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Abstract: At presentit is common to usegeographic information systemGIS)
applications taassessunoff generation. Onefdahese GlSbased tools to generate maps of
dominant runoff processes the so calledsIS-DRP approach The tod, which has been
developed mainlypasedon agricultural areasjsescommonly available inputlata likea
digital elevation mode(DEM), geological information as well as land use information.
The aim of tliis study is to testyalidate and improveéhis GISDRP method for forested
and silvicultue areas. Hence, seilydrologic investigations and several mapping
techniques of dominant runoff processegre conducted on 25 tegsiots in four forested
catchments in Rhinelardalatinate (Germany) and the Grand Duchy of Luxembdiyg.
comparing the rests of the mapping techniques atmdseof the test plots, weak points in
the original GISDRP method were detecteBubsequely, it was possible to enhance the
GIS-DRP approach by incorporating new discharge relevant paramiéergopsoil
sealing,extreme weather events and seenmpeability of the substratunMoreover the
improved GISDRP approachcan bewidely usedin different landscapeand for different
fields of applicationThe adapted method can newupport foresters and decision makers in
forestry planning, answer questions concerning the landscape water lzaddpeepheral
water retention oprovide extra information fosustainable forest planning in times of a
changing climate.
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1. Introduction & Aim

It is expected that globaliolate change will influence the water balance in RhineRalatinate
(SouthwestGermany) due to modified temperatsiesnd precipitation distributio(Grigoryanet al.[1]

(p. 1) andCasperet al.[2]). Therefore, the knowledge of runoff generation as well as dominant runoff
processes (DRP) and their spatial distribution in a catchment or landscape is very important regarding
the hydrologicabehaviorof multi-scale catchmenttandscape water regimes and flood precaution.

this context 1,3], detailed information about dominant runoff processes can support precautionary
measures within suitable areas and helps to implement expert knowledge into a sustainable landscap
managerant. Field investigations to characterize DRPs #re bestmethodto investigate andnalyze
soil-hydrological parameters and dominant runoff procassgstail Unfortunately auger driven mapping

and other field investigations are véaporand cost intensivelherefore, nowaday# is common to use
different kinds of hydrologic models or GIS applications to simulate runoff genefdjioseveral
GIS-based methods to identify runoff processes, ranging from the plottscdle mesescale were
developed over the past yedesg, [5i 13]). However, most of the existing approaches refer only to
micro-scale catchments and are based on very detailedaac(e.g. soil-maps 1:300, landscape
mappings, foressite mappingsetc). This m&es a regionalization and an appliance in unmapped
geographical regions very challengif@r that reasoMiler et al.[14] developed a GK¥pased approach

to identify and regionalie dominant runoff processes in the landscape {@RP) by using commonly
available gealata.Intersecting a DEMspatial resolution B x 5 m to 20m x 20 m), digital geological

maps (1:20@00) as well as land use informatiqgATKIS, Amtlich TopographisciKartographisches
InformationssystemGermany, establishesnaps of DRP and their spatial distributidihe GISDRP
mapsare able (i) tadentify flood-contributingareas (ii) to serveas input for hydrological models

(i) to identify areas for possibl@ater retentin, and furthermorgthey give supportingnformation
regardingplanning and management of catchmeN#svertheless, this application has beewneloped
mainly basedon agricultural areas. Due to the versatility of the method, of igreat nterestto apply

this methodto areas of predominant forest use in order to test its accuracy under different land use
types and develop adaptations accordingly to the results.

Theobjective of thepresented studig to validate andmprovethe GISDRP mehod; especidly in
predominantly silvicultually used catchments. The approach should be able to cover dominant runoff
processes during different types of precipitation intensitieall kinds of land use. As a basis for
validation, so#hydrological inwestigation and mapping of dominant runoff processes were
accomplished in four test sites in RhineldPalatinate (Germany) and the Grand Duchy of
Luxembourg.Sprinkling experimentsinfiltration experiments and soil physical investigatiomsre
appliedon plot- and pointscale in orderto validate the generated GIERP mapsA field mapping
approach based @cherref5] made it possible to validate and compare reswies further
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2. Study Area

The soithydrological investigation an®RP mapping took place in four catchments, which are
situated in the German federal state of Rhinelathtinate (Frankelbach and Holzbach) and in the
Grand Duchy of Luxembourg (Weierbach and Huewelerbdohfotal, 25 test plots were surveyed.

All test plots within the catchments are forested, except for one arable field site at the Frankelbach
catchment, which has been included for compariBanh plot represents a typical part of the catchment
and it is assumed thatl test plots combinedepresenthe overall basin characterisifl5]. Another
selectioncriterion was the accedslity of the test plots in order to conduct the véaporintensive
experiments in the best possible wadie natural characteristics and the location of the different
cachments are given in Tableand Figurel. The locations of the plots are shown in the -GFP

maps within the resultsection

Several different geologic parent materials as well as different landscapes, which are present in the
study area, made it pob# to cover a wide range of soil types and forest conditions.

Table 1 Basic characteristics of the ForeStClim test sites in RhindPatatinate
and Luxembourg

Frankelbach Holzbach Weierbach Huewelerbach
(FRA1-FRAY) (HOL 1-HOL 6) (WEI 1-WEIB) (HUE1-HUE4)
Geographic SaarNahe Bergland Hochldarwald, Oesling Gutland
area (RLP) Hunsrick (RLP) (Luxembourg) (Luxembourg)
Catchment 5 kn? 4.2 knf 0.4 knf 2.7 knf
area
Average
elevation 210430 m 400/ 650 m 4801520 m 300400 m
(AMSL)
Temperature 9c se se 9e
(annual)
Precipitation 265 800 mm 95011,200 mm  90011,100mm  750'850 mm
(annual)
91% forest,

30% f t, 70%
Land use o forest, 0 100% forest 100% forest 7% pasture land,

asture/arable land
P 2% settlement ares

Permian

Parent ~ . . . Devonian schist Permian Sandston
. iRot | i ege Devonianquartzite _
material . NnSergean and Marls
Red sediments
. . , Haplic/Stagnic ,
Dominant Haplic/Stagnic P . g . : Regosols, Haplic
. . Cambisols and  Haplic Cambisols .
soil types Cambisols Cambisols, Podals
Podzos

Number of

- 7 6 8 4

test plots
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Figure 1. Location of the ForeStClim test sites in Rhineldtalatinate and Luxemburg
(http://www.mygeo.info); FRA= Frankelbach, HOl= Holzbach, HUE= Huewelerbach,
WEI = Weierbach

LUXEM- &
BURG

/K“

7.4

During thePleistoceneperiglacial solifluidal processes were common in the low mountain ranges
of SouthwestGermany and the adjacent statEs]. Therefore, many soil profiles within the test sites
arecharacterizedby a densely stratifiebasal layed in the subsoil and a Ise and permeabf@main
layer in the topsoil 16/ 18]. This soil buildup has a major influence on discharge generation and
dominant runoff processes in a catchment since it abets mainly subsurface flow processes of differen
reaction velocities. Neverthale, all kinds of DRP (surface and subsurface ftgpes) could be
determined during the sdhlydrological field campaigns, showing a high overall heterogeneity of the
forested plots.

3. Methods
3.1 DRPApproaches
Procesdecision Schemes

Based on a large number of field experimeBtberrer[5] and Scherrer& Naef [8] developed
so-called process decision schemes (PBS), to determine dominant runoff processes on a soil profile
The mentioned approach was developed andepg@ffectively inSwitzerland 8,9]. Generally, this
method integrates climatic and physiographic characterishi®l(,19]. The methodology uses as
main parameterdand use vegetation soil, relief and geology4,8,9,20]. The processes that can be
estimated by thesergress decision schemes are Hortonian Overland Flow (HOB, Saturated
Overland Flow (SOR, 2, 3) Subsurface Flow (SSE, 2, 3) and Deep Percolation (DBhdtypically
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occur after prolonged rainfall ever(S8igure 2) The numberén the abbreviationseflect tre velocity

of the discharge processe, 1 stands for a fast, 2 for an intermediate and 3 for a delayed processes.
The subdivision of the decision schemes depends on land use types (arabbpdasthndforest and
vineyads), slope (20%< S > 3% and S> 3%, S > 5% for vineyard) precipitation intensity

(1 <20mm-h'% 1 > 20mm:-h'*) and soil characteristics (soils with netagnic characteristics and soils
with stagnic characteristics). Henegne process decision schemes are available toifgethe DRP

of a certain plot§].

Figure 2. Dominant Runoff Process¢BDRP) on a slope (Scherrg¢s] and* Schuer [6],

modified).
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GISDRP

As a simplification of the method based @&cherrer[5] the GISDRP-tool developed by
Miler et al.[14] combines an analysis of the topography, the geologic information and the land use
varieties.Maps of dominantunoff processeare thus createdithout the necessity of using detailed
soil maps or othegeainformation which is often not available. GISRP requires a DEM, a geological
map and the land use information as data iffigtjt Although the results d¥liler et al.[14] indicatean
80% match, they stiladvise the user to validate the GEERP results with a mapping campaign to
improvethe outcomesf the mapping exercise

The method ofMiler et al. [14] can be described as followk a first step, the slogeare
calculated and classifiedith a DEM. Secondly the geological substrata of the basins are classified.
This substratalassification is based afumsteinet al.[21] who classified the infiltration permeability
of the substratum with respect to its lithology and-ggdrological characteristics such factures
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and porosity obtaining eight different permeability classktiller et d. [14] modified this
classification ofZumsteinet al. [21]. Moreover,someexceptionswere made based on field studies
accomplished byHimann et al. [15], e.g., the Triasg& sediment Buntsandstein (lower Triassic) is
divided irto three main ages. The Buntsandstein in general is classified as permidble (
predominantly sandy substrates). However, the field experienceof Himann et al. [15], the
uppermost Buntsandstdayer (clayey weathering$ classifiedas impermeable

In a third step the preprocessed digital dataintersectedwhich result in mapsthat display
dominant runoff process¢BRP) The assumed DRP dependency for arable land, grassland and forest,
is given in Table2 andserves as a basis for intersecting the data and ifignyj the DRP for every
polygon. The nomenclature of the several discharge processes is correspondingly based on the proce:
decision schemes Scherref5].

Table 2 Geographicinformation systemdominant runoff processe&GIS-DRP) basic
table; DRP regarding the slope, the geological substratum and theudantbased on
Miler et al.[14], modified)

Slope Impermeable Impermeable Permeable
(%) Arable Land + Grassland Forest Arable Land + Grassland + Forest
0i3* SOF3 SOF3 DP
>3i5* SOF2 SSF3 DP
>5120* SSF2 SSF2 DP
>20i 40 ** SSF1 SSF2 DP
> 40** SSF1 SSF1 DP

* based orscherrer[5], partly modified ** based orscherrer[5] andSchier [6], partly modified.

Besides these previously defined criteria, a few additional assumateagplied in the analysi2(]
(p. 108, urban areas tend to produce Hortonian overland flow (HOF) duarge areas ofealed
surfaces.Secondly, lhe liparian zone is representeg breas of fast reacting saturated overland flow
(SOF1) on both sides of the stream network. Stzeofthissec al | ed A b upgrdpatior@allyd e p e
on the width of the stream channel and the steepness of the neighboring IslggeeralGIS-DRP
includes moderate rainfall intensities and high degrees of vegetationprotecting the soil surface
from immediate rain and wind impac®o far GISDRP covers the following fivéie v e n t cl as
based on precipitation intensity, season and degree of coverage:

l. Short intensive rainfall in summer (>508getatiorcoverage)

Il. Long lastingextensive rainfall in summer (>%®vegetatiorcoverage)
[l Shortintensive rainfall in winter (>5% vegetationcoverage)

V. Long lasting extenge rainfall in winter (>5006 vegetatiorcoverage)
V. Long lasting exénsive rainfall in winter (<5 vegetatiorcoverage)

However, the method was mainly developed in agriculturally used. ateagpplication in mostly
forested regions implies a certain error potential, since the gentnactionbetween forestsoil and
water in silvicultureused areas igery complex Also, not every possible event claBgsg out of eight,
see below) can beovered by the basic GISRP approachand it is mandatory to validate the
GIS-DRP maps in areas that are predominantly fore€ethparingthese DRP mapaith results of
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soil-hydrological fieldwork and other DRélassification approachexhieves thisOnly a validation
of the discharge process maps created by-[BR® can ensure the accuracy of the tool regarding
reliable and realistic results and possible sources of error.

3.2 SoilHydrological Investigations
Soil Physical Investigations

Undisturbedsamples (V= 100 cn?; n = 6 per horizon) were takefom every soil horizon (= 105)
from every soil pit (n= 25; in accordance with the number of plots) to determine the soil physical
properties of the different plots. In the laboratory, the parametgksdiensity total pore volume and
pore size distributionpenetration resistangcair conductivity as well as satated water conductivity
were determinedlheseresultswere used to interprefie soil buildup and comparkwith the results
of the sprinkling and infiltration experimentsespectively to check the plausibility of the
accomplished mappings.

SprinklingExperimentst thePlot-Scale(50 nf)

The setup of the plescale sprinkling experiment followeatat of Himannet al. [15], Mdler [ 22]
and Schobel [23] and is based on the concept Kérl & Toldrian [24]. This very labotintensive
methodallows the simulaton of realistic rainfall events with intensities of #8m-m'2-h'%. Moreover
the artificial rainfall was distributed ovethreeconsecutive days with a total precipitation amount of
120 mm Therainfall amountand its distribution over three days drased on a flood event in the
Rhine catchment in March 20Q25]. The execution of e sprinkling experiment takefive to six
days in totalmcluding the installation of the equipmetite sprinkling itself and the subsequent runoff
measurementd.o assure comparability and because interception is hardly of any relevance if it comes
to stam rainfalls or long lasting precipitation in moist winter periods (see above), the sprinkling
experiments were carried out beneath the crown canopy of the forest [dfan@gs 642). One major
advantageof this method is that different runoff processes can directly be observed and measured.
Another advantage is given because of the mobility of the experimental whiap makes it possible
to compareresults from different catchments or landscapgse rairfall simulator consists of a
U-shaped pipe system with an irrigated area of approximately®5@ m x 10 m; Figure 3. The
amount of the overhead irrigation during the experiments as well as the distribution was regitrded
threesoil-based Hellmann asix rain gauges withinhe irrigated area . Directly at thedown-slope
edge of the irrigated area a 3 m widoil pit was set uprhe widthof the pitwas smaller than the
width of the irrigated areaAn areaof 1 m at each side functied as a drainage barrier, hindering
irrigation water from draining into theneighboring less irrigated areas. Consequently, the
dischargerelevantarea at each plavas30 m? (3 m x 10 m). Deflector plates inserted into the soil
profile at different depthsvere used to separately quantify sudaaend subsurface flawFor each
identified soil layer, thdevelededge plates colleetithe water flow and rediresdlit into a measuring
vessel. The surface flow plates were inserted close to the soil surfacgrfatdsnd deep subsurface
flow wererecorded irntwo different depthisonein anupper loosely stratifiegdsoil horizon andnejust
below the border to the deeper, compacted basal [ByEr
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Figure 3. Rainfall simulator based on the ideakddrl & Toldrian [24] at the Holzbach test
site with soil pit and collector plates visible in the foreground

If a surface flow reaction occurred it was either classified as a Hortonian (HOF) type or a saturated
type (SOF) by means of visual observation as welexsert judgmen{l15]. If a subsurface flow
reaction occurredit was classified as SSE, SSF2 or SSF3, which depended on the reaction
velocities and estimated depthf the water flow. If nearly no runoff could be observed, the dominant
runoff processvas defined as deep subsurface flow (dSSF) or deep percolation (DP), which depended
on the prevailing geological substr§i®].

The sprinkling experiments took place in late spring. At that time the soils of the investigated plots
were not entirely satated. Initial soil moisture contents ranged from 61% to 77% of field capacity
(OpF 1.8)[15] (p. 642). More detailed information about the applied sprinkling experiments is given
in Himann et al.[15].

SprinklingExperimentst thePoint-Scale(0.28 nf)

Sprinkling experiments ora pointscale were executed (Figure 4) areas where pldaicale
sprinkling experiments were not possible due to a deficient catchment infrastructarereoy
permeablgarent material (Huewelerbachihe pointscale sprinkling xperimentis based on the idea
of Calvo et al. [26] and Lasantaet al. [27]. It concentrates otopsoil properties and generation of
surface runoff due to sealing and crusting or hydrophobic effects evokedgbyonger drought
periods.Here, one nozzleyhich is built in an aluminum fram#hat is2 m high, realizes a rainfall
intensity of 40mm-h'. Surface runoffis collected infive-minute intervak. Afterwards the water
amount and sediment yield can be estimated in the labor&ong detailed infamation about the
setup and handling of this kind of rainfall simulator is givereig, Iserlohet al.[28].
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Figure 4. Small portable rainfall simulator with water tapkmp combination (yellow;
foreground) and nozzlinkagetarpaulin system (green)

Infiltration Experiments

To determine the infiltration rates of the test sited plots, infiltration experiments with a double
ring-infiltrometer (type according to a Dihfiltrometer) were conductefigure5). At one plot at
least four infiltrationexperimentstook place ¥ = 116). The categorization ofWohirab et al. [29]
classifies lhe resulting infiltration rates.

Figure 5. Doublering infiltrometer during a measurement
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4. Results
4.1 Application & Validation

The GISDRP applicatiorresulted in four runoff process maps, which show the dorhinaroff
processes and their spdtdistribution within the investigatedasins (Figure$i 9). Three of these
GIS-DRP maps (Frankelbach, Holzbach and Weierpaoh dominated by subsurface flow processes
of different reaction velocities78% of SSF1 to 95% of SSF 3). In contrast the Huewelerbach
catchment islominated by deep percolation (DRhich isrepresented by a light blumlor (62% of
the total area)Generally, the stream tveork is surrounded by red cokxl areasThese riparian zones
(especially theiwidth) dependon the adjacent relief. Theparian zonegsoc a | Ibdfeld zdne$
tend to produce fast reacting saturated overland flow (B@QPp t015% for the investigated catchments).
The road network and settlement areas produce Hortonian overland flow (HOF, purple)sdakedo
soil surfacesSmall areas ahe catchment boarders are cebb in beige or orange showing delayed
saturated overlanitow processes (SOF and SOR) due tamoderatty declining slopes.

Figure 6. GIS-DRP map of the Frankelbach catchment, RhineRaldtinate (error = lack
of basic data)



