung und durch die Methode der Niederschlagsermittiung aus
Radarmessungen. Der Methodeneffekt macht in etwa 24% des Faktors aus, der bei
gleichbleibender zeitlicher Auflésung notwendig ist, um die Jahreserosivitat ermittelt aus
1 x 1 km? RADKLIM-Daten auf die punktuelle Auflosung zu skalieren. Erosivitaten einzelner
Ereignisse auf 1 x 1 km2 Aufldsung weichen von entsprechenden Erosivitaten auf punktueller
Skala ab, da die Radardaten die rdumliche Variabilitat innerhalb von 1 x 1 km?2 nicht
wiedergeben. Die Starke und Richtung der Abweichungen ist von Ereignis zu Ereignis
unterschiedlich. Diese Abweichungen tragen zZur Unsicherheit von

Bodenabtragsschatzungen einzelner Erosionsereignisse bei.

Die Gradienten der Erosivitditen von Einzelereignissen waren stark und deutlich
ausgepragter als die Gradienten der Regenmengen. Die Gradienten der Jahreserosivitaten
und der zweijahrig mittleren Jahreserosivitat waren noch ausgepréagter durch die partielle
raumliche Uberlagerung der Ereignisse. Dies flihrte zu einem unregelmaRigen Muster der

mittleren  Jahreserosivitat. Die Ergebnisse  zeigten, dass flachendeckende

Xl



Niederschlagsdaten aufgrund der starken Variabilitit der Erosivitaten fur die
Erosionsforschung notwendig sind und dass Datenreihen von weit mehr als zwei Jahren
bendtigt werden, bis sich regional charakteristische Muster der mittleren Jahreserosivitat aus

dem Zufallsmuster einzelner Jahre herausbilden.

Das tageszeitliche Muster erosiver Regen war gepragt durch eine klare Spitze der
maximalen Regenintensitaten und der Auftrittswahrscheinlichkeit von lnase am spaten
Nachmittag. Mindestens sechsstindige Regenpausen zwischen zwei Regenintervallen traten
an Tagen mit erosiven Regen haufig und tUberwiegend in den Morgenstunden auf. Jedoch
war meist nur einer der beiden Regen definitionsgemald erosiv. Weiterhin dauerten Regen
haufig Uber Mitternacht an. Da Regenpausen innerhalb eines Tages erosive von nicht-
erosiven Ereignissen trennen und Ereignisse Uber mehrere Tage hinweg andauern kénnen,
unterscheiden sich haufig Regenmengen erosiver Regen und Regenmengen einzelner Tage.

Deshalb sollten Erosivitaten mit zeitlich kontinuierlichen Regendaten ermittelt werden.

Die Erosionsklassifizierungen der unabhangig voneinander durchgefuhrten Wiederholungen
stimmten weitgehend gut Uberein. Der mit der USLE berechnete mittlere Bodenabtrag stieg
mit zunehmendem, visuell klassifiziertem Erosionsschaden an. Keiner der USLE-Faktoren
verursachte eine gerichtete Unstimmigkeit der berechneten und klassifizierten
Bodenabtrage. Dennoch zeigten die Scatterplots der berechneten und Kklassifizierten
Bodenabtrage weniger Streubreite, wenn die Bodenabtrage nach zugehérigen Erosivitats-
und Erodibilitatsfaktoren gruppiert, gemittelt und gegeneinander aufgetragen wurden als
wenn gruppiert nach den anderen USLE-Faktoren. Der geringe Einfluss der
Bodenerodierbarkeit ergab sich aus der geringen Variation der Bodenerodierbarkeit im
Untersuchungsgebiet. Der geringe Einfluss der Erosivitdt hingegen war durch den
Unterschied der raumlichen Auflésung der Feldstiicke und der Radarregendaten bedingt. Die
Skala der Feldstiicke, fur welche die Bodenabtrage berechnet wurden, war deutlich kleiner
als die 1 km? Auflosung der Radarniederschlagsdaten. Dies lie3 vermuten, dass starke

Gradienten der Erosivitaten innerhalb von 1 km?2, welche bereits durch die Abweichungen der
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Erosivitaten ermittelt aus Ombrometer- und Radardaten derselben Ereignisse aufgezeigt
wurden, zu Unstimmigkeiten der berechneten und visuell klassifizierten Bodenabtrage

fuhrten.

Schlussfolgerungen: Mit Radarniederschlagsdaten und den behérdlich verfigbaren Daten
liefert die USLE fur grof3e Datensatze verlassliche mittlere Bodenabtrdge. Daher sollten
damit auch langjahrig mittlere Bodenabtrage geeignet geschatzt werden kénnen. Zur
Berechnung der dafur notwendigen langjahrig mittleren Jahreserosivitdten mit Radardaten
mussen jedoch Skalierungsfaktoren angewandt werden, um die Unterschatzung der
Erosivitat auszugleichen, die durch die zeitliche und raumliche Auflésung und die Methode

der Radarniederschlagsermittlung verursacht wird.

Die hohe kleinraumige (< 1 km) Variabilitat der Erosivitat einzelner Ereignisse mindert
deutlich die Interpretationssicherheit von Erosionsschéatzungen einzelner Ereignisse. Die
starken Erosivitdtsgradienten Uber die gesamte Regenzelle hinweg, zeigten dennoch die
Notwendigkeit der Verwendung von Radarniederschlagsdaten in der Erosionsforschung. Die
kleinrAumige (< 1 km) Unsicherheit spielt fur langjahrig mittlere Erosivitdten keine Rolle.
Somit wurde eine Neuauflage der Deutschlandkarte fur langjahrig mittlere Jahreserosivitaten
basierend auf Radarniederschlagsdaten ermdéglicht. Diese Karte kann von den Vorteilen
eines flachendeckenden, 17 Jahre umfassenden RADKLIM-Datensatzes aktuell

hochstmdglicher Qualitat profitieren.
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1 General introduction

Soil erosion is mainly induced by wind and by water. The extent and magnitude of soil
erosion by water is larger than by wind, in Europe (Boardman & Poesen, 2003; Verheijen et
al., 2009) but also worldwide (Oldeman et al., 1991; Oldeman, 1994). Water erosion occurs
in the form of different erosion types depending on the combination of rain, climate, land use,
and site conditions. Sheet and rill erosion are the most dominant types of erosion by water
(Oldeman, 1994). Erosion of agricultural soils can cause a variety of short- and long-lasting
damages. Those damages occur on-site the eroded fields as well as off-site these fields, e.g.
in aquatic ecosystems or urban areas (e.g. Auerswald, 1991; Bakker et al., 2007; Carpenter
et al., 1998; Pimentel et al., 1995; Stewart et al., 1976; Stoate et al., 2001). A few examples
for on-site and off-site effects of erosion are uprooting and coverage of seedlings, reduction
of soil fertility, short- and long-term reduction of crop yield, and nutrient and pesticide input
into aquatic ecosystems. The temporal and spatial occurrence of erosion events and their
magnitude is highly variable (e.g. Gonzélez-Hidalgo et al., 2009; Steinhoff-Knopp &
Burkhard, 2018). This is also true for generally erosion prone areas due to the random and
local occurrence of erosive rains, which have certain potential to erode soil, such as
thunderstorms (e.g. Lochbihler et al., 2017). Additionally, erosion occurs with high spatial
variability within the events, even among replicated plots (Boix-Fayos et al., 2006; Nearing et
al.,, 1999; Rittimann et al., 1995; Wendt et al., 1986). This small-scale spatial variability of
erosion events can be caused by the strong gradients of rain intensities within events (e.g.
Fiener & Auerswald, 2009; Lochbihler et al., 2017; Peleg et al., 2013; Renard & Simanton,

1975), among other factors.

In consequence of the high spatio-temporal variability of erosion, it is difficult to quantify soil
erosion at field scale under real conditions. Studies have to last several years until the
number of erosive rain events affecting a few study sites may be considered large enough for
significant findings. Beside this, it is difficult to measure soil loss from fields. The availability

of modern, high quality aerial photos might offer the possibility to analyse erosion of recent
1



events over large areas wherever they occur. The quality of aerial photos may be high
enough to visually identify and assess erosion damages at the scale of individual fields. So
far, aerial photos were repeatedly used for classification of gully erosion (Castillo et al., 2012;
Dymond & Hicks, 1986; Flugel et al., 1999; Grieve et al., 1995), which is comparably easy to
identify because of the distinct shape of gullies. They were not in common use to analyse
sheet and rill erosion that cause soil losses in the range of only millimetres to centimetres
and are hence difficult to quantify visually. The opportunity to use increased quality aerial
photos for reliable classification of the severity of erosion in landscapes dominated by sheet

and rill erosion deserves examination.

Soil loss has mainly been quantified from plots, as it was practiced at the beginnings of
erosion research in the early 20" century. Zingg (1940) initialized the development of soil
loss models by relating measured soil loss to site specific conditions. His approach was
further developed to the Universal Soil Loss Equation (USLE) which can predict long-term
average soil loss (Wischmeier & Smith, 1965, 1978). For an overview of the development of
the USLE the reader is referred to e.g. Laflen & Flanagen (2013). The USLE was first
developed and established in the USA but it is nowadays applied worldwide (e.g. Lufafa et
al., 2003; Park et al., 2010) and well established in Europe (see Boardman & Poesen, 2006)
especially for long-term soil loss predictions. Several models are based on the USLE or on
factors of it (e.g. Arnold et al., 1998; Cronshey and Theurer, 1998; Foster, 2005; Renard et
al., 1997; Young et al.,, 1989; Van Rompaey et al., 2001; Williams et al., 1983) but also
several models based on other approaches exist (see de Vente & Poesen, 2005). For
Europe, the models EUROSEM (Morgan et al., 1998) and Erosion2D/3D (Schmidt, 1991;
Schmidt, 1996; von Werner, 1995) were developed that follow a different approach and focus
on individual events, compared to the USLE which is more concerned with long-term
predictions of soil loss. It is the USLE which is used in federal and state administrations to
predict long-term mean erosion rates of agricultural fields. These soil loss predictions are
especially used to identify those erosion-prone sites for which erosion control measures have

to be applied. The institutional application of the USLE was not yet rigorously validated since
2



its establishment in Bavaria / Germany 30 years ago (Auerswald et al., 1988; Flacke et al.,
1990; Neufang et al., 1989a; Neufang et al., 1989b). The lack of validation was due to the
difficulty of quantifying amounts of erosion on the long-term to compare them with long-term
mean soil loss predictions and due to the fail to use short-term soil loss at field scale
because of the lack of rain data with high spatial resolution for short-term soil loss
predictions. Nowadays, weather radars are used to obtain rain data spatially contiguously
and with high spatial and temporal resolution. Thus, data of rain events are now available for
any erosion event that occurs within radar coverage. The Deutscher Wetterdienst provides
several different products of radar rain data (DWD, 2018a). Some of them are adjusted to
rain-gauge measurements and all have a resolution of 1 km x 1 km in polarstereographic
projection. For an overview of the products relevant for this thesis see Chapter 2.2.1. The
two best verified radar rain products are the real-time product RADOLAN (RADar OnLine
ANeichung, online adjusted radar; Bartels et al., 2004; Winterrath et al.,, 2012) and the
radarclimatology RADKLIM (RADar KLIMatologie) which presently comprises series of 17
years (2001 — 2017) (Winterrath et al., 2017). So far, radar rain data have not yet been
widely used in erosion research e.g. to quantify rain erosivity. So, there is the need to
examine whether those contiguous radar rain data are suitable for rain erosivity calculations

because they might improve erosion analysis significantly.

Rain erosivity is the potential of rain to erode soil and is used as one factor (R factor) in the
USLE (Wischmeier & Smith, 1978). The first R factor map for the territory of Germany was
developed by Sauerborn (1994) (Fig. 1). She used data and analyses from a number of
German studies (e.g. Rogler & Schwertmann, 1981), which determined erosivities according
to Wischmeier & Smith using rain-gauge data but mostly sparse in number of rain gauges
and limited to measurement series of around ten years (see Sauerborn, 1994). For mapping
of point erosivity information, the average annual erosivity was related to long-term average
annual or summer rain depth. R factor maps for many other countries, e.g. ltaly or Czech
(Ferro et al., 1991; JanecCek et al., 2013), were developed based on the procedures from

Wischmeier & Smith (1978).
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Fig. 1: The R factor map developed by Sauerborn (1994) as published by Auerswald & von
Perger (1998) and redesigned by Fischer et al. (2018).



Radar rain data offer major advantages for erosivity calculations due to their spatial
contiguous coverage and their relatively high spatio-temporal resolution. Nevertheless, the
temporal and the spatial resolution of radar rain data are lower than that of rain-gauge data.
Rain gauges can deliver rain data with high temporal resolution (typically 1 min), so almost
continuously, over a catch area of usually ~200 cm2, which is almost point scale. Weather
radars deliver rain intensity averaged over the area of a pixel of the radar grid, which is 1 km?2
for most radar rain products of the DWD (DWD, 2018a). Rain intensity can vary considerably
already over an area of even 0.5 km x 0.5 km (Krajewski et al., 2003; Pedersen et al., 2010).
Therefore, rain intensities and thus also erosivities of individual erosive rain events may differ
depending on whether they are derived from rain-gauge data or from corresponding but
spatially integrating radar rain data. The direction and the magnitude of these differences
may vary from event to event depending on the position of the rain gauge in the radar pixel
and the spatial rain pattern. The determination of these differences, here named positional
effects, is important for interpretation of soil loss estimates at field scale by either the USLE
or aerial photos or other mapping techniques. Therefore, the extent of positional effects

needs to be quantified.

In the long-term, positional effects are assumed to level out but erosivity from radar rain data
may be underestimated compared to erosivity from corresponding rain-gauge data. This
underestimation is assumed to be caused by the lower maximum intensities which apply for
the average of a pixel compared to maximum intensities recordable at point scale. This
originates from the nature of (heavy) rain cells. Maximum intensities can strongly differ within
a rain cell and high intensities are spatially limited to parts of the cell (e.g. Aniol, 1975; Fiener
& Auerswald, 2009; Lochbihler et al., 2017; Renard & Simanton, 1975). Erosivity derived
from radar and rain-gauge data may also deviate due to the differences in the rain measuring
method of rain gauges and radars and their specific limitations (Bartels et al., 2004; Habib et
al., 2001; Winterrath et al., 2017). Additional smoothing of the rain data may be caused by

the combination of several procedures to finally retrieve rain data from radar measurements.



Typically, the temporal resolutions of radar rain data products are lower than 1 min. Rain
intensities can vary strongly from minute to minute and thus, aggregation to time intervals
longer than 1 min can cause an underestimation of rain intensity and thus of erosivity. That
effect of temporal resolution of radar rain data on erosivity needs to be analysed. This
guestion is important not only for radar data but also for many cases of rain-gauge data
where they are available at only low temporal resolution and with fixed intervals. Until today
this has only be examined for point rain-gauge data (e.g. Istok et al., 1986; Panagos et al.,
2016; Weiss, 1964; Williams & Sheridan, 1991; Yin et al., 2015). The question may even be
more difficult to answer in the case of spatially integrated measurements like those by radar

because an interaction between the spatial and temporal resolution may occur.

To examine the points raised above, three main studies were carried out which make the
vast RADKLIM data applicable for USLE soil loss predictions (Manuscript 1), which examine
the spatio-temporal pattern of erosive rains in an unprecedented degree of detail (Manuscript
1) and which use RADOLAN derived erosivities together with aerial photographs to validate
the institutional application of the USLE in Bavaria for the first time since 30 years

(Manuscript 111).



2 Main material and methods

2.1 Modelling erosion with the Universal Soil Loss Equation

The Universal Soil Loss Equation (USLE) and its successor, the Revised Universal Soil Loss
Equation (RUSLE), are the most widely used models in science and in practical applications
to predict soil loss. In the following a brief overview of the USLE is given while the details can
be found elsewhere (Wischmeier & Smith, 1978; Renard et al., 1997; Foster, 2005). The
USLE adapted to German conditions is the model which was introduced to state
administrative agricultural institutions. It is known as Allgemeine Bodenabtragsgleichung
ABAG (Schwertmann et al., 1990) and the version of its official use (DIN, 2017) is described
in Kagerer and Auerswald (1997). This USLE version adapted to German conditions was

used throughout the thesis.

The USLE predicts the long-term average annual soil loss A in t ha™* a™ by the product of six

factors:

A= RxKxLxSxCxP. (2)

The six factors are rain erosivity (R in N h™* a™), soil erodibility (K in t h ha™ N), erosive slope
length (L), slope steepness (S), soil cover and crop management (C) and permanent erosion
measures (P) (Wischmeier & Smith, 1978). The USLE is based on empirical data of more
than 10000 plot years. The factors L, S, C and P are defined relative to the soil loss of
standard plots while R and K have units. The standard plots have a size of 22.1 m x 1.87 m,
uniform lengthwise slope steepness of 9% and permanent bare seedbed (Wischmeier &
Smith, 1978). For this standard, the dimensionless factors L, S, C and P become 1. The

factors differ from 1 when field conditions differ from the standard.

The R factor is the sum of individual event erosivities (Re) of all erosive rain events n per year
averaged over a period of k years (Eg. 2). The sum of R, of an individual year will be referred

to as Ry.
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By definition, erosive rain events require a total rain depth of at least 12.7 mm or a maximum
30-min rain intensity (Inaso) of more than 12.7 mm h™* (Wischmeier & Smith, 1978). These
thresholds were set to 10 mm and 10 mm h™ for German conditions (Rogler & Schwertmann,
1981). Subsequent events are separated from each other by rain stops of at least six hours.
The erosivity of an individual erosive rain event R, is calculated in N h* as product of laxzo iN
mm h™ and the total kinetic energy (Eyn) of the event in kJ m™ (Eq. 3; Wischmeier, 1959;

Wischmeier & Smith, 1958).
Re = ExinX Imax3o (3)

The kinetic energy of rain is depending on size and terminal velocity of rain drops. Analyses
of drop size distributions of rains were used for relations between kinetic energy and rain
intensity | (Laws, 1941; Laws and Parson, 1943; Wischmeier & Smith, 1958). For an interval i
with constant I, Eyy,; is calculated per mm rain following Eqgs. 4.1 — 4.3. The factor Ey, in

Eq. 3 is the sum of Ey,; of all intervals of the entire rain event.

Egini = (11.89 + 8.73x logyo 1) x 1073 for0.5mmh™*<I<762mmh™? (4.1)
Exini =0 for1 <0.5 mmh™ (4.2)
Egini = 28.33x 1073 for 1> 76.2 mm h* (4.3)

Rain-gauge measurements over at least 20 years were recommended by Wischmeier
(1959), following Chow (1953), for the analysis of the R factor due to the high spatio-
temporal variability of rain and of rain intensities. In comparison, the German standard DIN
19708 requires data series of at least ten years (DIN, 2017). Overall, the minimum period of

rain data for the R factor is still discussed (see Gonzalez-Hidalgo et al., 2009).

Typically, the point information of R from rain gauges was transferred to spatial R maps by
determination of isolines of R (lines of equal R) using the point information or by relations of

R to long-term average annual or summer rainfall depth (Rogler & Schwertmann, 1981,
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Sauerborn, 1994; Wischmeier & Smith, 1978). In practice, the R factor for soil loss

predictions is taken from those R maps (e.g. Sauerborn (1994) for Germany, see Fig. 1).

The K factor is defined by the ratio of soil loss to erosivity under standard conditions
(Wischmeier et al., 1971). In consequence, the unit of the K factor is t h ha® N**. By this, the
K factor quantifies the vulnerability of a soil to be eroded. In general, the erodibility increases
with decreasing content of organic matter and of sand > 0.1 mm and with increasing content
of silt (Wischmeier et al., 1971). Moreover the erodibility increases with soil structure from
blocky, platy or massive to very fine granular and with water permeability from rapid to very
slow. The K factors under German conditions were first analysed by Martin (1988) and
Auerswald (1986a) and later processed by Auerswald & Elhaus (2013) and Auerswald et al.

(2014, 2016a, 2016b).

The L factor is the ratio of soil loss per unit area from a field with any length to the soil loss
from a field with the standard slope length of 22.1 m under otherwise identical conditions
(Wischmeier & Smith, 1978). The S factor is the ratio of soil loss per unit area from a field
with any slope steepness to the soil loss from a field with uniform 9% steepness under
otherwise identical conditions. Soil loss increases with increasing slope steepness and
erosive slope length. The erosive slope length is defined as the length from average starting
point of erosion to the position where deposition starts. The curvature of the slope is crucial.
Steep gradients in the lower part of a slope promote erosion more than steep gradients in the
upper part. In consequence, irregular slopes are subdivided into segments of equal
steepness and weighted depending on the position along the slope (Foster & Wischmeier,
1974). The suitability of S factors of the USLE was tested for Bavaria (Germany) by
Auerswald (1986b) and procedures were developed to additionally consider the influence of

the curvature along and across the slope of the site under focus (Flacke et al., 1990).

In the C factor the relative seasonal distribution of annual rain erosivity and the seasonal
variation of the soil loss ratio (cs.r) are combined into a convolution integral of both. The soil

loss ratio is defined as soil loss under given surface conditions relative to soil loss from
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clean-tilled, continuous fallow under otherwise identical conditions (Wischmeier & Smith,
1978). The solil loss ratio can also be obtained as product of three sub-factors quantifying the
effects of green plants, plant residues and land-use related soil properties on soil loss
(Wischmeier, 1975). Land-use related soil properties include soil moisture, surface
roughness, ridge height, soil biomass, and consolidation. For easy calculation of the C factor
from the relative seasonal distribution of annual rain erosivity and the soil loss ratios, the
cultivation period of each crop is subdivided into six crop stages, which are mainly defined by
soil cover levels. For example, crop stage Il comprises the period between 10% and 50%
crop cover (Wischmeier & Smith, 1978). The soil loss ratio of each crop stage is multiplied by
the relative proportion of annual rain erosivity over the crop stage period. The resulting
products of all crop stage periods within a crop rotation are summed up and divided by the
number of years of the rotation to yield the C factor. The C factors under German conditions
were mainly established by works of Auerswald et al. (1986), Schwertmann et al. (1990),

Auerswald & Kainz (1998), Auerswald & Schwab (1999) and Auerswald (2002).

The P factor quantifies the reduction of soil loss by long-term erosion control measures like
contouring or terracing relative to soil loss with cultivation up and down the slope and without
erosion control measures under otherwise identical conditions (Wischmeier & Smith, 1978).
The effectiveness of these measures depends on slope steepness, slope length and crop
rotation. For example, contour cultivation is most effective at slopes of 3 - 8% and low or
moderate rain erosivities; contour strip-cropping is most effective when strip width and slope
length do not exceed certain thresholds which depend on slope steepness (Wischmeier &
Smith, 1978). The P values for German conditions were developed by Auerswald (1992)

following the methodology used in the RUSLE (Renard et al., 1997).

For soil loss estimation of an individual erosion event A, the factor R is replaced by R, of this
individual erosive rain event and the factor C is replaced by cs g of the respective cultivation

and crop stage period in which the rain event occurred (Eq. 5).

Ap = RoXxKXLxSxcgrXP (5)
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2.2 Radar-derived rain erosivity

2.2.1 Measurement and adjustment principles of rainfall

Rain data from weather radar measurements are spatially contiguous, which is the crucial
advantage over point rain-gauge measurements. A rain gauge detects only those rain events
that occur at its position. That is, for analysis of the extent and intensity gradients of rain
events using rain gauges, huge numbers of rain gauges that cover the entire area in which
the rain event occurs would be required. In contrast, radars detect rain events area-wide and
record their spatial and temporal pattern. This information is of high importance for soil loss

analyses.

The procedures to obtain rain data from weather radars are complex. Therefore, there is a
continuous development of the individual process steps and a variety of radar rain data
products (e.g. Bartels et al., 2004; DWD, 2018a; Helmert et al., 2014; Weigl, 2018;
Winterrath et al., 2017). In the following, the measurement principles including some main
process steps applied by the Deutscher Wetterdienst (DWD; German Weather Service) are
described (Bartels et al., 2004; Winterrath et al., 2017). Information about changes in
process steps and weather radar positions between 2008 and April 2018 can be taken from
Weigl (2018). Presently, the DWD operates 17 C-band weather radars. Precipitation scans
are carried out by these weather radars every 5 min by sending electro-magnetic waves in a
frequency of 5.6 GHz (~ 5 cm wavelength) at elevation angles between 0.5° and 1.8°
following the orography. Hydrometeors reflect these waves. The signal of the reflection
depends on size and number of hydrometeors. The reflectivity measurements of the
precipitation scan used for real-time radar rain data products have a resolution of 1° azimuth
and 1 km in range and are restricted to a maximum radius of 150 km around each radar
station (effective April 2018; DWD, 2018b). The data of all 17 radar stations are merged into
a mosaic with a resolution of 1 km x 1 km in polarstereographic projection. Rain depths are

derived from the reflectivity measurements by the reflectivity-rain rate ratio (Z-R ratio). The Z-
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R ratio varies depending on the drop size distribution of a rain event. Convective and
stratiform rain events are distinguished depending on the absolute reflectivity and the
horizontal gradient of the reflectivity measurement. For both rain types different drop size

distributions are assumed and appropriate standard Z-R ratios are applied.

There are several sources for radar measurement errors. Beside hydrometeors, also flying
objects, wind power stations or large buildings reflect radar beams. Those reflections cause
clutters due to the high reflectivity from the objects, and cause spokes due to the lack of
information in the back of the objects. Attenuation effects are caused by large and heavy rain
events but also in general as a result of increasing distance from the weather radar. With
increasing distance also the elevation angle of the beam increases. By this, the detection of
rain can fail for stratiform rain cells by overshooting of the cell by the radar beam. Moreover,
the position of rain measured in the atmosphere and actually fallen to ground level can
strongly differ due to wind drift. The degree of error correction differs depending on the radar
data product and the version used for data processing. Five different radar rain data products
were used in this thesis, namely RY-RADOLAN, RW-RADOLAN, RY-RADKLIM, RW-
RADKLIM and YW-RADKLIM (Table 1). These products are described by their main

characteristics in the following.

The so called RY products denote rain data which are revised regarding clutters, unrealistic
gradients, especially in the overlap area of two radar radii, and regarding orographic shading
(DWD, 2018b; Winterrath et al., 2012; Winterrath et al.,, 2017). The RY data have a
resolution of 5 min and 1 km x 1 km in polarstereographic projection covering Germany by a
mosaic of 900 km x 900 km, in case of RY-RADOLAN, and 900 km x 1100 km in case of RY-

RADKLIM data.

For the reduction of further measurement errors and errors caused by using categorized Z-R
ratios, radar rain data are adjusted by rain data of a dense rain-gauge network over
Germany. This is implemented in the radar rain data procedure RADOLAN (RADar OnLine

ANeichung, radar online adjustment). Presently, rain data of 1200 to 1300 rain gauges (only
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~500 in 2005) are automatically sent at least every hour to the data centre of the DWD to use
them for the adjustment of radar rain data based on RY-RADOLAN data (Winterrath et al.,
2012). RADOLAN data are aimed to be available in real time e.g. for flood forecasting.
Therefore, they are available not later than 30 min after the past hour. The realization of this
requires a temporal data resolution of 60 min, which then is the temporal resolution of RW-

RADOLAN data. RW-RADOLAN and RY-RADOLAN data series start in 2005.

The complete radar data set used for RADOLAN was revised to the climate version
RADKLIM (RADarKLIMatologie; radar climatology) by additionally using of historical
guantitative radar data to prolong the series back to 2001 and by using hourly and daily data
of up to 4401 rain gauges in total (Winterrath et al., 2017). The radar data were restricted to
the radius of 128 km around the weather radar respectively to ensure uniformity throughout
the series beginning in 2001. In case of version 2017.002, the radar data were corrected for
decreasing signal power with increasing distance from the weather radar using
developments based on the approach of Wagner et al. (2012). Spokes were corrected based
on the method of Jacobi et al. (2014) and further artefacts were corrected by several different
approaches (see Winterrath et al.,, 2017). The RW-RADKLIM product is based on RY-
RADKLIM data and has a resolution of 60 min and 1 x 1 kmz2 in polarstereographic projection
covering Germany by a mosaic of 1100 km in North-South and 900 km West-East direction
for the period from 2001 to 2017 (Winterrath et al., 2018a). Recently so called YW-RADKLIM
data with a temporal resolution of 5 min became available (Winterrath et al., 2018b). This
product is basically RY-RADKLIM data, which are indirectly adjusted to rain-gauge data. The
twelve 5 min RY data which spatio-temporally correspond to one rain-gauge-adjusted 60 min
RW-RADKLIM data are multiplied by the ratio of the RW data to the sum of the twelve RY

data.

13



Tab. 1. Characteristics of the radar rain data products of the Deutscher Wetterdienst
(Bartels et al., 2004; DWD, 2018a; Winterrath et al., 2017) which are relevant in this
thesis. Here, all RADOLAN products cover a mosaic of 900 km x 900 km and all
RADKLIM products cover a mosaic of 1100 km x 900 km over Germany. All these
products have a spatial resolution of 1 km x 1 km in polarstereographic projection.

Rain- Maximum . Correction for .
Temporal Quality Used in
Product name . gauge- radar 3 hi ;
resolution ; . » controlled® (orographic) kes Mmanuscript
adjusted radius (km) shading Spokes
RY-RADOLAN 5 min No 128/150 Yes Yes No I, 11
RW-RADOLAN 60 min Yes 128/150 Yes Yes No I, 11
RY-RADKLIM 5 min No 128 Yes Yes Yes I
RW-RADKLIM 60 min Yes 128 Yes Yes Yes I
YW-RADKLIM 5 min Yes' 128 Yes Yes Yes I

T YW-RADKLIM data are based on RY-RADKLIM data and indirectly adjusted to rain-gauge
measurements by RW-RADKLIM data

2 Maximum radius of radar measurements used for composite generation; for RADOLAN products, the
radius was changed from 128 km to 150 km in 2010

3 Including statistical suppression of clutters and smoothing of gradients
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Fig. 2: lllustration of the radar coverage of the 17 weather radars across Germany operated
by the Deutscher Wetterdienst (grey circles). Distribution of rain gauges (black dots;
size exaggerated) and location of the dense rain-gauge network over 1 km x 1 km
(hatched square; size exaggerated) used for determination of scaling factors in
Manuscript |. Location of the study area (rectangle) used in Manuscript Il for
determination of the spatio-temporal pattern of erosive rains. lllustration of the
locations of the 8100 fields (grey dots; size exaggerated) used for validation of the
Universal Soil Loss Equation in Manuscript 1ll. The fields were mainly situated in the
Tertiary hill land (highlighted in pale grey), an erosion prone area in Bavaria
(southeast Germany).
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2.2.2 Effects of temporal and spatial scale and rain measurement method on
erosivity
Calculations of erosivity with (radar) rain data of resolutions lower than point scale and lower
than 1 min result in an underestimation of erosivity. This underestimation arises from the
underestimation of local intensity with decreasing temporal and spatial resolution of rain data
and hence the underestimation of Ihas0. IN CcONsequence, the Iyhaso Minimum threshold which
defines events to be erosive is exceeded by less rain events. The threshold for las0 Was
adjusted in that way to not underestimate the number of erosive events with data of temporal
resolutions lower than 1 min. Total rain depth, in contrast, is not affected by the temporal
resolution so that the threshold for event rain depth remained unchanged. In comparison to
event number underestimation due to low temporal resolutions, event number
underestimation due to low spatial resolutions is not only caused by underestimation of |yaxzo
but also by the lower occurrence probability of dry spells of 6 h or longer. The probability for
absence of rain in the total pixel decreases with increasing pixel width so that the probability
that two rains are defined as one rain event increases with increasing pixel size. Therefore,
the minimum thresholds were not adjusted for the effect of spatial resolutions lower than
point scale. Any difference in the number of events at point scale and at lower resolutions is

included in the spatial scaling factor.

Spatial scaling factors were determined basically by the ratio of annual erosivity derived from
data of highest spatial resolution to annual erosivity derived from data of lower spatial
resolution. The spatial scaling factors were determined with several rain-gauge and
RADKLIM data sets covering mainly up to 16 years with resolutions between point scale and
18 km x 18 km. Rain data with resolutions > 1 km? were generated by spatial integration of
RADKLIM data. The effect on erosivity caused by the method to measure rain either by rain
gauges or by radars was determined by the difference in the spatial scaling factors as

derived at 1 x 1 km2 scale from RADKLIM data and from spatially integrated rain-gauge data.
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The spatially integrated rain-gauge data are generated from rain data of the dense network

of 12 rain gauges (see Fig. 2). These data are referred to as ‘pseudo-radar’ data.

For individual events, the deviation of R, from 1 x 1 km? (pseudo-) radar data and from rain-
gauge data is depending on the position of the rain gauge within the (pseudo-) radar pixel
and the pattern of the rain. This ‘positional effect’ varies from event to event. It was quantified
by the ratio of R, at point scale and R, at 1 x 1 km2 scale separately for events with R, at
point scale larger and lower than R, at 1 x 1 km2 scale. The same procedure was followed for

R. at point scale and R, at 0.5 x 0.5 km2 scale using the pseudo-radar data set.

The effect on R caused by temporal resolutions lower than 1 min was determined with 1 min
rain data from rain gauges covering series of 16 years respectively. These data were
aggregated to 2 min, 5 min, 10 min, 15 min, 30 min, 60 min, 80 min, 100 min, and 120 min
resolution. Erosivities were calculated with data of each temporal resolution considering the
adjusted |naxso thresholds. The temporal scaling factors resulted from the average ratio of R
derived from 1 min data to R derived from data with temporal intervals > 1 min. On the same
way, temporal scaling factors were derived at 1 x 1 km? scale from 5 min YW-RADKLIM data

over 16 years.

The robustness of the factors and the effects was given by their 95% confidence intervals

(CI). All calculations were done in program R version 3.2.0 and higher (R Core Team, 2015).

2.2.3 Spatio-temporal variability of erosivity

The spatio-temporal variability of erosivity was determined by radar rain data of an area of
86 km x 181 km located in southern Germany (see rectangle in Fig. 2) covering the years
2011 and 2012. RY-RADOLAN data were indirectly adjusted by RW-RADOLAN data as such
rain-gauge-adjusted 5 min radar rain data were not available as real-time product from the
Deutscher Wetterdienst at the time when the present study was conducted. Erosivities were
calculated as described in Chapter 2.1 by Egs. 2, 3 and 4.1 to 4.3. The scaling factors were
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not applied as they are not adequate for individual events but only for robust mean annual
erosivities which require data series over at least ten years (DIN, 2017). Importantly,
correction by scaling factors is not necessary in the case of this study because they do not
affect the relative spatial gradients and the temporal pattern of erosivity. RW-RADOLAN data

were verified by independent rain-gauge measurements.

The spatial variability was geostatistically analysed for daily rain depths, Ein, Imaxso, Re, Ry,
and R as biennial average of R, by semivariograms using gstat (Pebesma, 2004) in program
R version 3.2.0 and higher (R Core Team, 2015). Theoretical semivariograms were fitted to
the experimental semivariograms. Nugget, sill and range were determined by the theoretical
semivariogram (see Fig. 3 for an example of a semivariogram). The partial sill results from
the sill minus the nugget. Gradients of rain depth and R, were described by the square-root
of the variance (partial sill) in relation to the range of autocorrelation. The relative gradients
were determined by the gradients related to mean rain depth and R. respectively.

Additionally, short-distant gradients within 1.4 km were determined.
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Fig. 3: Experimental semivariogram (points) and theoretical semivariogram (line; here:
spherical model), here for the erosivity of an event, with the distance of
autocorrelation (range), the maximum semivariance (sill) and the nugget, which
accounts for local scatter and measurement errors.
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The diurnal probability distribution for the occurrence of dry spells of 6 h or longer and for the
occurrence of Inaso Was used to characterize the temporal pattern of erosivity. For this, the
kernel density estimation was taken (Silverman, 1986). Additionally, the diurnal pattern of
maximum rain intensities was determined. The pattern within the strong variability of
intensities was filtered by the 98 percentile of intensities within a window of 120 min width

moving in 5 min steps.

2.3 Validation of the USLE adapted to Bavarian conditions using radar-
derived erosivities and aerial photos
The adapted version of the USLE was validated by the comparison of visually classified and

calculated soil loss of 8100 fields located in Bavaria, southern Germany (see grey dots in

Fig. 2).

The aerial photos of the fields were taken in 2011 and 2012 shortly after prominent rain
events were recognized in any erosion prone area in Bavaria. For an example of such an
aerial photo documenting considerable erosion damages see Fig. 4. Each documented field
was assigned manually by a trained person into one of four soil loss classes. Class 0 was
assigned to fields without visible erosion features. Class 1, 2 or 3 was assigned when <10%,
10-30% or >30% of the field area showed erosion features such as rills (for examples of the
four classes see Figure Al in the supporting information of Manuscript 111). Each of the 8100
fields was classified at least once or up to four times by three different trained persons.
Based on all fields with at least two classifications, the classifications were evaluated for

conformity by regression analysis and the Nash-Sutcliffe efficiency (Nash & Sutcliffe, 1970).
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Fig. 4: Aerial photograph documenting erosion damages at agricultural fields after the
occurrence of erosive rain events. The aerial photo was taken by Wolfgang Bauern.

The soil loss of all erosive rain events between the last tillage and the day of taking the aerial
photo of a field were calculated according to Eq. 5 and summed up. The factor R, was
calculated using 5 min RY-RADOLAN data indirectly adjusted by the corresponding RW-
RADOLAN data of the certain area and period. This adjustment procedure was necessary as
the study aimed also to use real-time rain-gauge-adjusted radar data (RADOLAN) with 5 min
resolution. Such data are not yet provided by the Deutscher Wetterdienst. The input data for
the factors L, S, K and P were taken from the erosion database of the Bavarian
administration. Information on crop and cultivation management was taken from a field-

specific inventory. Appropriate values for cs r were used from literature.

The general validity of the USLE was tested by regression analyses of visual soil loss class
versus estimated soil loss of all 8100 fields. Additionally, the validity of each individual USLE
factor was tested using regression analysis and Pearsons’ correlation coefficient r. For this,
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the total validation data set was subdivided into 6 to 20 subsets according to the value range
of an individual factor. This procedure was repeated for each of the six factors resulting into
88 subsets of average visually classified soil loss versus average estimated soil loss. The
common relation including all 88 subsets was used as reference to test with scatter plots

whether the subsets of any factor showed directional deviation from the common relation.
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3 Abstracts of manuscripts and contributions of the authors

Three manuscripts resulted from this project and compose this thesis. In the following, the

publication status, the abstracts and the contributions of the authors are presented.

3.1 Manuscript 1: Temporal- and spatial-scale and positional effects on rain
erosivity derived from point-scale and contiguous rain data

Franziska K. Fischer, Tanja Winterrath, Karl Auerswald

Published in Hydrology and Earth System Sciences, 22, 6505-6518, 2018. DOI:

10.5194/hess-22-6505-2018

Up until now, erosivity required for soil loss predictions has been mainly estimated from rain
gauge data at point scale and then spatially interpolated to erosivity maps. Contiguous rain
data from weather radar measurements, satellites, cellular communication networks and
other sources are now available, but they differ in measurement method and temporal and
spatial scale from data at point scale. We determined how the intensity threshold of erosive
rains has to be modified and which scaling factors have to be applied to account for the
differences in method and scales. Furthermore, a positional effect quantifies heterogeneity of
erosivity within 1 km2, which presently is the highest resolution of freely available gauge-
adjusted radar rain data. These effects were analysed using several large data sets with a
total of approximately 2 x 10° erosive events (e.g. records of 115 rain gauges for 16 years
distributed across Germany and radar rain data for the same locations and events). With
decreasing temporal resolution, peak intensities decreased and the intensity threshold was
met less often. This became especially pronounced when time increments became larger
than 30 min. With decreasing spatial resolution, intensity peaks were also reduced because
additionally large areas without erosive rain were included within one pixel. This was due to
the steep spatial gradients in erosivity. Erosivity of single events could be zero or more than
twice the mean annual sum within a distance of less than 1 km. We conclude that the
resulting large positional effect requires use of contiguous rain data, even over distances of

less than 1 km, but at the same time contiguously measured radar data cannot be resolved
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to point scale. The temporal scale is easier to consider, but with time increments larger than
30 min the loss of information increases considerably. We provide functions to account for
temporal scale (from 1 min to 120 min) and spatial scale (from rain gauge to pixels of 18 km
width) that can be applied to rain gauge data of low temporal resolution and to contiguous

rain data.

Franziska Fischer and Karl Auerswald designed the analysis, which was mainly carried out
by Franziska Fischer. Tanja Winterrath provided most data and the knowledge about all
steps involved in radar data creation. Franziska Fischer and Karl Auerswald prepared the

manuscript with contributions by Tanja Winterrath.

3.2 Manuscript 2: Spatio-temporal variability of erosivity estimated from
highly resolved and adjusted radar rain data (RADOLAN)

Franziska Fischer, Julia Hauck, Robert Brandhuber, Elmar Weigl, Harald Maier, Karl

Auerswald

Published in Agricultural and Forest Meteorology, 223, 72-80, 2016. DOI:

10.1016/j.agrformet.2016.03.024

Rainfall events exhibit high spatio-temporal variability and cause soil erosion when
thresholds of rainfall amount or intensity are exceeded. Analogously high variability in space
and time is assumed for erosivity (R). RADOLAN, from the German Weather Service,
provides radar rainfall data at high spatio-temporal resolution (1 x 1 km?, 5 min), adjusted in
60 min intervals by measurements from a dense rain-gauge network that potentially could
overcome present limitations of former R estimations from sparse rain gauges. The new
database was used to analyse the spatio-temporal variability of rain depth and R for single
events (event R) which occurred in an area of ~15 000 km? in southern Germany over a
period of two years to illustrate the need for such high spatio-temporal resolution in rain data

for R estimations. Further, the effect of calibrating 5 min resolved radar data using hourly
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adjustment factors to rain-gauge data was explored. The spatial gradients of event R were
steep, even steeper than for rain intensity, and call for such highly resolved data. Erosivity
exhibited a clear maximum late in the afternoon. Daily rainfall differed from erosive rainfall
due to rain breaks and rain extending over more than one day. Event R between adjacent
1 km? cells differed by up to 120 N h™. Even on an annual scale, erosivity at grid cells not
further than 10 km apart could differ by more than a factor of five. Adjustment of the rain data
was indispensable when calculating event R because adjustment could change event R by a
factor of two. Even if long-term averages are used, differences by lacking adjustment would
not be levelled. RADOLAN thus provides, for the first time, rain data as required in distributed

erosion modelling for time periods shorter than 20 years.

Franziska Fischer and Karl Auerswald designed the analysis, which was mainly carried out
by Franziska Fischer with contributions by Julia Hauck. Elmar Weigl, Harald Maier and
Robert Brandhuber provided the data. Franziska Fischer drafted the manuscript which was

revised by Karl Auerswald and reviewed by all other co-authors.

3.3 Manuscript 3: Validation of official erosion modelling based on high-
resolution radar rain data by aerial photo erosion classification

Franziska Katharina Fischer, Michael Kistler, Robert Brandhuber, Harald Maier, Melanie

Treisch, Karl Auerswald

Published in Earth Surface Processes and Landforms, 43, 187-194, 2018. DOI:

10.1002/esp.4216

The universal soil loss equation (USLE) is the most frequently applied erosion prediction
model and it is also implemented as an official decision-making instrument for agricultural
regulations. The USLE itself has been already validated using different approaches.
Additional errors, however, arise from input data and interpolation procedures that become

necessary for field-specific predictions on a national scale for administrative purposes. In this
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study, predicted event soil loss using the official prediction system in Bavaria (Germany) was
validated by comparison with aerial photo erosion classifications of 8100 fields. Values for
the USLE factors were mainly taken from the official Bavarian high-resolution (5 x 5 m?
erosion cadastre. As series of erosion events were examined, the cover and management
factor was replaced by the soil loss ratio. The event erosivity factor was calculated from high-
resolution (1 x 1 km? 5 min), indirectly rain gauge-adjusted radar rain data (RADOLAN).
Aerial photo erosion interpretation worked sufficiently well and average erosion predictions
and visual classifications correlated closely. This was also true for data broken down to
individual factors and different crops. There was no reason to assume a general invalidity of
the USLE and the official parametrization procedures. Event predictions mainly suffered from
errors in the assumed crop stage period and tillage practices, which do not reflect interannual
and farm-specific variation. In addition, the resolution of radar data (1 km?) did not seem to
be sufficient to predict short-term erosion on individual fields given the strong spatial
gradients within individual rains. The quality of the input data clearly determined prediction
guality. Differences between USLE predictions and observations are most likely caused by

parametrization weaknesses but not by a failure of the model itself.

Robert Brandhuber, Harald Maier and Karl Auerswald developed the concept of the study. All
authors, in particular Michael Kistler, contributed to the acquisition of the data. Karl
Auerswald and Franziska Fischer designed the analysis, which was mainly carried out by
Franziska Fischer. The scientific background for data interpretation was mainly provided by
Karl Auerswald. Franziska Fischer drafted the manuscript. Karl Auerswald revised the

manuscript.

25



4 Main findings

Manuscript I: The use of weather radar data implies a change in temporal and spatial scale in
addition to the methodological differences to rain-gauge measurements. This has profound
influence on recorded rain intensity and in turn on the calculated R factor. To compensate for

these changes in scales several corrections become necessary.

The Inaxso threshold for erosive events was lowered with decreasing temporal resolution to
keep the number of erosive events independent of temporal scale. This threshold correction
was identical at point and at 1 x 1 km? scale. Additionally, a temporal scaling factor for R was
required, which depended on the spatial scale of rain data. The increase of the temporal
scaling factor with decreasing temporal resolution was steeper at point than at 1 x 1 km?

scale for intervals longer 30 min while the increase was equal for intervals shorter 30 min.

The spatial scaling factors for R increased with decreasing spatial resolution. The scaling
factor for erosivity derived from 1 x 1 km? radar rain data was 1.48 (95% confidence interval:
1.43 - 1.52). For erosivity derived from 1 x 1 km?2 spatially integrated rain-gauge data the
scaling factor was 1.15 (95% confidence interval: 1.04 - 1.26). The difference in both scaling
factors for same spatial resolution was caused by the peculiarities to measure rain by rain
gauges and by radars. Erosivity analyses of the spatially integrated rain-gauge data also
showed that even at 0.5 km x 0.5 km scale the spatial scaling factor was still 1.08 (95%

confidence interval: 1.00 - 1.16).

While the scaling factors are suitable to scale long-term average annual erosivities, they are
inadequate for individual events. The positional effects on event erosivity Re, accounting for
the effects of spatial scale, rain measuring method and event rain variability within 1 x 1 km?
was considerable in both directions (R, at point scale higher/lower than at 1 x 1 km? scale)
and exceeded a factor of 2 in many cases. In 43% of all analysed event cases, the rain event
was recorded as erosive only either at point or at 1 x 1 km? scale, because none of the

erosivity thresholds was met at the other spatial scale respectively.
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Manuscript 1l: The contiguous rain data from radar measurements enabled to analyse the
spatial gradients of erosivity across total individual rain cells. Within the study area erosive
events with a minimum extent of 1 km? (according to radar pixel size) occurred on 170 days
in two years (2011, 2012). Consequently, almost every fourth day an erosive event
happened. However, the mean annual number of days with the occurrence of an erosive
event per 1 x 1 km? pixel was only 19.5 d. This already indicated a pronounced spatial
variability and a small extent of erosive rain cells. The mean diameter of erosivity cells was
about 27% shorter (9.7 km) than the diameter of rain cells (13.2 km). The mean gradient of
R. was 0.6 N h™ km™ and 13.3% km™ when related to average R.. This gradient was almost
four times steeper than the mean gradient of corresponding rain depth (0.43 mm d™* km™ and
3.5% km™). On short distances (1.4 km) the mean gradients of R, and of rain depth were
even steeper (22% km™ for R, and 6% km™ for rain depth). The gradients became also
steeper for annual erosivities R, (1.4 N h™> km™ in 2011 and 1.8 N h™ km™ in 2012) due to the
partial overlap of subsequent erosive rains. The gradient remained almost the same for the
biennial average of R, (1.2 N h™* a* km™) because even then the erosive rain cells did not

amalgamate into a coherent pattern.

The erosive rains followed a pronounced diurnal cycle. Maximum rain intensities and the
occurrence probability of I,.30 Showed a diurnal pattern with a pronounced peak late in the

afternoon.

About 36% of the events did not start and end on the same day. Dry spells of at least 6 h
separating two independent events were most probable in the morning hours. These dry

spells occurred at 24% of all days with erosive events.

Manuscript Ill: RADOLAN radar rain data were used to calculate event erosivity for USLE soil
loss estimations of individual erosive events. These soil loss estimates were validated by
classifications of visible erosion damages at documented fields from aerial photos. The
reliability of visual erosion classifications was confirmed by significant correlations (r* = 0.74 -

0.78, p<0.001) and high Nash-Sutcliffe efficiencies (NSE =0.70 - 0.76) of repeated,
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independent classification runs. Mean calculated soil loss per visual soil loss class increased
significantly with increasing visible erosion damages (r*= 0.91, p<0.001, n=7) but
variability of calculated soil loss in each visual soil loss class was large (standard deviations

between 7 and 46 t ha™).

Separating the 8100 fields documented on the aerial photographs into 88 subsets by a
relatively narrow range of each USLE factor resulted in a significant relation of calculated and
classified soil loss with r2 = 0.93. From that common relation no relation of calculated and
classified soil loss directionally deviated when the 88 subsets were restricted to those of
each USLE factor, respectively. The subsets of the factors K and R caused a less scatter in
average calculated and visually classified soil loss than the subsets of the factors S, L, C,
and P. This was because latter factors were correlated and thus lead to a large combined
effect. In contrast, factor K varied little between the different sites and rain erosivity was
independent of land use and field topography and the spatial resolution of erosivity was lower

than field scale.
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5 Discussion

Since the adaptation of the USLE to German conditions by Schwertmann and co-workers,
the USLE has become an important tool in erosion quantification, landscape planning and
agricultural counselling (e.g. DIN, 2017; Feldwisch, 2011; LfL, 2017; LfULG, 2016). Most of
the factors of the USLE have been refined and modified to consider new developments.
Surprisingly, two deficits remained. First, an overall evaluation of the accuracy of soil loss
predictions was missing. Second, the R factor remained identical especially in Bavaria since
the early work of Rogler & Schwertmann (1981). The deficit of updated R factors existed
although computing power and, by the establishment of weather radars, data availability has
increased enormously since then. Additionally, a change of the R factor has likely happened
due to the ongoing climate change (Burt et al. 2016, Fiener et al. 2013; Mueller & Pfister,

2011). This thesis aimed at working towards remedying both deficits.

5.1 Avail and constraints of radar-derived erosivity

When using weather radar data for R factor calculations it must be considered that the
method of measuring rain and the temporal and spatial scale differs from that of rain-gauge
data. The effect of these differences on erosivity estimated from radar data had not been
treated previously. A temporal scale effect had already been noticed for rain-gauge data due
to the differences in available data (Yin et al., 2007; Panagos et al., 2015) but this
assessment was not unequivocal (Auerswald et al., 2015). The spatial scale effect for
erosivity had not been studied due to the novelty of operational radar measurements in
erosion research and the lack of long-term radar data sets required for R factor estimations.
For example, Zhu et al. (2018) recognized an underestimation of radar-derived event
erosivity in comparison to rain-gauge-derived erosivity but only data of 12 rain gauges and
two years were used. Therefore, they could not explain the discrepancy between radar- and
rain-gauge-derived erosivity by a spatial scale and method effect. While erosivity is expected
to be underestimated by grid measurements of rain, there is an inverse concept in catchment
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hydrology resulting to the so-called areal reduction factors. Depending on the duration and
the return period of a rain event, these factors usually reduce rain intensity from rain-gauge
measurements when scaled from point scale to catchment areas (Allen & DeGaetano, 2005;
De Michele et al.,, 2001; Stewart, 1989). This conceptual difference arises from different
intended purposes of spatial rain data. For issues in catchment hydrology, the average and
the relative distribution of rain depth within a watershed is of interest (Asquith & Famiglietti,
2000). In contrast, for erosion analysis, the maximum rain intensity at point and field-scale is
important because there erosion already occurs. The results of this thesis showed that
average annual erosivity is underestimated when derived from (radar) rain data of spatial
resolutions lower than point scale and temporal resolutions lower than 1 min (Manuscript I)
and that the measuring method of rain by radar itself additionally causes an underestimation
of erosivity. Therefore, this work developed scaling factors for erosivity which compensate for
the underestimation caused by the temporal and spatial scale effects and the rain
measurement method effect. The application of these scaling factors and of adjusted
minimum thresholds for |30 in case of temporal scaling proved to be imperative for R factor
calculations. Until now, the scale and method effects on erosivity were not yet considered by
others who calculated erosivities from radar rain data (e.g. Risal et al., 2018; Zhu et al.,
2018). Importantly, the present scaling factors are only adequate for adjustments of long-
term average annual erosivities as all three effects can vary strongly from event to event.
However, this is of no concern for soil loss predictions in landscape planning and agricultural
counselling, as such efforts are usually based on the expected long-term mean erosivity (e.qg.
Prasuhn et al., 2013; Treisch & Brandhuber, 2012; Van Rompaey et al., 2001). This is
because they have to anticipate future average conditions while erosivity strongly varies from
year to year (e. g. Fiener et al., 2013; Verstraeten et al., 2006a). The use of radar rain data
together with the scaling factors developed in this thesis was a major step forward and

enabled the establishment of a topical erosivity map for Germany (Fischer et al., 2018).

Despite the development of appropriate scaling factors to adjust long-term mean annual

erosivity, large uncertainty still exists within a radar pixel for individual events due to the
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pronounced heterogeneity of rain erosivity even on distances shorter than 1 km as shown by
the positional effect in Manuscript I. The positional effect showed up again in the deep spatial
gradients of event erosivity (Manuscript Il) and was also evident from analysing aerial
photographs (Manuscript Ill). The positional effect was responsible for fields exhibiting quite
contrasting erosion marks within the same radar pixel despite these fields showed very
similar soil and land use conditions. This within-pixel heterogeneity limits the use of weather
radar data for the quantification of event soil loss. Presently, no alternative is operationally
available, although there is a promising development for the enhancement of spatial
contiguous rain data by the implementation of rain data derived from commercial microwave
links (Chwala et al., 2016; Chwala et al., 2018; Goldshtein et al., 2009; Overeem et al., 2018)
or by using information of windscreen wiper frequency of motorcars which is related to rain
rate (Haberlandt & Sester, 2010). This requires a development of computing capacities to
handle the strongly increasing amount of data with increasing data networking and data
resolution. Nevertheless, it is not expected that the positional effect on event erosivity can be
entirely eliminated by future measurement and processing developments. The analysis of the
dense rain-gauge network in Manuscript | also showed pronounced rainfall variability for
areas of 0.25 km2. So, positional effects would still exist when the resolution of radar rain
data products is increased to 0.5 km x 0.5 km. For that resolution Pedersen et al. (2010)
determined a coefficient of variation for total event rain depth between 1% and 26%, and
10% on average of the analysed events. This variation would again be more pronounced for
erosivity. Consequently, the exclusive use of rain-gauge data for event soil loss estimations
seems to be unsuitable because an unreasonably high rain-gauge density would be required
to capture the heterogeneity of events. The point measurements can hardly be applied over
distances longer than 100 m due to the strong spatial rainfall variability. Also Einfalt &
Scheibel (2015) found strong spatial variability of rain for heavy rain events and deviations
between rain-gauge and radar measurements in Germany. All in all, it seems that the
presently best rain database for erosion event analyses is rain-gauge-adjusted radar rain

data. Therefore, the positional effects determined in this thesis can be expected to be of
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importance for the interpretation of individual soil loss events in the future. Poesen (2017)
claimed further analysis to understand the complex processes of soil erosion. The strong
variability of erosivity triggers the complexity of erosion processes and therefore, the finding
of the positional effects might contribute to understand these processes. The positional effect

should seriously be considered in erosion studies.

Regarding the analysis of individual erosive events, it is highly recommended to use 5 min
instead of 60 min radar data to keep the degree of smoothing as low as possible. Five min is
the highest temporal resolution of radar rain data (e.g. RY-RADOLAN) which is presently
available from the Deutscher Wetterdienst (DWD, 2018a). Currently, those 5 min real-time
data cannot be adjusted by rain-gauge data directly but indirectly by rain-gauge-adjusted 60
min RW-RADOLAN data when required immediately after the event (as described in Chapter
2.2.1 for YW-RADKLIM). For events further back in the past, the product YW-RADKLIM
became recently (2018) available by the Deutscher Wetterdienst (Winterrath et al., 2018b).
YW-RADKLIM data are 5 min radar data (RY-RADKLIM) indirectly adjusted by rain-gauge-
adjusted and revised 60 min RW-RADKLIM data (see Chapter 2.2.1). Additionally, it is also
recommended to use continuous data series of consecutive days to cover the complete
duration of erosive events especially for event analyses. This is because events frequently
do not start and end on the same day (Manuscript Il). Although there is a clear diurnal
pattern in the occurrence of erosive events (Manuscript 1) which is in accordance to rain
maxima (Paulat et al., 2008; Twardosz, 2007) and a peak of lightening activity in the late
afternoon (Finke & Hauf, 1996), errors in erosivity estimates can arise when data are split at

any time.

So far, studies about the spatial pattern of erosivity were restricted to point rain data
recorded by rain gauges (e.g. Fiener & Auerswald, 2009; Hastings et al., 2005; Renard &
Simanton, 1975). The usage of contiguously measured radar rain data in this work enabled
to determine the total extent of (erosive) rain cells, independent of their spatial occurrence

within the radar coverage, and to determine their spatial variability in rain intensity and
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erosivity. The second study of this thesis showed considerably stronger gradients and
smaller cells for erosivity than for rain depth of individual rain events (Manuscript Il). The
variability of erosivity in individual events and of their spatial occurrence in the study area of
~15 000 km? also resulted in strong gradients of annual erosivities and of biennial averages
of annual erosivity. The dominance of individual erosive events within the spatial pattern of
annual erosivity is not expected to disappear within a period of three, four or five years. This
arises from the limited spatial extent of erosive events, their strong gradients and their high
inter- and intra-annual variability. Even for a data set covering 17 years and 452 503 km2 of
Germany, the scatter of average annual erosivity was pronounced (Fischer et al., 2018).
Multiple smoothing steps were necessary to level out this spatio-temporal variability and to
extract spatial and temporal patterns. A meta-analysis showed that most erosion
experiments under natural rain conditions last no longer than five years (Gracia-Ruiz et al.,
2015). During such a short period, positional effects will not level out. Several rain gauges, or
other methods to resolve the spatial gradient of rain within the area covered by such

experiments, would hence be helpful to reduce unexplained variation.

5.2 Validity of RADOLAN-based soil loss predictions with the USLE

A data set of about 10000 plot-years was necessary to develop the USLE as a robust soil
loss prediction model which copes with the large natural variability and the high number of
factor combinations influencing soil erosion. From time to time the data set was even
expanded for revisions of the USLE (for an overview see Renard et al., 2011 and Laflen &
Flanagan, 2013). For the validation of the USLE in this thesis, observations over two years
and 8100 fields distributed over a large, diverse area (Bavaria, Germany) were used. This
covered a large variety of agricultural site and cultivation conditions. Such a large variety of
conditions as captured by the large area used in Manuscript 11l had not been covered before
at field scale or by any other validation approach, like either by watershed studies or by

tracer or by mapping studies. The validation in Manuscript 1l showed that the USLE, as it is
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applied institutionally, is suitable for calculations of average soil loss. Calculated soil loss
increased significantly with increasing erosion damages of the fields as they were visible in
the aerial photos. This result suggests that the USLE is also valid for predictions of long-term

average annual soil loss.

Nevertheless, there was a strong variability of calculated soil loss per class of visible erosion
damages. This strong variability was mainly caused by two limiting factors, namely
assumptions of the crop stage, and thereby of the soil loss ratio, and the positional effect of

rain erosivity.

Soil loss ratios are usually determined according to crop stage periods and typical dates for
these periods are assumed (see Schwertmann et al.,, 1990). This approach was also
followed in the validation study because the aim was to validate the USLE as it is applied
institutionally and used for agricultural counselling based on long-term averages. It does not
account for inter- and intra-annual variability of growing periods and the individual farmer
behaviour. Both factors can cause deviations between expected long-term average and
recent cultivation and plant development status on the fields. Furthermore, the crop stage
periods might also have changed due to a general change in plant development and farmer
behaviour since their establishment in the 1980s (Schwertmann et al., 1990). Some studies
already showed an earlier beginning of plant development in spring and a change in
cultivation activities by the farmers (Chmielewski et al., 2004; Menzel et al., 2006). A number
of approaches already exist to update crop stage periods, e.g. by the determination of soil
cover using satellite imagery (Moller et al., 2017), or airborne hyperspectral HyMap data
(Malec et al., 2015), or by kriging-based interpolation of phenological observations
(Gerstmann et al., 2016). Those approaches could also be used for an update of C factors in
Germany. This is additionally required as also the seasonal distribution of erosivity, which is
included in C factor calculations, has changed towards an increased percentage of annual

erosivity in winter months (Fischer et al., 2018).
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The second main factor causing strong variability of predicted soil loss per class of visible
erosion damages was identified to be the positional effect as discussed in the previous
chapter. However, the positional effects are not adversely affecting the validity of the USLE
as they are expected to level out in the long term (>> 10 years) and thus do not bias long-

term soil loss predictions.

5.3 Avail of aerial photos in erosion research

For erosion events of particular importance, it may be a practical approach of reasonable
effort to combine soil loss estimates of events with visual observations of soil loss damages
by aerial photos. This approach was already successfully followed for several heavy
rainstorms causing exceptional erosion and runoff damages in 2016 (Brandhuber et al.,
2017; Hansel et al., 2018). In Brandhuber et al. (2017) RADOLAN data were used to
determine the severity of rainfalls and the pattern of the rain cells and their erosivity. The
local general erosion susceptibility was identified by USLE long-term average soil loss
predictions taken from appropriate official maps (comparable to the one in Treisch &
Brandhuber, 2012). For those sites that combined high erosivity with high erosion
susceptibility, aerial photos could be ordered. Evaluations of these aerial photos combined
with a few on-site observations showed that sediment delivery did not only arise from sheet
and (inter-)rill erosion of agricultural fields but also partly from ephemeral gully erosion
(Brandhuber et al., 2017). Ephemeral gully erosion is caused by concentrated runoff (Poesen
et al., 1996) and is not considered by the USLE (Wischmeier and Smith, 1978). Therefore,
the total extent of erosion damages by this event could not have been estimated by USLE
soil loss estimates exclusively but requires specific models like the Ephemeral Gully Erosion
Model EGEM (Woodward, 1999; Nachtergaele et al., 2001) or the Ephemeral Gully Erosion
Estimator EphGEE that can be added to the (R)USLE (Dabney et al., 2014; Vieira et al.,

2014). A different approach for the reconstruction of an exceptional erosion event in 2016
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was followed by Hansel et al. (2018) by using the model Erosion3D and radar rain data for

event soil loss estimations.

Aerial photos may additionally help to find adequate erosion control measures for individual
sites. Flow paths of concentrated runoff can be identified by aerial photos (Manuscript Ill; see
Fig. 4). Along those flow paths grassed waterways can be installed to reduce erosion and to
have additional positive effects such as sediment retention (e.g. Atkins & Coyle, 1977; Fiener
& Auerswald, 2003). Such measures should additionally be combined with on-site erosion
control measures such as, e.g., strip mulch tillage, reduced tillage, no-tillage and cover
crops. For a descriptive example of sustainable soil use at landscape scale see Auerswald et
al. (2000). The efficiency of installed erosion control measures could then again be evaluated
by aerial photos taken after erosive rain events. RADOLAN provides a convenient tool to
identify strong erosive rains and enables to immediately order aerial photographs when signs

of erosion are still fully visible.

The widespread application of effective erosion control is also of great importance to reach
the objectives of the European Water Framework Directive (EU, 2000) due to the off-site
effects of soil erosion. A widely applied measure in Europe is the setup of riparian vegetated
filter strips which can also be subsidized (EU, 2013; BMEL, 2015). However, the efficiency of
these strips for sediment control is questionable at landscape scale (Verstraeten et al.,
2006b). Therefore, combinations of different erosion control measures are indispensable to
achieve most effective erosion control. For an efficiency assessment of different soil
conservation measures see for example Maetens et al. (2012). Nevertheless, the principles
of soil conservation techniques are known since several decades (Bennett, 1939; Bennett,
1947) and a large number of studies on erosion control measures has already been carried

” W

out (e.g. a Google Scholar search with the keywords “soil erosion” “control measure™
returned about 28400 hits). Surprisingly, erosion control measures seem not to be
implemented sufficiently (e.g. Auerswald et al., 2018; Posthumus et al., 2011). It was shown

based on the data set of Manuscript 1l that even relatively simple erosion control measures
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are rarely or not consequently applied (Auerswald et al., 2018). Unawareness of the positive
effects of measures to prevent erosion and the fear of financial losses are frequently named
for non-adopting of erosion control measures by farmers according to evaluated
guestionnaires (e.g. Bijttebier et al., 2015; Yeboah et al., 2015). In general, the non-adopting
might also be encouraged by the general public ignorance of soil erosion as threat which

needs urgent prevention (Garcia-Ruiz et al., 2017).

However, the consequent implementation of erosion control measures is indeed now of
increased urgency. By climate change the number of erosion-relevant rains (Mueller &
Pfister, 2011) and rain erosivity has already increased since the last decades (Fiener et al.,
2013). An increase in erosivity of around 66% over four decades was also shown by the
comparison of the past German R factor map from Sauerborn (1994) and the new German R
factor map (Fischer et al., 2018). An ongoing and even stronger increase in rain intensity
(Berg et al., 2013) and thus in rain erosivity and also in soil loss (Routschek et al., 2014) is
expected by global warming. The increase of erosion then may come along with an increase
of on-site and off-site damages by erosion which again may also increasingly endanger food
security and the quality of aquatic systems (Pimentel, 2006) and human properties
(Bachmair & Faust, 2017). This scenario calls for an urgent practical implementation of the

knowledge gained from scientific studies about erosion and control measures.
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6 Conclusions

The results of this thesis suggest that long-term average soil loss can be estimated reliably
by the Bavarian institutional version of the USLE. The R factor derived from RADOLAN /
RADKLIM radar rain data from the Deutscher Wetterdienst requires scaling factors
depending on the spatial and temporal resolution of the radar product. These scaling factors
enabled an update of the German R factor map by RADKLIM data set covering 17 years.
This is a major step forward given that the R factor of several federal states had not been
updated since almost 40 years despite an on-going climate change, and given that the R
factors were based on relatively short data series of sparsely distributed rain gauges. Now, it
is of high urgency to use soil loss predictions based on the new R factors for a consequent

implementation of erosion control measures where necessary.
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