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Abstract: In this paper the 12000, a new modelling system for the distributed simulaton of the water balance
in farge river basins, will be introduced and described briefly. The introduction comprises an overview of the

model’s purpose and concept,

subdivision of the catchment as well as the methods for regionalisation of
an example for the model’s capabilities simulation results of a large catchment in Germany ar

the simulated hydrotogical processes. the distribulion concept for the spatial

cimate dara from point sources. As
¢ shown.
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1.  INTRODUCING THE J2000

The growing awareness of environmental and eco-
nomical problems related to mismanagement and
overuse of the water resources in the last decade is

refloctod and-guidelines like the EU
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{1} Their implemented methods which often need
data sets for parameterisation and validation
that are not available in sulficient temporal and
spatial resolution.

(iiy Missing routines taking the processes and in
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WdtLl Framework Dnc,tlwc (WFD). For the im-
ptementation and control of the WFD, models or
modelliing systems like the 12000 are needed, which
can be applied to Targe river basing of more thin
1000 km? and provide the ability of modeiling the
hydrological cycle in a spatially d
process oriented manner. Such models can be con-
sidered as valuable tools for the quantification of
decistons and strategies aimed al a sustainable and
environmentally sound management of the water
resources in large river basing as addressed by the
WED.

W beb ey -t i

For micro- to meso-scale applications a large num-
ber of process oriented hydrological models have
been developed in the last decade. Such models
have in commeon, that they are able to simulate the
processes  influencing the runofl generation and
concentration with a reasonable degree of certainty
on their specilic scale. The major problem which is
limitiag the transfer or up-scaling of the small scale
models (0 large catchments is the increasing hetero-
geneity of the catchment’s environmental parame-
ters complemented by decreasing data accuracy and
availability on the larger scales. Most of the small
scale models cannot reflect these constrainis prop-
erly because of:

distributed and

{iv). Their.. S~
slow computing performance. which is Himiting

§.:cu"L;LLu}ix? Ane
heterogeneity influencing 1
large basins inlo account.

(i) The changing dominance ol single processes at
different scales which is often not reflected by
the model concepts.

often _monolithic
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sultware design

their applicability to a relative small amount of
spatial entities or input data sets.

Additionally it can be stated. that most of the smail-
scale models were developed for the investigation
of specific key questions. reflecting the research
focus of the development leam. As a result most
models address only some aspects of the hydrologi-
cal cycle in a very detatied and sophisticated way
but aften neglect others by simulating them with
simplifying algorithms.

Compared to the large number of models for micro-
and lower meso-scale catchments only few process
based models are available which were explicitly
developed for applications in large river basins, The
concept of such models compared o small-scale
models is mostly much simpler concerning  the
simulation ol the single processes and the impie-

mented algorithms and methods as well as their
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distribution concept and their temporal resolution.
To help in bridging the gap between the small and
the large-scale models the J2000 was developed,
which is described briefly in this paper. A detaled
description of the model including three case stugd-
ies can be found in Krause 20011,

i1 Concept of the J2000

The J2000 should not be understood as “just a new
model”. as it was designed as an open modelling
system. it provides functionalities for the pre-
processing of input data, e.g. precipitalion correc-
tion, regionalisation of climate data from point
sources. caleulation of potential evapotranspiration
ete. besides the mode! core where methods for dis-

tributed, process onented sunulation of the runoff

generation and concentration are incorporated. The
methods for each process are implemented as en-
capsulated program modules which are supplicd by
the modelling framework with the data they need
and are returning their output back Lo the modelling
system for ongoing processing in following mod-
ules. This object oriented, modular approach keeps
the whole system open for enhancements and pro-
vides the possibility to exchange single program
modules without rebuilding the whole model from
scraleh.

1.2 Distribution Concept

The distribution concept of the J2000 is realised by
three different aggregation levels reflecting the

different spatial and temporal dynamics of specific

ling performance. The Lgest disadvantage can be
seen in the fact, that the single units are not separate
entitics and therefore cannot be focated or geocoded
exacily. Because the exact location 15 needed for
sound regionadisation of climate data from point
sources a second laver called discrere sub-area
faver 1 denived by disageregation of the HRUs mto
simgle enclosed entities. Those can be located pre-
cisely inside the catchment providing the spatial
hasis for the regionalisation routines. The third
aggregalion level of the J20600 is obtained by subds-
vision of the whale catchment into sub-basins pro-

viding the spatial distribution for the caleulation of

the runoff concentration processes and the {lood
routing in the channel network.

The entities or units of the three different aggrega-
tion layers are parameterised by GIS routines to
provide the physiogeographic data needed for the
calculation of the single processes inside the three
process levels.

1.3 Pre-processing

The pre-processing part of the J2000 comprises the
delineation of the units of the three different aggre-
gation levels. their parameterisation as well as the
regionalisaion and correction of the climate data
and the caleulation ol the potential evapotranspira-
tion, providing spatially distribuled inpul data-sets
for each time step for subscquent use during the
simulation runs.

]

process levels: {1} the processes concerning the
spatial and temporal distribution of the climatic
input data: (i) the processes of runoff generation;
(111} the-process level-of -the- runeff concentration
and flood routing. Because the three process levels
are showing a decreasing dynamic concerning their

EpatialaARd T Emporal vAFABITEY Tthey dan be mad-

clled with decreasing spatial resolution  without
fosing to much information or certainty.

The most important aggregation level is the subdi-
vision of the catchment into Hydrological Response
Units (HRU) following the physiogeographic de-
fineation concepl introduced by Fiiigel [1995], The
HRUs are delincaled by overlay techniques of the
data-layvers elevation, slope, aspect, land-use, soil-
type, hvdrogeological units and sub basins inside a
GIS providing a pattern of single units with similar
data-sets. [t has o be noted that the single units
resulting from this delineation method are not spa-
tial enclosed entities, morcover one single HRU can
be scattered throughout specific regions of the
catichment. The largest advantage of the HRU-
concepl is the reduction of modelling entities with-
out losing mfermation resulting in a hydrologically
sound discretisation of the catchment comple-
mented by clearer model concepts and faster model-
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point sources
For the J2000 daily values of the climate data-sets
precipilation, miimum and maximum air tempera-
ture, wind speed, relative humidity and sunshine
hours are needed as driving variables. These data

—getg-are -commonly-provided - as-routine - measurg--

ments from the climale stalions of national weather
agencies. For the transiormation ol this point data
into spatialty distributed  data-sets, regionalisation
methods are implemented mto the pre-processor of
the 12000, These methods analyse the vertical (e.g.
decrcase of temperature with mncreasing elevation)
and honzonwd {e.g horizontal variation of rantall
variability of each data set for cach time step. The
vertical variability s guantified by a linear regres-
sion between station elevation and parameter value,

providing a daily gradient and the coefficient of

determination. I{ this coellicient is greater than a
user-defined thresheld, the parameter values are
adapted to the elevations of the discrete sub-areas
by the gradient of the regression hne. By this ap-
proach the vertical variability is only considered for
data values which show a significant dependency
from the elevation at the specific time step. The
horizontal vartabihty 1s considered by an inverse
distance weighting moethod also incorporated into
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the J2000. The use of more sophisticated regionali-
sation methods s indispensable for macro-scale
hydrological modelling because they reproduce the
lurger heterogenerty of the spatial distribution of
climate nput data much better than e.g. monthiy
lapse rates or Thiessen-polygon approaches. often
found in hydrological models.

The regionahsation methods are complemented by
correction functions for eliminating systematical
errors in precipitation measurements. Those func-
tions take underestimation induced by wind drift
and losses resulting from welting and evaporation
from the measurement equipment inlo account,

1.3.2
The potential evapotranspiration (ET} is calculated
accordhng 1o Penman-Moenteith inside the pre-
processing part of the J2000 using the regionalised
chmate data-sels and the parameters of the specilic
landuse class of cach HRU. The implemented equa-
tien takes physical constraints, (e.g. lemperature
and wind speed) as well as vegetation specific pa-
rameters (e.g. acrodynamic resistance, bulk resis-
tance, cffective height) of different vegetation types
into account. The scasonal dynamics of these vege-
tation parameters are derived throughout the year by
continuous  functions  extrapolated  [rom  discrete
values taken from various literature sources. During
the modelling the actual ET is calculated based on
the potential ET and the actual soil moisture using
either a linear or a non linear relationship.

Evapotranspiration calculation

values for rain or spow depending on the air tem-
perature in order o retlect the higher storage capac-
ity of the vegetation cover for snow. Any precipita-
tion exceeding the musimun inlerceplion slorage
capacity is passed as throughfall o the following
module. The mterception storage is depleted by
evaporation only, with onc exception that occcuars
when the storage vilue 15 changing from snow stor-
age 1o rain storage. This reduces the maximum
slorage capacily significantly producing a higher
amount of throughfall, resulting from the mtercep-
ton excess.

2.2 Snow Module

For the simulation of the processes of snow accu-
mulation. compaction and snow melt, two ophonal
moduies are implemented into the 72000, The user
can choose between a simple dav-degree-method or
a more complex calculation method according o
Knaul [1980]. Only the fatter will be described
here, The complex snow-module simulates accumu-
lation and compaction of the snow pack caused by
snow mell or rain on spow precipitation events,
During the lifc ume of the snow pack two phases
are diffcrentiated: (i) the accumulation phase and
(it} the compaction and melt phase. The model
switches between those two phases depending on
the air temperature. 1f the temperature is lower than
the specific temperature threshold and the whole
precipitation [alls as snow. only the accumuiation
phase is active. If the wmperature is above the sec-
ond threshold where the whole precipitation falls as
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2. MODELLING OF RUNOFF GENERATION

Fhe runoff generation.is simulated. inside the mod-
elling core of the J2000 considering the single proc-
esses {or each HRU. For this purpose the regional-

“ised input-data-setyareused masdriving parameters

together with the physiogeographic parameters of
cach HRU derived from the GIS data-layers. In a
preceding step it is determined whether the precipi-
tation is falling as snow or rain or a mixture of rain
and snow by a probability function determined from
the air temperature. [n the next step the precipitation
is passed to the modules described in the following
scctions, and underties the different transformation
processes and finally produces the runoff separated
in up W four components which will be described
later in this paper.

21  Interception Module

The first simulated process, the interception is mod-
efled with a simple approach where a maximum
interception storage capacily of the vegetation cover
15 calculated by multiplying the Leal Area Index
{LAD with a specific storage value. In the J2000 the
option was implemented to use dilferent storage

rain-enty-the mel-phase-is-astive.-Be
tween the two thresholds both phases are active,
allowing the modelling of snow accumulation and

snow melt inside one time step.

Snow accumulation is calenlated by simply adding

the snow-water-equivalent of the snow precipitation

to the dry snow water balance and increasing the
snow depth. If the compaction and melt phasc s
active a potentizl snow-mell-rate is caleulated using
either a day-degree-method or a more complex
equation taking energy nput from air lemperature,
rain fall and soil heat fluxes into account. The liqud
water from the snow-melt seeps into the snow pack
and implicates a compaction of the snow. The same
processes are occurring i rain falls on the snow-
pack. The liguid water is stored in the snow pack
until a specific threshold, described by a critical
density, is reached. Alter that snow-melt-runoff
fram the snow pack oceurs which is passed to the
next module.

2.3 Soil Water Module

The central part of the modelling core of the J2000
is the soll-water module, reflecting the central posi-
tHon of the soib, acting as a regulation and distribu-
tion system. influencing nearly all processes of the



hvdrological cyele. The concept of the soil-module
18 shown in Figure 1.
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Figure 1 The concept ol the soil-water module of
the 12000, showing the storages and processes.

Infiluation is the first process the waler encounters.
Because the 12000 simutates the water balance in
daily time steps physically based algorithms like
Richard’s cquation or the Green & Ampt model for
simulation of Horton's overland flow cannotl be
used, because they neced higher temporal resolved
input data. Nevertheless surface runoff resulting
from infiltration cxcess is an important process
which should be considered. In order to deal with
this, a simple empirical approach was implemented
in the J2000 to reproduce overland (low resulling

and which ix therefore considered as the source for
any vertical and honzontal flows. The storage ca-
pacity of the MPS and LPS is determined by the
description of the soil profiles together with the
effective routing depth of the fanduse class for each
HRU. The distribution of the infilirated water be-
tween the two storages is caleulated using the rela-
tive saturation of the MPS as an indicator. The more
saturated this storage is, the less waler it receives
and vice versa. This approach ensures that the LPS
abways gets some part of the infiltrated water, ex-
cept when the MPS was completely depleted during
the preceding time step. By this method vertical or
horizontal runotl” can oceur before field capacity is
reached. Theretore fast runotf resulting from pref-
erentind {low paths or macro pores 18 reproduced
much belter than by the very often used methods
where runotf can only occur aller field capacity i3
saturated.

The Middle Pore Storage is depleted by transpira-
tion by the vegelation cover enly. The amount of
water which is drawn out by the vegetation depends
on the actual cvapotranspiration deficit and the
relative saturation of the MPS by using either a
linear or a nonlinear. s-shaped relationship between
the two variables.

As already mentioned the Large Pore Storage s the
source of the vertical and horizontal lows oceurring
inside the soil. The wial amount of outflow from
LPS is caleulated by a nonlinear relationship taking
the relative saturation of the storage into account,

fromrsnewsmett-onr-frozen-sotksor-mstde-the-smows
pack and from infiltration excess during rainfall
with high intensity, mostly occurring in the summer
period. For this purpose three different threshold
alues for maximum infiltration capacity can be set
by the user. These values are multipiied during the

Cosimulation with the relative. saturation of the soil- .

water storages resuliing in a maximum infiltration
rate in mm/d. Any water exceeding this rate is
passed to the depression storage from where it can
either produce surface runoff or it remains for infil-
tration until the next time step, depending on the
slope of the specific HRU. Rainfall or snowmelt on
impervious arcas partly results in surface runoff
depending on the grade of sealing.

The storage concept used in the J2000 considers the
hvdrological conditions inside the soil profile by
two different storages (Figure 1} The first one is
the Middle Pore Storage (MPS) describing the wa-
ter storage capacity of the middle sized pores (ds-
ameter 0.2 1o 30 pwm) in which stored water is hold
against gravity and can only be drained by an active
tension. The second storage called Large Pore Stor-
age (LPS) describes the water storage capacily of
the large and macro pores {(diameter > 30 um),
which are not able to hold the water against gravity

The well known significantly faster response of a
catchment with high antecedent soil moisture com-
pared to one with dry soils can be reproduced much
better by a nenlinear outflow lunction in compari-
son 0 a linear relationship. In the next step the total
amount of outtlow i distributed 0 the horizontal
(interflow)-and--the-vertical-{percolation) compo--
nent. The contribution to each of the components is
caleulated by laking geomorphological {e.g. stope)
as well as pedological (e g, hydraulic conductivities,
thickness of soil horizons) parameters extracted
from the inpul data layers and specific relate tables
derived for the model into account. T other words a
HRU with steep slope and a highty permeable soil
horizon above a dense non permeable one produces
more interflow whereas the outflow of a flar HRU
with good permeable sotl horizon throughout the
profile  results  in higher pereolation  rates  or
groundwater recharge, I the HRU is linked to a
highly saturated groundwater storage, the percola-
tion rate is reduced and the excess is passed back 1o
the LPS. It there s still water left in the LPS after
the subtraction of the two components, this amount
is partly used for replenishing the MPS depending
on its actual refative saturalion.
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3. MODELLING OF RUNOFF CONCENTRATION

After the caleulation of the runoff generation proc-
esses on the basis of the HRUs as described above,
the runoff concentration, the groundwater balance
and the floed routing in the river channels 1s simu-
fated on the next aggregation level, the sub basins,
Bach of the sub-basins is described by a concentra-
tion index taking the terrain energy inlo account,
together with the flow-length and slope of the main
chunrel. For each of the four runoff components
distinguished by the 12000: surface runoff (RDD),
interflow from soil zone (RD2), interflow from the
weathering layer of the underlying hydrogeological
unit {RG 1) and baseflow (RG2) different concentra-
tion storages receiving the runoff components from
the HRUs are defined for each sub-basin. These
concentration  storages contribute  their  specific
outflow to corresponding channel storages of each
sub-basin by transforming their input with suitable
retention functions taking different conditions and
constramnts into account. For this purpose addi-
ttonal. temporal dynamic parameters like antecedent
seif moisture or saturation of grousdwater storages
are calculated for cach Ume step.

The flood routing inside the channel network is
simulated by connecting the channel storages, re-
ceiving the water [rom the concentration storages of
the single sub-basing by a hierarchical storage cas-
cade and cafculating the flow velocity inside the
river bed with the Manning-Strickler equation.

in the summer months, The fow flow conditions in
summmer can be interrupted by short high flow
events resulting from convective rainfalls with high
intensity. The parameterisation of the catchment
was done hy data bases which are available on
national scale. resulting in 3264 HRUs with arcas
between 0.5 and 40 km? 8779 discrete sub-areas
and 23 sub-basins. A ten year time series from 1980
to 1990 was chosen for the simulation with the
J2000 consisting of precipitation measurement {rom
B0 stations and climate measurement from 5 sta-
tons. The first year was used lor modet (mitalisa-
ton, the next 5 vears for calibration and the remain-
ing 4 vears for model validatgion.
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Figure 2 Simulated and observed runoff of
the Mulde catchment at gage Bad Diiben.

Figure 2 shows the simulaled and observed runoff
demonstrates that the model is able o reproduce the

4. MODEL RESULTS

To.assess-the- model’s-performance it-was applied 1o
three large catchments (4200 — 6200 km?) in East-
ern Germany. Only the modelling results of the

Muldecatchment will beshown here, The gatchz

ment of the Mulde river, lying in the federal state of
Saxeny, comprises an arca of 5940 km?. The basin
encompasses the mid-mountain range of the Erzge-
birge in the southern and central part with eleva-
tions up to 1200 m as.l, characterised by steep
slopes and deep valleys. The northern part can bhe
described as relatively homogenous and flat with
clevations below 100 m. 53% of the basin is used
for agricultural purposes, whereas the higher re-
gions of the Erzgebirge are covered by conifercus
forests (26 %) Inside the catchment, the larger
cities of Chemnitz, Zwickau and Freiberg besides
numerous smaller villages are located. The geology
is dominated by fractured hard rocks in the mid-
mountain part and quaternary loose rocks with loess
cover in the northern part, resulting in sandy o
foamy soils in the southern part and loamy to clay-
ish goils in the northern half. The hydrological re-
gime is dominated by high floods during snowmel:
between December and April and low flow periods

dynamics of the runof!’ quite well, but underesti-
mates some high flow peaks. The good concordance
of the simulated and cbserved runoff is shown by
the-Nash-Sutcliffe efficiency -which-was-calculated
as (.84 [or the whole period. In the years 1987 and
1988 the efficiency was even higher with values of

Q-89 and 0907 T on v one year of the T year e

period an efficiency lower than 0.7 was seen in
1984 where only a value of 018 was achicved re-
sulting from the significant underestimation which
can also he seen in Figure 2. To validate the
model’s quality not only at the basin’s outlet but
also inside the catchment observed runoll meas-
urernents of the 23 sub-basing were compared with
the simulated runoff. These measurement were not
used during the model calibration 1o ensure inde-
pendence. The comparison (not published here)
shows that the runofl of nearly all sub-basing were
reproduced reasonably well by the model, providing
the evidence that the J2004 is able o simulate the
runoff generation and concentration processes not
only for the whole basin but also inside it with a
sufficient degree of certainty,

The spatal distribution ol the modetled runoff gen-
eration (Figure 3) as well as the spatial distribution
of the precipitation and evapotranspiration showed
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a clear dependency on elevation. The highest values
of precipitation (1300 mmfa) together with the
Jowest actual ETP (350 mm/a), resulting (n a runoff
generation of 970 mm/a occurred in the highest parl
at the mountain ridge in the south, The runcff gen-
eration and precipitaiion values decreased in direc-
tinn north together with the clevation resulting in
values of less than 100 mm/a runofl generation and
600 mm/a precipitation in the northern part.
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esulls of an independent investigation of the runoff
components in some sub-basins of the Mulde pub-
lished by Schwarze ot al. [1999] using the DIFGA
method, The comparison of these results and those
achieved with the 12000 showed that the relative
contributions of the different componenls are guite
similar and both were identifying the fast ground-
water component RGT as dominant in all catch-
ments.

5. CONCLUSIONS

The described modelling system 12000 can be con-
sidered as a vajuable 1ool for the simulation of the
water balance in large calchments. The model re-
sults showed that the runeft at the catchment outlet
is reproduced guite well, A rough validation of the
model’s correctness inside the basin has been made
by comparison of the moedef results with measured
runoff from varicus sub-basins. The results not
shown in this article showed a reasonably good fit
for these sub catchments, The principle correctness
of the runcfl separation was shown by comparison
of the contribution of the four runoff components of
various sub basing s modelled by the J2000 with an
independent investigation with the DIFGA method
in the same sub calchments. Both methods identi-
fied the Tast basetlow component as the dominant
runoff component and estimated the relative contri-
butions as percentages ol the total ranoff for all four
components quite similarly.
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Figure 3 Spatial distribution of mean annual
runoff generation in mm/a (1980-1995)
The runoff separation carried out by the J2000
showed thal the fast base-flow component RG1 (43
%3 dominated the total runofl and in particular the
high fMow peaks during the year. The slow hase-
Mow component {RG2) contributes continuously
throughout the year (34 % of total runoff) and be-
came the dominant component during low flow
conditions in the summer period. Surface runofl
RDI (13 %) and subsurface runoff RD2 (10 %)
were only contributing significantly during high
flow events in the winter and summer periods. The
spatial  distribution  of  the runoff  components
showed that the mid-mountain range was dominated
by camponent RG1, whereas in the fatter northern
parts RG2 became dominant. On the impervious
areas of cities and villages RD! was dominant,
whereas RD2 was only hmportant on vailey sides.
To validate the correctness of the runoff separation
performed by the J2000 the relative contributions of

the runofl components were compared with the

The implemented opportunity (o observe cach of the
caleulated variables in a spatially distributed man-
ner makes the J2004 suitable for quantfying the
impaet-of-different-management.or- landusc/climate
change scenarios on the waler balance of large
catchments.
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