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Summary

Between 1997 and 2004, the German Federal Insbfutiydrology (BfG), in coop-
eration with the Dutch Rijkswaterstaat Waterdieast,up and calibrated the HBV
rainfall-runoff model for the river Rhine. The mdgerformed well for its original
purpose, but less well when it was incorporatetthénforecasting system FEWS in
2005. The main reason for the deteriorating peréorce was that the precipitation,
temperature and evaporation data available fortiea applications differed from
the ones used for the calibration. Another probheams that the accuracy in the low
flow simulations was considered inadequate for getion forecasts. It was thus de-
cided that the HBV model set-up for Rhine shouldipdated and expanded in its
functionalities primarily for use in operationatézasting.

The tasks given to SMHI were:

» To evaluate the evaporation calculations in HBV ssmmmend the best one to
be used in the forecasting application.

* To recalibrate the model using operationally avdédanput data and with the
aim to adequately model the whole range of flows.

» To activate the HBV routine for updating model stadriables before a forecast
(PT updating)

A new precipitation and temperature data set wasiged for the calibration. This
data set is consistent with the data to be us#étkiforecasting application, but im-
proved as compared to the first data set usetkifFEWS-DE system. To improve
low flow simulations, a new model option, the cdniting area approach, was used.
The model was recalibrated using an automaticmeutsome minor manual parame-
ter adjustments were made in a few sub-catchmeratis|ly to correct for anthropo-
genic influences and backwater effects on discharggsurements. The calibration
was done locally for some 95 sub-catchments, anflegeboth locally and for the
total river flow.

The overall model performance after recalibratiothhe new input data was at
least as good as for the original calibration. Litaw recession and variations were
reproduced to a greater degree. An evaluation thidlold parameters and the new
input data showed that the new data set in itsa#f mot enough for satisfactory
model performance. The recalibration was necessary.

PT updating was shown to improve the forecast aoguboth for low/intermediate
flows and for high flows. The effect diminishes lwfbrecast lead time, but still re-
mains at least up to the fifth day.






1 Background

Between 1997 and 2004, the German Federal Instfutiydrology (BfG - Bunde-
sanstalt fir Gewasserkunde) developed in a coopeffort with the Dutch
Rijkswaterstaat Waterdienst (formerly RijkswateastalZA) in several phases a
precipitation-runoff model of the Rhine river ba¢iBfG-1215, BfG-1338, BfG-
1454). The underlying model software is the HBV mldtiat was developed by
SMHI (Swedish Meteorological and Hydrological Inste) (Bergstrom, 1995). This
model had been successfully used, for instancestimate extreme runoff from
catchments or to quantify the impacts of prediciegdate changes.

Moreover, since 2005 the hourly HBV model of thedRiRhine has been integrated
into the forecasting systems FEWS-DE and FEWS-Igkeyated respectively by the
BfG and the RWS Waterdienst with the aim to extédmedlead time of reliable pre-
dictions of streamflow and water levels on the $asimeteorological forecasts be-
yond the present two-day horizon.

While FEWS performs the comprehensive pre- and-pagtessing (including statis-
tical error correction), the HBV model is simulaithe complex process of trans-
forming precipitation data into runoff and streammflvalues in the tributaries of the
River Rhine. In several test runs of the forecassiystems it was found that the HBV
model has in certain ranges sometimes signifidamttsomings, with the conse-
guence that dependable predictions of mean andltaweonditions require manual
corrections. High-quality precipitation-runoff madabg with a minimum of manual
correction, however, is an indispensable precamditdr reliable 4-day water-level
forecasts that are also applicable for navigatippses, an operational service that
the BfG and the German Federal Ministry of Trang@uilding and Urban Affairs
(BMVBS) intend to offer in the near future.

It was thus decided that the HBV model set-up fome should now be updated and
expanded in its functionalities primarily for usedperational forecasting. The fol-
lowing tasks were given to SMHI:

» To compare and evaluate the different formulagHerdetermination of potential
evapotranspiration that are useable in HBV andumtjfy the differences be-
tween the methods for the River Rhine basin byiseitg studies. The study
should result in a recommendation on the methdmktosed in the HBV Rhine
model, taking into account the restricted availgbdf input data in operational
forecasting.

» To recalibrate and validate the HBV model for b# subbasins in the existing
HBV Rhine model downstream of Switzerland, usingragionally available input
data. The recalibration should include the contiguarea concept with the aim
to adequately model the whole range of flow charastics with one set of pa-
rameters.

» To activate the automatic PT updating routine aéd in HBV. This routine ad-
justs the input precipitation and temperature ttaienprove the model state at the
beginning of a forecast. The aim of the updating ismicrease the accuracy of the
runoff forecast.



Methods for interpolation of precipitation and tesrgiture were developed by Del-
tares (Weerts et al., 2008). They also provideditia set used for the recalibration.
All discharge data were collected and delivere8NMHI by BfG. During the project
they continuously provided required informationasting input data and catchment

characteristics.

A map of the sub-catchments and districts in th&/Hine model is found in
Figure 1

Figure 1. Sub-catchments and districts in the HBV Rhine model. Red dots mark major dis-
harge stationsin the River Rhine

In Chapter 3 there are references to Appendicessd hre not included in the report,
but available from SMHI and BfG.



2 Method

2.1 Model description

The HBV-model is a conceptual hydrological modeldontinuous calculation of
runoff. It was originally developed at the Swedidateorological and Hydrological
Institute (SMHI) in the early 70°s to assist hydroer operations (Bergstrom and
Forsman, 1973, Bergstrom 1976) by providing hydymlal forecasts. The aim was
to create a conceptual hydrological model with ceable demands on computer
facilities and calibration data. The model was naiaiiéer the abbreviation éfy-
drologiskaByransVattenbalansavdelning (Hydrological Bureau Wateahed de-
partment). This was at the time the departmenidtiSwhere the model was devel-
oped. The first operational forecasts were camwigdor basins in the northern part
of Sweden in 1975. Since then the model has fopptcations in more than 50
countries.

The basic modelling philosophy behind the model is:

» the model shall be based on a sound scientificdation;

« data demands must be met in typical basins;

« the model complexity must be justified by modelfpenance;
» the model must be properly validated;

« the model must be understandable by users.

For the first two decades, only minor changes énliaisic model structure were
made. In the beginning of the 1990s a comprehemsiexaluation of the HBV

model routines was carried out (Lindstrom et &@97). It resulted in the HBV-96
version, which is the version described in thisoreprhe description is not complete.
It contains the parts that are relevant for the HB\Ine application at BfG and RWS
Waterdienst. For a fuller description, the readeeferred to Bergstrém, 1995, Lind-
strom et al., 1997, Bergstrém et al., 1997 andihéS/HBV manual.



Figure 2. Schematic presentation of the HBV model for one subbasin.

The model consists of subroutines for snow accumuland melt, a soil moisture ac-
counting procedure, routines for runoff genera#iad finally, a simple routing proce-
dure.

It is possible to run the model separately for sha&ibbasins and then add the contri-
butions from all subbasins. Calibration as wellaiscasts can be made for each sub-
basin. For basins of considerable elevation rargyééivision into elevation zones can
also be made. This subdivision is made for the saavsoil moisture routines only.
Each elevation zone can further be divided intfetght vegetation zones (forested and
non-forested areas). A schematic sketch of the IBVhodel version is shown in
Figure 2.

Input data are observations of precipitation anteanperature for each timestep. For
potential evapotranspiration, the standard appr@aichuse long-term monthly aver-
ages but it is also possible to use estimatesaftit Bmestep.

Discharge observations are used to calibrate tleelnand to verify and correct the
model before a runoff forecast.

In the following description of the model routingayiables that correspond directly to
model parameters are marked in italic.



2.1.1 Model routines

2.1.1.1 Precipitation and snow accumulation

Precipitation calculations are made separatelgéoh elevation/vegetation zone
within a subbasin.

There are separate rainfall and snowfall corrediators as observed precipitation
values often are affected by observation losses.|digest errors are related to wind
effects and are generally higher for snow tharrdor. The general precipitation cor-
rection factor accounts for systematic errors thay, e.g., be caused by non-
representative precipitation input. To separatevbeh snow and rainfall a threshold
temperature is used:

RF =pcorr -rfcf - P if T >tt+ttint/2
SF =pcorr -sfcf - P if T <tt-ttint/2

RF = rainfall

SF = snowfall

rfcf = rainfall correction factor

sfcf = snowfall correction factor

pcorr = general precipitation correction factor

P = observed precipitation (mm)

T = observed temperatur¥C)

tt = threshold temperature for rain/snd\&)

ttint = temperature interval for rain/snow mixirfg€y

Within the temperature intervdlnt, precipitation is assumed to be a mix of rain and
snow (decreasing linearly from 100% snow at theelognd to 0% at the upper end).

The lapse rate parameter for precipitatioealt, is applied to adjust to the current
altitude. Altitude correction of temperature isabed by applying the lapse parame-
tertcalt.

It is possible to use different snowfall correctfantors for forested and non-forested
zones within a sub-basifofcf).



2.1.1.2 Snow melt

The snow routine is based on a simple degree diayore A threshold temperature
which is usually close to 0 °C is used in this noaito define the temperature above
which snow melt occurs. The threshold temperatorsow melt may differ from
the threshold temperature for rain/sndty &nd to account for this a constaditm, is
added.

Snow melt =cfmax - (T-(tt+dttm)),

T = observed temperaturc)
cfmax = the melting factor (mm/(d&iC))
tt + dttm = threshold temperature for snow mEé)

If the parametefocfmax is used different melting factors will be applied forest
zones and other zones.

The snow pack is assumed to retain melt waterragds the amount does not exceed
a certain fraction (given by the paramet#rc) of the snow. When temperature de-
creases below+dttm, this water refreezes according to the formula:

Refreezing melt water efr - cfmax - ((tt+dttm) - T)
wherecfr is the refreezing factor.

Snow calculations are made separately for eaclkatbevvegetation zone within a
subbasin. The model computes the snow storagetireraccumulated snowfall and
snow melt.

2.1.1.3 Potential evaporation

Traditionally, long-term monthly mean values ofgmial evaporation are used as
input to the HBV model. It is thus assumed thatitlierannual variation in actual
evapotranspiration is much more dependent on thensasture conditions than on
the interannual variation in potential evaporation.

In spite of this, it might be necessary to cortbetpotential evaporation for weather
variations in temperature, using the factbr Potential evaporation ¢g) is adjusted
according to the formula:

Epot = Eo (1 +etf - 1)

wheredt is deviation of temperature from normal, and€the monthly mean value
used as input. Thus, long-term monthly mean vadg®tential evaporation are re-
duced when actual temperature falls below long-tex@an temperature, and corre-
spondingly increased as temperature increases aloorel. The idea behind the
equation is that the temperature is an importasiofan the day to day variations in
potential evaporation, not only in itself but alsecause it is an indicator of the gen-
eral weather conditions. At least in summer, te@jpee above normal probably
means sunny and dry weather and vice versa.Husdassumed that the mean values



of potential evaporation and temperature are reptasive for the current climate
and the current model set-up.

Temperature normals should be computed for aspengd as possible, depending
on the availability of data. There is one valuedach day of the year and each sub-
basin (computed from the model variablemp locmean). Theetf equation can not
be used to directly infer changes in mean poteatiaporation due to, e.g., climate
change as it does not consider changes in fadgkersddiation, humidity and vegeta-
tion.

It is possible to use an elevation adjustmecil() to allow for a decrease in poten-
tial evaporation with elevation. Finally the potahevaporation values can be ad-
justed by a general evaporation correction facoor¢) and by specific factors for
forest Cevpfo) and lake zonesévpl).

As an alternative to using long-term mean valugsobéntial evaporation as input to
the model, potential evaporation can be calculatebleing proportional to air tem-

perature, but with monthly coefficients of proporality. The potential evaporation
is then calculated by the model, by a simplifiedatson of Thornthwaite’s equation:

Epot =athorn stf(t) - T (=01if T <0)

T is the actual air temperatuthorn is the conversion factor whikéf (t) is an ad-
justment to describe the seasonal variation inglaionship between temperature
and evaporation. There are two sets of seasortar$agvailable and they are selected
by setting the model paramestito 1 or 2. Ifstf = 0 this means that no factor is
used.Sf =1 means that the following factors are use@ fon each month) [0.7 0.7
0.81.01.31.21.11.00.90.80.7 0.7ktl= 2 is usedithorn is multiplied by [0.6
1924181.41.31.00.90.60.40.20.3]. Thedees were developed for Scandi-
navian conditions and can not be assumed to beé watjeneral.

Potential evaporation may be reduced during rdiefants. The reduction in evapo-
ration is related to the precipitation according to

— -epfP
Epot,r = EpotEbep

Where Eq, is the potential evapotranspiration reduced withsederation taken to
precipitation (P), and J: the potential evapotranspiration that would haseuared
without rainfall.

The parametern€fo andicfi introduce an interception storage. From this s&@rag
evaporation equal to the potential evaporation @gtiur as long as water is available
(even if it is stored as snow).

The parametesred is used to reduce actual evaporation when intéores included

in the computation in order to avoid values ofltatdual evaporation (sum of soil and
interception evaporation), which are too largeaReater values between 0 and 1.0 can
be used. If the computed actual evaporation isddarbe greater thef,o - E where
Eiis evaporation from intercepted precipitation tkeeeding part will be reduced
(multiplied by the factol-ered).
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SM - compute d soilmoistare storage 4Q/ AP = [SH/FC) Eaf Epar

AP - contribution from ramfall or showmel

A - contribution to the re sponse fanction 1.0 1.0

FC - maximum soilmoistare storage |
§ - empirical coefficient |
EIl o - Potentialevapotranspiration |
E_ - computed actual evapotranspiration |

LP - limit for potential evwapotranspiration 0.0 a.
0.0 FC SM 4. LF FC 5N

Figure 3.The soil routine of the HBV model

2.1.1.4 Soil routine

The soil moisture accounting routine is the mairt pantrolling runoff formation.
This routine is based on the three paramegetp,andfc, as shown in Figure 3.
controls the contribution to the response func{i®@/AP) or the increase in soil
moisture storage (AQ/AP) from each millimetre of rainfall or snow melhdratio
AQ /AP is often called runoff coefficient, and) is often called effective precipita-
tion. Lpis a soil moisture value above which evapotranspirataches its potential
value, andc is the maximum soil moisture storage (in mm) i@ thodel. The pa-
rameteip is given as a fraction ¢€.

The effect of the soil routine is that the conttibao to runoff from rain or snow melt
is small when the soil is dry (low soil moisturdues), and great at wet conditions. It
means that the runoff coefficient varies with thetiess of the soil. The actual
evapotranspiration decreases as the soil dries out.

2.1.1.5 Response routine

The runoff generation routine is the response fanawhich transforms excess water
from the soil moisture zone to runoff. It also umbés the effect of direct precipitation
and evaporation on a part which represents lakessrand other wet areas. The
function consists of one upper, non-linear, andloner, linear, reservoir. These are
the origin of the quick and slow runoff componeoitshe hydrograph.

The yield from the soil moisture zone will be addedhe storage in the upper reser-
voir. As long as there is water in the upper reseywater will percolate to the lower
reservoir according to the paramaterc. At high yield from the soil, percolation is
not sufficient to keep the upper reservoir empiy] the generated discharge will
have a contribution directly from the upper reserwdich represents drainage
through more superficial channels. The lower resiereon the other hand, represents
the groundwater storage of the catchment contngut the base flow.
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Figure 4. The response function.

The outflow from the upper reservoir is describgalfunction corresponding to a
continuously increasing recession coefficient (Fégd):

QO = k DJZ(1+ alfa)

Qo = reservoir outflow upper reservoir (mm)
UZ = reservoir content upper reservoir (mm)
k = recession coefficient upper reservoir

The parametegifa is a measure of the non-linearity, typically in tirder of 1. The
program uses the parametking, hq andalfa to calculate a value ofdo thathq

=khq [WZy. hq is a high flow level at which the recession tdtg is assumed. The
valuehg should be selected in the upper part of the olesketischarge data range,
for instance a value equal to the geometric meavitb® and MQ could be used
(MQ is the mean of observed discharge over the evpetiod and MHQ mean of the
annual peaks). An estimation of the recession woefit athq can then be made
from the observed hydrograph and used as a figbapnation of thekhqg value. It
should be noted tha corresponds to the outflow from the response bo#,not to
the flow after routing through the river system gaices.

The outflow from the lower linear reservoir is déised by (Figure 4):

Qu=ks ULZ

Q1 = reservoir outflow lower reservoir (mm)
LZ = reservoir content lower reservoir (mm)
k4 = recession coefficient lower reservoir

Small lakes within a subbasin are considered tpdoeof the lower reservoir. The
area of this reservoir may thus be larger tharatka of the upper reservoir. Large
lakes at the outlet of a subbasin are treated stghar

In 1997 the response routine was reviewed withaesip the recharge/discharge
area concept (Bergstrom et al. 1997, Carlsson angsBom, 1998). The aim was to
solve a problem often encountered in calibratiothefresponse routine. It was diffi-
cult to match flood peaks in summer and winter \tlida same parameter settings.
Normally the recession in the observed discharfgsssteep when the catchment is
wet than after a peak in summer. The main poititas runoff during wet conditions
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is generated from more or less the whole catchmdrle only a smaller fraction of
the catchment and its corresponding aquifers drecaduring a dry spell. This frac-
tion is normally situated in lower parts adjacenttte streams. Thus the active super-
ficial aquifers, represented by UZ in the HBV mqaek much smaller at peaks
which occur during a dry period, and will be emgtiaster if the outflow is the same
as the one during wet conditions. This leads ttefagcession. One way to handle
this is a more consistent use of the expressioartal wetness in the soil routine,
(SMffc)®, and let it represent the contributing area.

In practice this means that deep percolation reptesl by PERC in Figure 2 should
be replaced by

PERC =perc [{SM/fc)?

whereperc is a model parameter to be calibrated.

The outflow from the upper response box shouldeipéaced by:
Qo = (k / (SMfc)? ) ouzt+am

The effect of this contributing area approachlisttated in Figure 5.

The use of this option in the response routinarisad on by setting the parameter
resparea to 1 - a value of 0 means that it is turned off.

Dry conditions Intermediate Wet conditions

SM/FC=0.80 SM/FC=0.95

P T
U AR | e T (R
UJZ U*Z /Oll/

} PERC } | PERC 1T 1 perc
__._T ______ —~—— T i s
Lz Y LZ g LZ
Q; Q. 5
Q4 QA a4t

Figure 5. Principal behaviour of the reponse routine if the contributing area
option is used.
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Figure 6. The transformation function

2.1.1.6 Transformation function

The runoff generated from the response routineuged through a transformation
function in order to get a proper shape of the bgdaph at the outlet of the subbasin.
The transformation function is a simple filter tacfue with a triangular distribution
of the weights, as shown in Figure 6. The time ladgbe triangular distribution is
given by the parametemnaxbaz.

2.1.1.7 Linking of subbasins

The HBV model is used to compute runoff from eaabbasin. If there is an inflow
of water from other subbasins, that inflow will #gded to the local runoff computed
by the model. The inflow from another subbasinssuaned to flow through a river
channel from the outlet of the upstream subbasthemutlet of the current subbasin
where the local runoff is added. If there are wldrom several other subbasins
(max. 5), each of them is supposed to flow throitgjbwn river channel to the out-
let.

Delay of water flow in a river channel can be siatetl by using the parametéag
anddamp. A modified version of Muskingum’s equations ieddor the computa-
tions. The river channel will be subdivided intaanber of segments determined by
the parametdiag and the timestep in the simulationd#émp = 0, the outflow from a
segment equals the inflow to the same segmentglthiapreceding time step. In this
case, the shape of the hydrograph will not be abéng

If damp is not zero, the shape will be changed, as thigoaufrom a segment will
depend on the inflow during the same time stepelkasg the inflow and the outflow
at the preceding time step. Note that the valuéagodinddamp are given in a sepa-
rate file, and not together with the other modebhpzeters.

2.1.1.8 Bifurcation

Outflow from a subbasin can be forked into two lofaes using a branch table. The
table has two columns, containing the total outflowd the flow in the main branch,
respectively. Linear interpolation will be madewetn table values. The two
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branches may flow to different subbasins. The dorgas subbasin must contain the
parametemain or branch as inflow together with the name of the upstreabrbasin

2.1.1.9 Abstraction of water

A quantity of water may be abstracted from thelthsge at a subbasin outlet. This
quantity may depend of the season (different veiuedifferent parts of the year). It is
mainly used to handle abstraction of water fogation, domestic or industrial pur-
poses but can also be given a negative value teseqt inflow from external sources.

2.1.2  Efficiency criteria

There are four efficiency criteria used to evalubateHBYV performance in Rhine.

1. The explained variance’R

> (QC-QRY

2 t

S QR-QR..Y

t
QC = simulated discharge
QR = recorded discharge
QRmnea™ Mean recorded discharge over the simulatiorogeri
t= time

The R criterion was introduced by Nash and Sutcliffe@Pand is commonly
used in hydrological modelling. A perfect model Wbtesult in an Requal to 1.

If the simulated discharge is a straight line eqodhe mean observed discharge
R? is zero. It may become negative if the variancééobserved data is low and
the model overestimates or underestimates the ftaypically happens if Ris
computed over low flow periods.

2. The logarithmic Rog:
Z (chog - QRlog )2

=1
A 3 (QRu ~ QRogmeanf

t
QCoy = the logarithm of simulated discharge
QRog = the logarithm of recorded discharge

Computed over a long period, the normabRlue gives most weight to high flows.
R%0q Was thus introduced to better reflect model perforce for intermediate and
low flows.
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3. The accumulated difference between simulated aradded discharge expressed
as:
> .(QC-QR)
relacedif = ————
2 QR
t
This criterion indicates whether the model systérally overestimates or underes-
timates the disharge.

4. The annual peak error:

ZQCymax
peak err = -L———
ZQRymax
y
QCmax = simulated annual maximum discharge

recorded annual maximum discharge

QRymax

QCmaxand QRmaxdo not need to be simultaneous in time or reptébersame
event. The intention of this criterion is to chedkether the highest flows are too
low or too high as an average. Computed over jisivgyears, single events may
have a strong influence on this criterion as onky @alue per year is used. One
should also remember that in some years thereeaegad high peaks while in oth-
ers there is none, but it is always the annual mami that is used.

Objective efficiency criteria are important in gegf an overview over the model per-
formance and evaluating changes in model accuksmyever, a visual inspection of
the simulated and recorded hydrographs is alsoritapbin judging model results.

2.1.3 HBV Code versions

The HBV code at SMHI is continuously updated. Newdtionalities are introduced
and errors are corrected. All code changes arendected in a version control sys-
tem. Unless errors are encountered, the aim idlibatode is backward compatible,
i.e. new versions should give the same resultseasqus ones for existing model
set-ups.

The simulations presented in this report were noa@e a 9 month period. For the
evapotranspiration evaluation version 7.1.8 wasl uee the calibration version
7.1.10, for the PT updating and final evaluatiorsian 7.1.11.
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2.2 Evaluation of evaporation formulae

In the original HBV Rhine calibration, BfG used lgaralues of potential evaporation
computed by the Penman-Wendling method as modaet.ifijne evaluation of HBV
standard methods was based on the assumptiomdsat original daily values were
an accurate estimate of the potential evaporalibay were thus used as the baseline
to which other approaches were compared.

The aim was to adequately reproduce the day twvaagtions in evapotranspiration
as well as provide a reasonable diurnal cycle. @Bhould be no significant deterio-
ration in the HBV model performance with respedtischarge.

The review included the interception parameters.

In agreement with BfG, two districts were seledtmdthe evaluation - Sieg and Nahe
(Figure 7). They were considered to be the tribesdeast affected by river construc-
tions or water abstraction. The model set-up usethk tests was the one developed
in phase Il of the Rhine precipitation-runoff mdategj project. This set-up with

hourly potential evaporation data as input willdemoted the "original set-up" in the
following chapters. The evaluation period was 12905 for which a complete set of
Penman-Wendling data was available.

l:l Subbasins Rhine N
- Mahe basin
l:l Siey basin A

Figure 7.Location of the catchments (Seg and Nahe) selected for evaluation.
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Simulations were made with long-term monthly mealugs of potential evaporation
in combination with the different options descritsabve €tf, epf) and different val-
ues for these parameters. The results were compasahulations with the original
input data. Evapotranspiration and discharge vakezs compared, both using ob-
jective criteria and visual inspection.

For the Thornthwaite method, monthly mean valugsodéntial evaporation com-
puted by the modified Thornthwaite equation for 9995 were compared to the
Penman-Wendling data for the same period. Thisdeag to see if the seasonal fac-
tors applied in the equation were applicable ferRhine river basin. Further evalua-
tion was considered to be dependent on these semuiivell as the model perform-
ance with long-term monthly mean values as input.

2.2.1 Data check

Before model evaluation simulations were performeche simple checks were
made:

* The long-term mean values already entered by Bf&the model input files for
Sieg and Nahe were compared to the daily Penmardigrvalues. It was clear
that the monthly mean values were computed frondéily data and that there
was no need to adjust them.

« Monthly mean values of the interception evaporati@ne computed and com-
pared to the precipitation. For Sieg it was foumat for April-August, intercep-
tion evaporation was between 30 % and 40 % ofdhreall. According to the lit-
erature these are fairly typical values. For Nditey tvere somewhat higher, but
still not unduly high. The interception storageldd mm for forests and 1 mm for
other land was thus concluded to be adequate ds8ma

* In the HBV model, there is an option to decreasegitound evapotranspiration
(transpiration) when there is evaporation fromittierception storage, i.e. the
trees are wet. This option was not used in tharalget-up. As the water balance
appeared reasonable (minimal precipitation comwas)i this option was excluded
also for the tests with other evaporation input.

* For the Nahe catchment there were longer periodsigging data in the basic
temperature series. A replacement station wasiagéeé original set-up, but the
temperature for this station appeared to be hitifaar for the basic stations. Some
erroneous data (-99.9) were found and removed.
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2.3 Calibration

The basic idea behind the calibration strategytwaslibrate as few parameters as
possible and to avoid large discrepancies betwsepdrameter set-up in neighbour-
ing catchments.

To improve the low flow it was decided to use tH&\Hoption described as a con-
tributing area approach (see chapter 2.1.1.5). dpti®n is selected by setting the
parameteresparea to 1.

For some parameters (maximum soil moistarand response box paramédtgy
values from the previous calibration were used.séh®ad been estimated from land
use and other physical properties in the subcatotenélso the travel time along the
river from the outlet of one subcatchment to thet meas kept unchanged from the
previous calibration.

Based on long experience there are some model pteesithat have been given de-
fault values and are utterly seldom changed (tkeipitation and temperature alti-
tude correciontgpcalt andtcalt and some of the snow parametitirg, focfmax, cfr
andwhc, see further chapters 2.1.1.1 and 2.1.1.2).

Before starting the calibration the evapotransjgnatoutines were evaluated. It was
decided to use long-term monthly mean values aanfiat evaporation input, with
adjustment for temperature anomalies and predimitafs in the original calibra-
tion, it was decided to use the interception optidme evaluation resulted in recom-
mended values for the parametetfsepf, ered, icfi andicfo (chapter 2.1.1.3).

Monthly mean potential evaporation was taken framprevious calibration. The use
of temperature anomalies requires that normal gdiloletemperature are available.
They were also taken from the previous calibratmrepresent the same time period
as the evaporation data. To limit the number abcaled parameters in the soil rou-
tine, the parametép was given a predefined value (the soil moisturgexat above
which evapotranspiration is potential).

Parameters affecting snow build up and snow meltiicions &fcf, cfmax andtt)

were calibrated in catchments where snow was faumchg the calibration period,
otherwise they were set to predefined values. # dexided to use the same tempera-
ture limit for snow melt as to separate betweemgalband rainfall (i.edttm was set

to zero).

Generally an adjustment is required to the preatijoih input to avoid a systematic
underestimation or overestimation of runoff. It vaesided to use the option of dif-
ferent correction factors for rainfall and snowfafcf andsfcf). The overall precipi-
tation correction factompgorr) was thus kept at a fixed value. The option gbecgl
adjustment of snow fall in forested arefsfcf) was not used (not relevant with the
interception routine).

If possible, the calibration @fa in the response routine should be avoided and it
was thus given a predefined value.

18



All the parameters with predefined values aredisteTable 1a. It was decided to
adjust them only if deemed necessary by the caidraesults.

The remaining parameters to be calibrated arallistd able 1b. Calibration was
mainly carried out using an automatic routine (Istndm, 1997). It is objective and
normally gives the best possible results in terfreffaciency criteria, but different
combination of parameters may lead to the samerierivalues. This made it difficult
to always maintain the original strategy to avaidje discrepancies between the pa-
rameter set-up in neighbouring catchments. Howesgecalibration was carried out
for a limited number of parameters, it was congdeacceptable.

Table 1. For parameter definitions, see further chapter 2.1.1.

a) Predefined parameter

b) Parameters selected for calibration, including

values. start values and upper and lower limits for
automatic routine.

Par ameter Value Parameter Startvalue Lower Upper
etf 0.1 limit limit
epf 0.02 rfcf 1 0.8 1.3
ered 0 sfcf 1.1 0.7 1.4
ecorr 0.1 cfmax 35 2 5
ecalt 0 tt 0 -2 2
cevpfo 1 Khg 0.2 0.005 0.5
icfi 1 k4 0.05 0.001 0.1
icfo 1.5 perc 2 0.01 5
pcorr 0.01 beta 25 1 4
pcalt 0.1 maxbaz 0.5 0 7
tcalt 0.06
ttint 2
dttm 0
fosfcf 1
focfmax 0.6
cfr 0.05
whc 0.1
cflux 0
Ip 0.9
alfa 1
resparea 1
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The calibration criteria was:

crit = 05[R? + 05[R;, + 0.1[kelaccdif

Where
R? = the efficiency criteria according to Nash andcSifie (1970).

R2|og= asR? but using the logarithmic discharge values (givese weight to low
flows).

relaccdif = the accumulated difference between simulatedoéasdrved discharge

The starting parameter values for the automatibredion as well as the upper and
lower limits are found in Table 1b. Parameter sewiptained from automatic cali-
bration were manually inspected and, if neededjsteld. Adjustments were mainly
required for catchments with erroneous observatibhew flows.

Whenever possible, calibration was done on thd laflaw to a sub-catchment. It
was done for all boundary catchments, but for sofriee downstream sub-
catchments the recorded local inflow was too uabddi (see further the calibration
appendix). In such cases either several sub-catdisnaeere calibrated together or
model parameters were taken from a neighbourirchoant and then verified
against total discharge.

Calibration was done for the period 1/11 2000-2@Q@7 and the period 1/11 1996-
1/11 2000 was used for verification. For some safigiaments with incomplete time
series of recorded discharge, the periods had shbeened. For evaluation of high
and low flows the periods in Table 2 were choseBt®y. Objective evaluation crite-
ria wereR?, R, relaccdif (see above) and the bias in annual maximum pesak di
charge peak err). For the high and low flow periods, graphs ofated and simu-
lated discharge were made for the most downstrescharge station in each tribu-
tary.

Table 2 Periods selected for evaluation of high and low flows.

High flow periods Low flow periods

1997-01-01--1997-03-31  1998-05-20--1998-10-01

1998-10-01--1999-05-10  2003-04-01--2003-12-01

2002-12-01--2003-02-28  2005-05-01--2005-12-31

2003-11-10--2004-03-10  2006-05-20--2006-08-20
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2.3.1 Discharge data

Before starting calibration the available dischatgta were checked. For time series
with a lack of data or seemingly unreliable datasgible solutions were discussed
with BfG (see the calibration appendix). Minor dgtps were filled using linear
interpolation.
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2.4 PT-updating

Even after calibration there are always periodseamhts when a hydrological model
overestimates or underestimates the dischargeayltb®m due to unrepresentative in-
put data or specific weather conditions that atehaadled correctly by the model. In
runoff forecasting, the development during the dast period partly depends on the
initial conditions before the forecast. It is thogortant that they are described as
accurately as possible by the model.

In hydrological models, different methods are usedorrect the model state before a
forecast. The state variables (snow, soil moistgn@indwater) can be updated di-
rectly or indirectly. In applications of the HB\ha main option is an indirect

method. It is assumed that the state variablesarect if the simulated and ob-
served discharge agree. This is achieved by agpbgemrections on precipitation and
temperature during a period before the forecashpiegature corrections are relevant
only for catchments with snow.

2.4.1  General description

An automatic routine has been developed to findpteeipitation and temperature
corrections that gives the best agreement betwesereed and simulated discharge.
Basically it is an automation of a manual trial @mbr process. The criterion is the
accumulated difference between measured and cochdigeharge.

The automatic routine starts by searching for @sit@p when the difference exceeds
a certain limit (nindiff). It then checks the following timesteps for theng type of
error (overestimation or underestimation). Sucihaaug of timesteps is defined as an
updating or correction window. The model is runesaVtimes over this window,
using a standard optimisation procedure to findotteeipitation and temperature
corrections that minimise the discharge error. Adigplying the corrections, the rou-
tine continues the model run and searches forekeaorrection window.

In most catchments, the discharge does not resgioectly to rainfall or snow melt.
There is a delay that depends on the size of ttthweent and other characteristics.
To account for this it is possible to define a tikag in the updating routine. In prac-
tice this results in two windows dislocated in tigla to each other. The corrections
are applied for the first window and the dischaeger is evaluated for the second
one.

In large catchments, climatic conditions, catchnudraracteristics and model per-
formance may vary considerably. Such catchmentsbualivided into several cor-
rection regions consisting of groups of sub-basins.

2.4.2 Parameters

Several parameters govern the updating procedateld ). There is an upper and
lower limit to the size of the corrections. Thidasprevent unrealistic precipitation
and temperature values as well as attempts totadjesroneous discharge data. Cor-
rections should only be applied within a specitiechperature range. E.g., precipita-
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tion corrections should not be applied for tempees below zero, and there is no
point in applying temperature corrections if nowns present and the temperature is
well above zero.

Parameters are set individually for correctionoagi All sub-basins must belong to
a correction region, but it is not necessary tothenupdating routine for all regions.
If no parameters are set, the routine is not uselat region.

Table 3. Main parameters used in PT updating routine (for further details see the
IHMSHBV manual and file description).

Parameter  Description

par Correction variable. Values used in HBV Rhine are temp, a temperature
constant, and prec, a precipitation factor (se further the IHMS/HBV manual
for other available parameters).

min Lower limit for the size of the correction

max Upper limit for the size of the correction

[temp No corrections are applied if the temperature is below this value.

utemp No corrections are applied if the temperature is above this value

corrlag/ Time lag between windows for which corrections are applied and evaluated
correndlag  (unit = timestep in the model set-up, normally days or hours)

mindiff Difference between simulated and observed discharge below which no cor-

rections are applied (mm/timestep)

winlength Maximum length of each correction window (unit = timestep in the model
set-up).

numwindow Maximum number of correction windows for one correction region in one
simulation. Normally set to 300 which is the upper limit.

2.4.3  Correction regions

The Rhine catchment was divided into 11 correctegnons (Figure 8). Updating
parameters and discharge stations for each reggolisted in Table 4. The parame-
tersmin, max, Itemp andutemp were given the same standard values for all ragion
Other parameters were calibrated based on a femtse(&hich do not coincide with
the events used for evaluation). With the excepdiblappe, which has very little
snow, corrections were applied on both temperatndeprecipitation.

The parametemindiff deviates only for region 2 (UpRh2_3/Maxau). Theared
discharge for this region is estimated as the iffee between Maxau and Basel
(Rhein4), which sometimes results in large fluatuag from one timestep to the
next. Small differences between observed and steulildischarge are thus not al-
ways a sign of errors in the simulated values.

PT updating can not be carried out over the whaxhge of flows in all correction
regions. Due to impoundments and backwater effemtsflow measurements are
unreliable and impossible to use for several digghatations. The lower discharge
limit is listed in Table 4.
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Figure8. Correctionregionsin HBV Rhine. No corrections are applied for the sub-
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basins without colour. Red dots mark discharge stations used for updat-
ing/evaluation.



Table4. PT updating parameters for correction regionsin Rhine.

Rheind UpRh2_3 Neckar4 Main8 Nahe3 Lahn4 Sauerl Umos3 unsi Wupperl Lippe
Discharge stn Basel Maxau Rockenau Raunheim Dietersheim Kalkofen Bollendorf Cochem Menden Opladen  Schermbeck
Lower limit (m®/s) 115 500 40 250
Correction region 1 2 4 6 7 8 9 13 14 15 16
Parameters
for PT updating
corrlag/ 30 48 30 30 25 30 30 48 30 45 40
correndlag (hours)
mindiff (mm/hour)  0.005 0.05 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
winlength (hours) 96 96 60 72 72 72 96 72 96 72 72
For precipitation
min (factor) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
max (factor) 15 15 15 15 15 15 15 15 15 15 15
ltemp (°C) 1 1 1 1 1 1 1 1 1 1 1
utemp (°C) 30 30 30 30 30 30 30 30 30 30 30
For temperature
min (°C) -2 -2 -2 -2 -2 -2 -2 -2 -2 -2 -2
max (°C) 25 25 25 25 25 25 25 25 25 25 25
ltemp (°C) -4 -4 -4 -4 -4 -4 -4 -4 -4 -4 -4
utemp (°C) 5 5 5 5 5 5 5 5 5 5 5
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2.4.4  Evaluation of PT-updating

The evaluation of PT updating was carried out\a flood events and two low flow

periods. In each case the evaluation period wasmamrgh. During the first flood, the

overall model performance was very good and thesmewas used to ensure that PT
updating does not worsen the model performancanBune second flood event, the
peak was strongly overestimated in several trilegaas well as in the river Rhine.

In the evaluation, forecasts were carried out fmheday during the event (i.e. 31
forecasts for a month). The forecast length waays.dThe model was run with the
updating routine for 5 days before the beginninthefforecast. After each such run
the model end state was saved, and used as tia¢ statte for the forecast as well as
for the model run made 5 days later (for 5 daysieethe beginning of that forecast).
Each simulation thus started from the best mod¢ stvailable. Input to the fore-
casts was observed precipitation and temperature.

The discharge output from each forecast was saxtedrding to day number, i.e. all
results from the first day of each forecast weléected and compared to the ob-
served. The same was done for day 2 to 5. Thewdsdo see if and how the results
for the 1st, 2nd, 3rd, 4th and 5th day of the fastevere improved by PT updating.
The R-criterion was calculated for each forecast day $ame criterion was calcu-
lated for discharge values simulated without PTating. The updating was carried
out on hourly data, but daily mean values were tigethe evaluation criteria. Crite-
ria were estimated for the discharge stationserctirrection regions and for three
stations in the river Rhine; Andernach (subbasiynBach), Ruhrort (LowRhine2)
and Lobith (LowRhine4). The reason for using botthfrt and Lobith was some
inconsistencies in the discharge observationd]dlaeat Ruhrort occasionally being
larger than at Lobith.

The main evaluation was carried out excluding titeltment upstream Basel from
the simulations. The Swiss part of the Rhine bagis not recalibrated in this project
and simulations showed some systematic errorscpéatly during late spring. It
seemed likely that these errors could not be carlgladjusted by PT updating. In-
cluding Basel in the evaluation might thus compédhe analysis of the results. Re-
sults including Basel were thus evaluated separatel

A small sensitivity analysis was made by decreasiiedower discharge limit for
Cochem/Umos3 during one of the low flow events.
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3 Results and discussion

3.1 Potential evaporation

3.1.1 Monthly mean values of potential evaporation

Simulations were made with different values for paeameterstf (adjustment to
temperature) anepf (adjustment to precipitation). Summarising resatesshown in
Table 5 foretf = 0 and 0.1 and fapf = 0.01 and 0.02. Results fetf = 0 are pre-
sented mainly to illustrate the effect of this paeter. The value of 0.1 is fairly stan-
dard. Other values were tested but did not imptheeaesultsepf = 0.01 was used in
the original set-up with hourly input. An increasee).02 was considered reasonable
to account for lower radiation during rainfall et®nThe correlation coefficient was
computed between daily values of actual evapordtmap’) simulated with the
original set-up and values simulated with monthgam potential evaporation as in-
put. The bias was computed as:

YEZ-XEL" hoo
> EX

where
Es. = actual evapotranspiration from original modehget

E"" = actual evaportranspiration using long-term mgnthéan potential evapora-
tion as input

Foretf = 0.1 the day to day variation appears to be cepred adequately (r > 0.8),
while the total bias is smallest for the combina&td = 0.1epf = 0.02 (Table 5).

The effect of the parametess andepf are further illustrated by a comparison of
simulated evapotranspiration in Agger during JW93 and July 1994 (Table 6).
These two months differed considerably in termpretipitation and temperature
with July 1994 being warmer and drier. Using loagyt monthly mean values with-
out theetf parameter gave almost the same potential evapgpiration for both
years, whileetf = 0.1 resulted in a difference of 50 mm due toligler temperature
in 1994. Changing thepf parameter had a much smaller effect. The poteenabo-
ration estimated from the Penman-Wendling meth&dréid by approximately

30 mm., i.e. none of the tested parameter setedaped the original evaporation
satisfactorily in this case. It is a different neatvith the actual evapotranspiration.
During dry conditions the water availability limitise evaporation and the difference
between the two years became quite small, bothemtiginal simulation and with
etf = 0.1.
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Table 5. Evaluation of HBV simulated actual evapotranspiration (E.y) from 1990-
1995. Values simulated with long-term monthly mean potential evapora-
tion asinput are compared to the original model set-up with hourly input.
Evapotranspiration for sub-basins within the Seg and Nahe catchments.
The correlation coefficient (r) is computed for daily values. The bias
represents the whole period. Evalutations made for different values of the

parameters etf and epf

Basin etf =0,epf =0.01 etf =0.1,epf =0.01 etf =0.1,epf = 0.02
r bias (%) r bias (%) r bias (%)

Obsi 0.77 2.5 0.84 1.8 0.85 -0.2
Misi 0.77 2.8 0.84 2.2 0.85 0.3
Agger 0.77 3.3 0.83 2.8 0.84 0.8
Unsi 0.75 2.6 0.81 2.8 0.82 15
Nahel 0.78 3.9 0.82 3.4 0.83 1.7
Nahe2 0.78 4.0 0.82 3.2 0.83 2.0
Nahe3 0.78 2.8 0.81 3.0 0.82 2.1

Table 6. Smulated actual evapotranspiration for the sub-basin Agger in Seg, July
1993 and July 1994.Comparison between the original set-up and simulations
with monthly mean potential evaporation asinput. Example with different
values of the parameters etf and epf

P (mm) T (°C) Evapotranspiration (mm)

Original, etf=0, etf=0.1, etf=0.1,
epf =0.01 epf=0.01 epf=0.01 epf=0.02

Epot Eact Epot Eact Epot Eact Epot Eact
July 1993 178 16 84 80 87 97 73 74 70 71
July 1994 53 21 116 77 90 68 123 81 122 81

The annual cycle of actual evapotranspirationpsaguced well (Figure 9). This is
done in spite of an underestimation of the potéetraporation during some of the
summer months and a tendency to overestimate tpoeation from the interception

storage.
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Figure 9. Smulation of monthly mean actual evapotranspiration, potential evaporation and
inter ception evaporation for the two sub-basins Agger and Nahe3. Mean values
for 1990-1995. Comparison between the original set-up and simulations with
monthly mean potential evaporation asinput (etf =0.1, epf= 0.02).
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Figure 10. Example of daily variations in simulated actual evapotranspiration.for the

sub-basin Agger. June-August 1994. Comparison between the original set-
up and simulations with monthly mean potential evaporation as input (etf
=0.1, epf= 0.02).

Figure 10 illustrates that the daily variation ctual evapotranspiration can be well
simulated without daily input of potential evapaovat The main elements are cap-
tured with long-term monthly mean potential evaporaadjusted for temperature
anomalies and precipitation.

The Penman-Wendling evaporation was originally coteg for a daily timestep. For
hourly simulations an artificial diurnal cycle wiasroduced, assuming that 90 %
evaporates between 08:00 and 18:00, and 10 % beti#60 and 24:00. Also with
monthly mean values as input there is a diurndegymut it is much less pronounced
and mainly due to the variations in temperaturgyfé 11).
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Figure 11. Example of diurnal variationsin simulated actual evapotranspiration for the
sub-basin Agger. June-August 1994. Comparison between the original set-up
and simulations with monthly mean potential evaporation asinput (etf=0.1,
epf= 0.02).

Looking at the simulations for hourly timesteps #ffect of thespf parameter is
very clear, giving a sharp decrease in evapotraatspn during a rainfall event (e.g.,
July 4, Figure 11). For the hours directly afterdgrthe evapotranspiration is high
due to interception evaporation. In the originalgethe potential evaporation was
given very low values during night hours. After tiagn on the 4th of July, there was
thus water left in the interception storage onrtfeening of the 5th which led to high
evaporation. In the set-up with monthly input, teer in the interception storage
evaporated during the night which resulted in Jevy evaporation on the morning
on the 5th.

The graph with hourly data nicely illustrates timawdation of evapotranspiration in
the HBV, but one should remember that the diuraailations are damped in the soll
routine and are unlikely to affect the dischargeies.

3.1.2 HBV Model performance

In the evaluation of the HBV model performance ahé/ changes made to model
parameters were igif andepf. There was no recalibration. The criteria usedeviiee
traditional R value, the volume error (VE) and thé &®mputed for logarithmic dis-
charge values (Rg), for further description please refer to chajtér?2.
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Table7 Criteriafor HBV performance with respect to discharge at the outlet of
sub-basinsin Seg and Nahe. Smulation period 1990-1995. Smulations
made with the original set-up and with monthly mean potential evapora-
tion asinput. Different values of the model parameters etf and epf evalu-
ated. R? and Rfi, is the Nash and Sutcliff (1970) criterion with the latter
using the logarithmic discharge. VE isthe volume error.

Basin Original, etf =0, etf = 0.1, etf = 0.1,
epf = 0.01 epf = 0.01 epf = 0.01 epf = 0.02
R VE Ry R VE Ry R VE Ry R VE Ry
(mm) (mm) (mm) (mm)

Misi 0.88 -178 0.88 0.87 -268 0.86 0.87 -245 0.87880 -176 0.87
Agger 0.89 -112 081 089 -235 0.79 0.89 -214 0.8089 -139 0.81
Unsi 092 -188 090 0.91 -288 0.88 0.91 -272 0.90920 -205 0.90
Nahel 0.90 4 0.69 090 -124 057 091 -105 0.68 0.90 -50.73
Nahe2 0.89 61 0.78 0.89 -61 0.68 0.90 -41 077 089 4 90.7
Nahe3 0.89 39 0.74 0.89 -71 0.62 0.90 -59 0.72 090 -19.760

For the Sieg catchment, the only criterion thafledsf consistently between the differ-
ent simulations is the volume error (Table 7). $maulation withetf = 0.1 andepf =
0.02 produces results most similar to the origored in this respect. Thez@ values
are slightly lower foetf = 0, which indicates that the low flows are lesdl\wimu-
lated.

In the Nahe catchment there are large differenisesim R0, the values foetf = 0
are considerably lower than for the other altewsgti Also here, the simulation with
etf = 0.1 andepf = 0.02 produces results most similar to the oabone. The volume
errors are actually somewhat smaller and tﬁ@, Ralues somewhat higher.

Figure 12 illustrates the criteria values in Tabl&eplacing the hourly evaporation
input by mean values does hardly at all affectoerall performance of the model.
The simulation with long-term monthly mean potelneiaporation is made witif

= 0.1 andepf = 0.02.

In Sieg low flow peaks during dry periods are mooenmonly overestimated with
the monthly mean input (Figure 13). In Nahe theugetvith monthly values rather
performs better for the same type of events.
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Figure 12. Examples of HBV simulations for Seg and Nahe. For discharge and
accumulated differens (volume error), the blue line represents a simula-
tion with the original set-up and red line simulations with long-term
monthly mean potential evaporation asinput. Observed dischargeis

shown with a green line.
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Figure 13. Examples of HBV simulations for Seg and Nahe for a low flow period.
For discharge and accumulated differens (volume error), the blue line
represents a simulation with the original set-up and red line simulations
with long-term monthly mean potential evaporation as input. Observed
dischargeis shown with a green line.



3.1.3  Potential evaporation from the Thornthwaite f  ormula

Monthly mean values of potential evaporation fréva Thornthwaite equation were
computed with two sets of seasonal factors asagetlirectly from the temperature
without any seasonal adjustment (Figure 14).

The comparison with values computed by the Penmandlihg method shows that
none of two sets of seasonal factors develope8dandinavian conditions is quite
applicable in the Rhine catchment. The first setezfsonal factorst{ = 1) provides
the best results. Without seasonal adjustmensithplified Thornthwaite equation
underestimates spring potential evaporation andestienates autumn evaporation.
The same happens if the first set of seasonalrfaased, although the differences
are less pronounced. With the second set of seldfsatars ftf = 2), early spring
evaporation is strongly overestimated while the m@mand autumn values are un-
derestimated.

Based on the comparison, it was decided not ty cartrany further tests with the
Thornthwaite potential evaporation as model inpmiother reason for this decision
was that the use of long-term mean values in coatioin with temperature and pre-
cipitation corrections gave simulation results vamilar to the original Penman-
Wendling method. The availability of long-term miolytmean values for all catch-
ments is also an argument against the use ofitiq@ifed Thornthwaite equation.

If the HBV model is set up for other catchmentshi@ same region without easy ac-
cess to potential evaporation data one might censa$ting the Thornthwaite
method withstf = 1.

3.1.4  Selection of method and parameters

The evaluation showed that the standard HBV mettitdlong-term monthly mean
values is to prefer to the Thornthwaite methochmRhine basin. With adjustment
for temperature anomalies and precipitation daily bourly variations are ade-
quately described. Suggested values for the adardtparametergtf andepf are 0.1
and 0.02 respectively. One might consider a sligitrease in the maximum inter-
ception storage as compared to the original cdidras there seems to be a ten-
dency to overestimate interception evaporation ftieeninterception storage. No re-
duction of the ground evapotranspiration due tercgption is recommendeet éd =
0).
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Figure 14. Estimations of monthly mean potential evaporation for 1990-1995 for Ag-

ger and Nahe3. Estimations from Penman-Wendling equation and the HBV
simplified Thornthwaite equation with different seasonal factors.



3.2 Calibration

3.2.1 Parameter values

Values for all parameters included in the caliloratare found in the calibration ap-
pendix. Figure 15 - Figure 20 gives a rough ovenié their spatial distribution. To
a large degree, neighbouring catchments have sipal@ameter values (see ebgta,
k4 andperc) but there are also seemingly random variatiorgs $&f in
Nahe/Moselle). These are probably caused by treeraatic calibration procedure. It
appears that highqg values often lead to higlinq values, indicating catchments with
a quick response to rainfall. The snow paramefef@andcfmax tend to reach the
upper limit that has been given to them. The snakb@tion is often based on few
events, but the high value gitf may indicate large observation losses for snow.

Figure 15 Spatial distribution of rfcf and sfcf.
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Figure 16 Spatial distribution of percand k4.

Figure 17 Spatial distribution of tt and cfmax.
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Figure 19 Spatial distribution of hg and khq.
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Figure 20 Spatial distribution of maxbaz.
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3.2.2  Contributing area approach

The contributing area approach was introduced fwawve low flow simulations. At
a workshop in Koblenz in July 2007, the effecthsd tesparea parameter was illus-
trated for the Sieg catchment. Another test wasezhout on the current dataset by
calibrating Neckarl with and without thesparea parameterresparea 1 and O re-
spectively). The criteria values for the calibrateriod are clearly better with the
contributing area approach, and shows that botlewiaw flows and summer low
flows may be represented correctly (Table 8 andrei@1).

Table 8. Criteria values for the calibration period in Neckar1 with (respared) and without
(respared®) the contributing area approach-

Neckarl Neckarl
calibration resparea=0 resparea=1
period

r2 0.75 0.77
S0y r2log 0.80 0.83
relaccdiff -0.06 0.01
peak err -0.28 -0.19

160

Neckarl with resparea 0

140

Discharge [m3fs]

Discharge (m3/s]

Figure 21. Smulated runoff for Neckar1 Feb-02--Feb-03 with (respared) and without
(respared®) the contributing area approach. Blue line is observed discharge.
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3.2.3  Model performance

Evaluation criteria for all discharge stations gireen in the calibration appendix.
Graphs for the high an low flow periods at the ndimsi/nstream stations are included
as well as comments on special problems encountienéag the calibration. Criteria
values for the lowest gauging station in each tabuare presented in Table & R
values are above 0.8 both for the calibration aertfigation period, except in Erft,
Emscher and Wupper2 which all have a very strotigrapogenic influence. In Erft
and Wupper, the abstraction and branch optionssed to add/substract water
to/from the natural discharge. Also the small catehts Wied and Ahr show’Ral-
ues slightly below 0.8 for either the calibratiarverification periods. The error in
total runoff volume is low and stable. For Lahinitreases in the verification period,
but the error stems from the very first part ot gperiod (1997) and there are indica-
tions that the rainfall is underestimated. THgRalues are similar to the’Ralues.
The lower values for Neckar and Main are due toyhngaps and observation prob-
lems at low flows. Theeak err criterion is based on one value per full year. @.e

Table 9. Criteria valuesfor calibration and verification period at the most downstream station in
each tributary.

Rockenau Kalkofen Cochem Grolsheim Menden Neubriick Raunheim

Neckar Lahn Moselle Nahe Sieg Erft Main
calibration
period
r2 0.81 0.88 0.92 0.86 0.84 0.67 0.90
ggggﬁ:gi' r2log 067 083 086 0.86  0.89 0.65 0.74
relaccdiff 0.00 0 -0.02 -0.03 0.03 0.00 0.00
peak err -0.01 -0.06 0.14 -0.23 -0.16 -0.07 0.07
Verification
period
r2 0.83 0.85 0.85 0.81 0.85 0.13 0.91
;ggg:ﬁ:gf r2log 072 076 085 086 085  -0.22 0.75
relaccdiff -0.01 -0.11  -0.04 -0.04 0.07 -0.11 0.04
peak err -0.11 -0.28 0.22 -0.43  -0.39 -0.08 -0.06

Table 9 continued

Konig- Friedrichs-

Schermbeck Hattingen Opladen Manfort Altenahr
strasse tahl
Lippe Ruhr Wupper Wupper Emscher  Wied Ahr

calibration 2000.11.01-
period 2007.07.01

r2 0.84 0.88 0.80 0.67 0.60 0.78 0.83
ggggﬁ:gi' r2log 080 087 078 072 064 082 084

relaccdiff -0.01 0.00 0.00 -0.06 -0.04 -0.02 0.00

peak err -0.15 -0.12 -0.29 -0.26  -0.06 0.03 -0.20
Verification
period

r2 0.92 0.91 0.80 0.50 0.63 0.81 0.79
;ggg:ﬁ:gf r2log 085 087 071 065 065 083  0.79

relaccdiff 0.02 -0.05 -0.01 0.04 -0.07 -0.03  -0.03

peak err 0.02 -0.18 -0.28 -0.28 -0.42 -0.30 -0.18
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values for the calibration period and 4 for thefieation period). For short evalua-
tion periods it thus tends to fluctuate due to Eimyents. One should also note that
the criteria are calculated from hourly data, sopdakerr represents the error in the
hourly peak. However, there is a tendency to ursiienate the highest peak. This is
fairly typical, as the calibration procedure stewe make the model perform as well
as possible as an average. The same is probailyfeathe precipitation interpola-
tion, extreme precipitation events are more diffitm describe properly.

The evaluation of the performance in Rhine itsefamewhat complicated because
the dependence of the performance of the modékirstviss parts, which not have
been recalibrated. Including modelled inflow at &asould introduce a systematic
error in the results, since particularly the spiamgl summer runoffs are underesti-
mated (Figure 22). The evaluation of the modelgreriince has thus been done with
the Basel inflow subtracted. However, one shouke tiwat excluding the inflow at
Basel creates somewhat volatile inflow series wherBasel discharge data is sub-
tracted from the downstream stations, particularliylaxau (Figure 23). In the origi-
nal HBV Rhine set-up the branch option was usaénwove and delay water in some
of the sub-basins along the Rhine. The reason ssas1aed to be a decrease in ob-
served discharge values from upstream to downststations at high flows. This
option was not used in the current set-up as thdtseeseemed acceptable also with-
out it.

In Table 10 criteria values for some stations & f&thine are showi®* andRe|oq val-
ues are in general higher than for the tributarié® error in total runoff volume is
low. The highest peaks, that tended to be underattd in the tributaries, seem for
Rhine to be overestimated. For the calibrationquereriteria values were computed
also with the Swiss part included (Table 11). Wiliserved inflow as input at Basel
the R? values were above 0.9 for all the Rhine gaugiatists. Using the modelled
in-flow instead significantly lowered the critenalues.

4000 4+
3800 4
3600 4
3400 4+
3200 4+
3000 4+
2300 4+
2600 4+
2400 4+
2200 4+ |

Discharge (m®/s)

2000 4+
1300 4
1600 4
1400 4

1200 §
1000 4
300 4+

a0l 4

T T T T T
jan maj jul sep jan
2004 2005

jan
2002

Figure 22. Discharge at Maxau (including Basel), October 2002 to February 2005. Green
line observed, blue line modelled discharge.
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Figure 23. Local inflow to Maxau, hourly values, July-August 2007. Green line observed,
blue line modelled discharge.

Table 10. Criteria valuesfor calibration and verification period at some of the stationsin
the Rhine. The values are cal culated without any inflow from Basel.

calibration UpRh2_3 MidRhinel Saynbach MidRhine4  LowRhine2 LowRhine4
period (Maxau) (Kaub) (Andernach) (KéIn) (Ruhrort) (Lobith)
r2 0.65 0.90 0.93 0.93 0.92 0.87
2000.11.01- r2log 0.83 0.89 0.90 0.91 0.88 0.76
2007.11.01 relaccdiff -0.04 -0.04 0.00 -0.01 0.01 0.05
peak err -0.16 0.06 0.12 0.09 0.13 0.19
Verification
period
r2 0.66 0.92 0.93 0.93 0.92 0.91
1996.11.01- r2log 0.66 0.90 0.93 0.93 0.87 0.91
2000.11.01  relaccdiff -0.16 -0.07 -0.01 -0.01 -0.06 0.04
peak err -0.21 0.11 0.19 0.19 0.23 0.31

Table 11 Criteria values for the calibration period in Rhine, with no inflow at Basel, with
the modelled inflow at Basel and with the measured inflow at Basel used as mod-

elled inflow.

Calibration UpRh2_3 MidRhinel Saynbach MidRhine4 LowRhine2 LowRhine4
period (Maxau)  (Kaub) (Andernach) (Kdln) (Ruhrort) (Lobith)

r2 0.65 0.90 0.93 0.93 0.92 0.87
No inflow at r2log 0.83 0.89 0.90 0.91 0.88 0.76
Basel relaccdiff -0.04 -0.04 0.00 -0.01 0.01 0.05

peak err -0.16 0.06 0.12 0.09 0.13 0.19

r2 0.74 0.86 0.91 0.92 0.92 0.89
i'\r’]'ﬁg;”:td r2log 0.70 0.81 0.87 0.90 0.88 0.76
Basel relaccdiff -0.13 -0.10 -0.08 -0.07 -0.06 -0.04

peak err 0.07 0.10 0.09 0.07 0.10 0.15

r2 0.96 0.95 0.95 0.95 0.94 0.91
ﬁﬁ;‘f\;‘;‘?d r2log 0.97 0.97 0.96 0.96 0.95 0.84
Basel relaccdiff -0.01 -0.02 0.00 0.00 0.00 0.02

peak err 0.13 0.15 0.12 0.10 0.13 0.17
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The impression is that the overall model perforneasgood. The high flood periods
selected for the evaluation are reproduced quitewvn the exception of the one in
2004, which is strongly overestimated in Neckarsklte and Main as well as in
Rhine itself (see further the calibration appendiow flow periods are more diffi-
cult to assess. It seems hard to reproduce botheabe flow and small peaks caused
by short rainfall events, even if thesparea option is an improvement. Criteria val-
ues should be judged in combination with visuapewion of graphs (calibration
appendices). Theslaccdif criterion is probably the most relevant for lowvils and
values below 20% must be seen as acceptable.

3.2.4  Reviewing calibration in Moselle and Sieg

In Moselle the model tends to overestimate theffuafter long dry periods. It is
most obvious in 2003 and 2005. Table 12 shows #ekly precipitation, evapotran-
spiration and runoff for Cochem for October 2008tdlation to precipitation, the
overestimation in runoff is small but it is highnelation to the observed runoff.

Several attempts were made to adjust the calibrébiaecrease the model error but
they all failed and it does not seem to be a catlibn problem. Simulations with pa-
rameters from the original calibration also regliitean overestimation of the dis-
charge. Instead the explanation seems to lie imib@el structure. One explanation
may be an underestimation of the evapotranspiratiaer prolonged dry conditions.
There may also be reservoirs (groundwater, soilwptands) that empty after long
droughts and that are not taken into account inrtbdel.

Table 12.Weekly precipitation, evapotranspiration and runoff for the Moselle catchment
after along dry period.

Week precipitation evapotranspiration simulated runoff observed runoff

(mm) (mm) (mm) (mm)

2003.09.29- 22.0 9.0 1.2 1.9

2003.10.05

2003.10.06-

2003.10.12 455 85 o4 2

2003.10.13- 0.2 3.6 25 2.2

2003.10.19

2003.10.20-

2003.10.26 13.4 >2 2 2°

2003.11.02

2003.11.03-

2003.11.09 74 >° 02 >0

In Sieq, flood peaks are commonly underestimateth®y1BV model. During these
events the model also underestimates the runafinvel Thus the problem can not be
solved by only adjusting the recession parametdrat will increase the actual peak
value, but will result in a recession that is tstfalso in Sieg the water balance was
evaluated for a few events (Table 13). The preatijib is given with the rainfall and
snowfall correction factors used in HBV. It meahattit is about 15% higher than

the raw input data. The simulated change in stoiregjedes the snow pack, the soil
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water and the "groundwater”. For the first two pds the observed runoff is higher
than the precipitation input and it is hard to #e# the underestimation of the peak
flow can be eliminated without adding more preafdn. For the third period there
is snow accumulation from the middle of Februarg anwards which explains the

high positive change in storage, but most of tHeme error actually occurs before
then.

An attempt was made to further increase the pratipn correction factor in the
model. This resulted in an improvement of the haglpeak flows, but led to an over-
estimation of intermediate flows and errors ingimaulation of low flows. The ex-
planation may once again lie in the HBV structimg, one should also consider the
precipitation input. Simulations with the parametet from the original calibration
led to a total underestimation of the runoff volunyesome 25%. It indicates that the
operational precipitation data is systematicallydo than the original data set (the
REGNIE data). Figure 24 show simulations with theand new parameter sets for a
flood in 1998. The graphs may be compared to tit& i8port from the original cali-
bration (BfG-1338). With the REGNIE input the discge peaks were simulated
well.

Table 13.Water balance for three flood eventsin Seg.

Period Precipitation Evaporation Storage change Simulated Observed Sim
(mm) (mm) (mm) runoff (mm)  runoff (mm)  error

2002.01.20-
2002.03.10 317 61 -24 279 320 41
2002.12.20-
2003.01.20 1rr 16 29 131 182 51
2005.01.15-
2005.03.01 228 25 46 158 190 32
w . observed

& €00

E = —  newcalibration

\q_'; . old calibration

o

I

<

?

2

Figure 24. Smulation of flood peak 1998 with the original and new parameters. Preci-
pitation and temperature input from the operational data set.

The review showed that no major improvement caadigeved through model re-
calibration, neither in Moselle or Sieg. In Sied, #pdating will increase the rainfall
and simulated discharge before a forecast andithsrsme extent decrease the fore-
cast error (Chapter 3.3). In Moselle, PT updatinighave no effect as the discharge
in the problematic periods is well below the limitreliable real-time discharge data.
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3.2.5 Comparisons of original and new model

3.2.5.1 Original calibration and original parameter set

As the previous calibration was carried out onfeedént period and a different data-
set they are not directly comparable. HoweverNeckar2 a comparison was made
for a relatively dry period in 1999 (using the angj REGNIE dataset for the old
calibration). In this example (Figure 25) the neadiliration gives a better representa-
tion of low flow variations, but the example aldastrates that the rainfall input is
important. For some events the new dataset seebssrtwre correct, for some
events the REGNIE dataset is more representative.

7 Original calibfation REGNIE data

inaan T T T T T
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g
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Figure 25. Smulation with original model setup and the new calibration. Example from
Neckar2, 1999.
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3.2.5.2 Original parameter set with new PT-data

The HBV model was run with the original parametgrtsut with the new input pre-
cipitation and temperature data. The aim was tarseép the effect of the recalibra-
tion from the effect of the improved input datan8lations were made separately for
the validation (1996-11-01--2000-10-31) and calibraperiod (2000-11-01--2007-
10-31). The comparison for the validation periodwansidered most representative
as neither parameter set were based on data tqueéhiad. Thus the criteria values
for this period are shown in Table 14, for the nuisinstream stations in each river
as well as for some of the major stations in then®liself. The criteria values are
almost always better with the new parameter seirasdme cases remarkably so
(e.g. Neckar, Sieg and Main). In the Rhine itdedf highest peaks appear to be over-
estimated to a larger extent with the new set. H@wehis is linked to the total run-
off volume which is strongly underestimated witle tiid parameter set.

In Neckar, Nahe, Lahn, Moselle, Sieg and Erft catealues were computed for all
gauging stations in the tributaries. For the valaraperiod, theR* andRP, values
were better for more than 90% of the stations Withnew parameter set. Thatac-

cdif was smaller for over 85% of the stations and #ekperror for more than 75% of
the stations. For some upstream stations, thenpeaftce with the old parameter set
was quite bad. Possibly less effort was given ¢éoctidibration of these catchments.
Generally the criteria differences for the most detkeam stations were smaller than

for the upstream stations.

Table 14.Criteria values for simulations with original and recalibrated model parameters.
Operational dataset for precipitation and temperature data.

Rockenau Kalkofen Cochem Grolsheim Menden
Neckar Lahn Moselle Nahe Sieg
new old new old new old new old new old
. r2 0.83 0.73 0.85 0.82 0.85 0.84 0.81 0.79 0.85 0.66
Verification
period r2log 0.72 0.07 0.76 0.57 085 0.79 0.86 0.81 0.85 0.80
1996.11.01- relaccdiff -0.01 -0.20 -0.11 -0.15 -0.04 -0.09 -0.04 -0.14 0.07 -0.26
2000.11.01
peak err -0.11 -0.20 -0.28 -0.27 0.22 0.04 -0.43 -0.28 -0.39 -0.58
Neubrick  Raunheim Schermbeck Hattingen Opladen
Erft Main Lippe Ruhr Wupper
new old new old new old new old new old
. r2 0.13 -0.50 091 0.75 092 0.76 0.91 0.75 0.80 0.73
Verification
period r2log -0.22 -0.81 0.75 0.36 0.85 0.71 0.87 0.71 0.71 0.73
1996.11.01- relaccdiff -0.11 -0.06 0.04 -0.26 0.02 -0.21 -0.05 -0.27 -0.01 -0.17
2000.11.01
peak err -0.08 -0.34 -0.06 -0.32 0.02 -0.28 -0.18 -0.39 -0.28 -0.38
Manfort Konig- Friedrichs- Altenahr
strasse tahl
Wupper Emscher Wied Ahr
new old new old new old new old
L r2 0.50 0.39 0.63 0.31 0.81 0.79 0.79 0.73
Verification
period r2log 0.65 056 0.65 0.34 0.83 0.78 0.79 0.68
1996.11.01- relaccdiff 0.04 -0.17 -0.07 -0.05 -0.03 -0.08 -0.03 -0.14
2000.11.01
peak err -0.28 -0.37 -0.42 -0.52 -0.30 -0.29 -0.18 -0.20
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Table 14 continued. Smulations do not include the Swiss parts.

Maxau Kaub Andernach Kdln Ruhrort Lobith

UpRh2_3 MidRhinel Saynbach MidRhine4 LowRhine2 LowRhine4

new old new old new old new old new old new old

L 0.66 0.47 0.92 080 0.93 0.89 093 0.89 0.92 0.85 0.91 0.90
Verification

period r2log 0.66 0.49 0.90 0.67 0.93 0.85 0.93 0.86 0.87 0.70 0.91 0.88

1996.11.01- relaccdiff -0.16 -0.28 -0.07 -0.23 -0.01 -0.15 -0.01 -0.14 -0.06 -0.19 0.04 -0.11
2000.11.01

peak err -0.21 -0.14 0.11 0 0.19 0.03 0.19 0.04 0.23 0.06 0.31 0.12

Some graphs for Neckar and Moselle are shown iméxétwo pages (Figure 26 and
Figure 27). From them it appears that the peak&easeaffected by the recalibration
than the intermediate and low flows. In Moselle dlikumn discharge after the long
dry periods in 2005 is strongly overestimated bthlgmarameter sets (Figure 27). The
volume error is similar even if the peaks are nemm®othed in the old calibration.
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Figure 26. Smulations with original and recalibrated model parameter in Neckar. (Neckar4
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lacks discharge data for the low flow periods.) Operational dataset for precipita-

tion and temperature data.
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3.3 PT-updating results

3.3.1  Excluding the Swiss part

R? values for four test periods and five forecasisdag given in Table 15. Graphs
for the first and third day of the forecast arespreged in Figure 28 - Figure 31 for
Main, Sieg and Rhine. Criteria values and graphshe stations in the Rhine do not
include the discharge upstream of Basel.

Generally PT updating improved the forecast, paldity if the model performance
was inadequate without PT updating. The improvemexst largest for the first day
of the forecast, but notable in terms Gfdkso for the fifth day. E.g., for the second
flood event, the Rvalue increased from 0.57 to 0.95 for the first dad from 0.51
to 0.70 for the fifth day at Andernach.

For the first flood event (2002/2003) the modef@ened very well without PT up-
dating with R values often above 0.9. At some stations the imglagsulted in a
very slight decrease inRHowever, with the exception of Main, this deceeags

too small to have any practical effect. In Maingafing at the beginning of the ex-
tended flood peak removed too much water (Figuje 2& the other events dis-
charge data were very scarce for Main, but ittierasting to note that for the second
flood event the updating appeared to improve theltg even if data were available
only for a few timesteps (Figure 29).

For the low flow periods, Rvalues are typically low. This is partly due te flow
variance in the discharge series as compared titothe events. A negative?Rs
caused by an over- or underestimation of the digehimr the whole period. Also for
the low flow periods, the forecasts were improvgdPhh updating. In some cases the
over- or underestimation of the discharge remaibatibecame smaller.

The graphs for Main, Sieg and Andernach are reptagee examples. In Main, low
flow observations are difficult and there is litdata available for updating. Sieg on
the other hand has continuous time series hartigtatl by impoundments or back-
water. Andernach reflects the effect of PT updatinghe total flow in Rhine.
Graphs for all updating discharge stations areddarthe PT updating appendix.
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Table 15.R*-values for forecasts with 1 to 5 days lead time. Forecasts were made once a day over the test period (totally 31 for each event).

UpRh2_3 Neckar4 Main8 Nahe3 MidRhinel

Lahn4 Sauerl Umos3 Saynbach Unsi

Wupperl LowRhine2 Lippe3 LowRhined

Flood event 2002.12.20-2003.01.20
With PT updating

Dayl 0.89
Day2 0.89
Day3 0.88
Day4 0.88
Day5 0.90
Without PT updating
Dayl 0.92
Day2 0.92
Day3 0.91
Day4 0.91
Day5 0.92

0.90
0.85
0.84
0.84
0.83

0.86
0.86
0.86
0.86
0.86

0.66
0.65
0.63
0.64
0.68

0.78
0.78
0.78
0.78
0.78

Flood event 2004.01.05-2004.02.05
With PT updating

Dayl 0.77
Day2 0.83
Day3 0.82
Day4 0.80
Day5 0.80
Without PT updating
Dayl 0.79
Day2 0.78
Day3 0.77
Day4 0.77
Day5 0.76

0.91
0.79
0.67
0.59
0.54

0.37
0.37
0.38
0.38
0.39

0.97
0.96
0.96
0.96
0.97

0.96
0.96
0.96
0.96
0.97

0.97
0.95
0.95
0.93
0.91

0.84
0.83
0.82
0.82
0.81

0.85
0.84
0.84
0.84
0.85

0.90
0.89
0.89
0.89
0.89

0.87
0.84
0.74
0.63
0.56

0.45
0.44
0.42
0.40
0.37

0.94
0.94
0.94
0.93
0.92

0.92
0.92
0.93
0.93
0.93

0.97
0.95
0.94
0.93
0.94

0.94
0.93
0.93
0.93
0.93

0.97
0.96
0.95
0.95
0.95

0.96
0.96
0.96
0.96
0.96

0.89
0.85
0.82
0.79
0.76

0.54
0.53
0.52
0.51
0.49

0.96
0.95
0.94
0.95
0.96

0.97
0.97
0.96
0.96
0.96

0.93
0.88
0.84
0.82
0.81

0.66
0.66
0.66
0.67
0.67

0.95
0.94
0.93
0.93
0.93

0.95
0.95
0.95
0.94
0.95

0.95
0.92
0.83
0.75
0.70

0.57
0.56
0.55
0.53
0.51

0.83
0.76
0.72
0.69
0.70

0.69
0.69
0.68
0.68
0.69

0.94
0.89
0.87
0.84
0.83

0.81
0.81
0.82
0.82
0.81

0.80
0.76
0.73
0.71
0.72

0.73
0.72
0.72
0.71
0.73

0.92
0.92
0.91
0.91
0.91

0.93
0.93
0.93
0.93
0.93

0.94
0.93
0.92
0.92
0.91

0.94
0.94
0.94
0.94
0.94

0.93
0.90
0.83
0.72
0.62

0.40
0.39
0.37
0.35
0.33

0.82
0.78
0.73
0.68
0.66

0.64
0.62
0.61
0.59
0.60

0.95
0.92
0.88
0.82
0.79

0.91
0.90
0.89
0.85
0.84

0.94
0.94
0.92
0.91
0.90

0.93
0.93
0.93
0.92
0.92

0.88
0.87
0.81
0.71
0.56

0.27
0.25
0.24
0.21
0.18

(o))
w



UpRh2_3 Neckar4 Main8 Nahe3 MidRhinel Lahn4 Sauerl Umos3 Saynbach Unsi Wupperl LowRhine2 Lippe3 LowRhine4
Low flow period 2006.08.15-2006.09.15
With PT updating
Dayl 0.32 -0.12 0.74 0.86 0.68 0.56 0.10 -0.38 -1.26 -1.73
Day2 0.42 -0.73 0.73 0.79 0.60 0.02 -0.06 -0.29 -1.87 -1.58
Day3 0.45 -0.95 0.67 0.74 0.47 -0.19 -0.42 -0.50 -2.38 -1.53
Day4 0.34 -1.10 0.64 0.65 0.38 -0.41 -0.47 -0.77 -2.61 -1.88
Day5 0.35 -0.90 0.59 0.56 0.28 -0.98 -0.67 -0.94 -2.95 -2.30
Without PT updating
Dayl 0.31 -5.13 0.37 0.05 -0.08 -1.22 -2.77 -2.11 -3.12 -4.35
Day2 0.44 -4.98 0.38 0.08 -0.06 -1.19 -2.56 -2.03 -2.96 -4.25
Day3 0.45 -4.86 0.42 0.09 -0.03 -1.16 -2.99 -1.95 -3.05 -4.10
Day4 0.37 -4.87 0.45 0.09 -0.03 -1.59 -2.75 -1.92 -3.16 -3.98
Day5 0.38 -4.54 0.44 0.12 -0.02 -2.74 -2.75 -1.92 -3.33 -4.00
Low flow period 2007.05.27-2007.06.27
With PT updating
Dayl 0.43 0.58 0.29 0.67 0.29 0.84 0.81 -0.42 0.72 -3.25
Day2 0.41 0.51 -0.06 0.59 -0.10 0.80 0.78 -0.48 0.64 -3.08
Day3 0.48 0.40 -0.53 0.51 -0.62 0.81 0.75 -0.89 0.55 -3.29
Day4 0.49 0.35 -0.74 0.48 -0.96 0.85 0.73 -1.39 0.44 -4.12
Day5 0.47 0.31 -1.03 0.47 -1.07 0.86 0.73 -1.69 0.52 -5.00
Without PT updating
Dayl 0.34 -0.42 -1.37 -0.13 -2.11 0.81 0.42 -3.44 -1.74 -9.17
Day2 0.33 -0.39 -1.49 0.07 -2.23 081 0.40 -3.52 -1.76 -9.27
Day3 0.38 -0.38 -1.62 0.17 -2.33 0.86 0.56 -3.56 -1.60 -9.23
Day4 0.36 -0.37 -1.70 0.22 -2.46 0.89 0.70 -3.57 -1.42 -9.07
Day5 0.34 -0.38 -1.98 0.23 -2.40 0.90 0.75 -3.60 -0.90 -9.08
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Figure 28. Forecast evaluation graphs for flood event 2002/2003. Forecasts were

made once a day five days ahead. The read and green lines shows the
forecasted discharge for thefirst and third day of each forecast (31).
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Figure 28. Forecast evaluation graphs for flood event 2002/2003. Forecasts were
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made once a day five days ahead. The read and green lines shows the
forecasted discharge for the first and third day of each forecast (31).
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Figure 29. Forecast evaluation graphs for flood event 2004. Forecasts were made

once a day five days ahead. The read and green lines shows the fore-
casted discharge for thefirst and third day of each forecast (31). The
discharge in the plots are daily mean values, and for Main some more
values may be available on an hourly bases.
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Figure29. Forecast evaluation graphs for flood event 2004. Forecasts were made
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once a day five days ahead. The read and green lines shows the fore-
casted discharge for thefirst and third day of each forecast (31).
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Figure 30. Forecast evaluation graphs for low flow period 2006. Forecasts were
made once a day five days ahead. The read and green lines shows the
forecasted discharge for the first and third day of each forecast (31). No
data were available for Main in this period
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Figure 31. Forecast evaluation graphs for low flow period 2007. Forecasts were
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made once a day five days ahead. The read and green lines shows the
forecasted discharge for the first and third day of each forecast (31). No
data were available for Main in this period



3.3.2  Including the Swiss part

As the Swiss part of the catchment was not includebe recalibration, PT updating
for Basel was evaluated separately. Principallyréselts are the same as for the rest
of the Rhine basin. For the two flood events thelehperformed well for Basel, and
PT updating thus had little effect on the simuladestharge at Basel (Figure 32 and
Table 16). Further downstream, updating in theutekies improved the forecast ac-
curacy. For the low flow periods, the simulateccderge at Basel was too low and
PT updating improved the forecasts considerabligiquéarly at the beginning of the
period 2006 (Figure 33).

Table 16.RP-val ues for forecastswith 1 to 5 days lead time. Smulations for Andernach and
Ruhrort done with input from Switzerland. Forecasts were made once a day over the
test period (totally 31 for each event).

Basel Andernach Ruhrort Basel Andernach Ruhrort
Flood event 2002.12.20-2003.01.20 Low flow period 2006.08.15-2006.09.15
With PT updating With PT updating
Dayl 0.87 0.94 0.93 Dayl 0.73 0.86 0.62
Day2 0.89 0.93 0.92 Day2 0.74 0.86 0.69
Day3 0.90 0.93 0.92 Day3 0.74 0.82 0.66
Day4 0.90 0.92 0.91 Day4 0.74 0.75 0.56
Day5 0.90 0.93 0.91 Day5 0.76 0.64 0.45
Without PT updating Without PT updating
Dayl 0.88 0.94 0.93 Dayl 0.07 0.59 0.37
Day2 0.89 0.94 0.93 Day2 0.16 0.65 0.42
Day3 0.90 0.94 0.94 Day3 0.21 0.70 0.48
Day4 0.90 0.94 0.93 Day4 0.46 0.73 0.51
Day5 0.90 0.95 0.93 Day5 0.53 0.71 0.53
Flood event 2004.01.05-2004.02.05 Low flow period 2007.05.27-2007.06.27
With PT updating With PT updating
Dayl 0.97 0.98 0.97 Dayl 0.17 0.75 0.64
Day2 0.97 0.96 0.95 Day2 -0.62 0.59 0.55
Day3 0.97 0.91 0.91 Day3 -0.94 0.29 0.30
Day4 0.97 0.86 0.83 Day4 -1.02 -0.04 -0.03
Day5 0.96 0.82 0.76 Day5 -0.93 -0.24 -0.32
Without PT updating Without PT updating
Dayl 0.98 0.74 0.63 Dayl -4.37 0.29 0.27
Day2 0.98 0.72 0.61 Day2 -6.68 0.23 0.23
Day3 0.98 0.71 0.59 Day3 -6.47 0.14 0.17
Day4 0.98 0.69 0.56 Day4 -5.60 -0.01 0.08
Day5 0.97 0.67 0.53 Day5 -4.84 -0.07 -0.03
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Figure 32. Forecast evaluation graphs for flood event 2004. Forecasts were made

once a day with 5 days lead time. The read and green lines shows the
forecasted discharge for the first and third day of each forecast (31).
Smulations at Saynbach done with input from Switzerland.
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Figure 33. Forecast evaluation graphs for low flow period 2006. Forecasts were

made once a day with 5 days |ead time. The read and green lines shows
the forecasted discharge for thefirst and third day of each forecast (31).
Smulations at Savnbach done with input from Switzerland.
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4

Conclusions and recommendations

4.1 Potential evaporation

Evaluation of the potential evaporation formula¢iBV led to a recommendation
to use the standard HBV method with long-term migntiean values of poten-
tial evaporation as input. It reproduced the rasiutim the original calibration
where daily Penman-Wendling estimates were usagpas. With adjustment for
temperature anomalies and precipitation, dailytamaly variations were ade-
guately described.

» The Thornthwaite equation, as applied in HBV, did reproduce the annual cycle

of potential evaporation as computed by the Penwiandling method for the
Rhine catchment. However, it might be applicablesidh-catchments without
easy access to monthly mean estimates.

It should be noted that neither the Thornthwaiteagign nor the method with
long-term monthly mean values and temperature ahesna directly applicable
in climate change studies. The mean values andneheas are estimated for the
current climate and do not consider overall chamges.g., radiation, humidity
and vegetation.

4.2 Calibration

64

The recalibration with the operational data sefpi@cipitation and temperature
generally gave satisfactory results. For the miutaries the Rand the Rog
values were above 0.8 both for the calibration\ardication periods. Volume
errors were below 10%.

The use of the contributing area approach led teeraocurate low flow simula-
tions than the original calibration.

Model simulations with the operational data setgi@cipitation and temperature
and the original parameters showed that the reesildn was necessary, not only
for the low flow performance.

The recalibration has resulted in a more homogepatemeter set. However,
due to the automatic calibration procedure theialpadriation is not fully consis-
tent for all parameters.

In Moselle small peaks are sometimes overestimedted long dry periods. No
solution for this was found. In Sieg, high peakitoare sometimes underesti-
mated. This could possibly be caused by probleris the precipitation input.

There are a few periods where the same type ofiafion errors occurs over
large areas. The most obvious one is the summeaatndin of 2000 when the
flow is overestimated in the northern part of taecbhment. In 2007, the volume
error starts to increase in many sub-catchmentsuld be linked to a change in
the number of rainfall stations, but more timeeguired before any safe conclu-



sions can be drawn. If the pattern persists, it beagecessary to introduce a new
precipitation correction factor from 2007.

* The Swiss part of the catchment was not recaliiratethe final simulations for
the whole catchment systematic errors were fourighael. Spring and summer
flows were generally underestimated.

4.3 PT updating

* The use of PT updating improves the forecast acgurath for low/intermediate
flows and for high flows. The effect diminishes lwfbrecast lead time, but still
remains at least up to the fifth day.

* PT updating does not notably lower the forecasti@my when the original simu-
lation is accurate.

* The systematic errors in the simulations for thesSypart can to some extent be
handled by PT updating.

* The evaluation of updating was carried out withestied precipitation and tem-
perature as forecast input. The uncertainty ohteésorological forecast was not
considered.

5 Acknowledgements

This project was commissioned and financed by Bii@ project was completed in
less than nine months. It had not been possibleowita very strong support from
BfG and especially Dennis Meissner who always redpd quickly to questions re-
garding catchment information and data problems.

6 References

BfG — 1215. Milders, R., Parmet, B., Wilke, K. (899Hydrological Modelling in
the River Rhine Basin. Final Report. Bundeasan&ialGewasserkunde, Koblenz.

BfG - 1338. Eberle, M., Sprokkereef, E., Wilke,ahd Krahe, P. (2001): Hydrologi-
cal Modelling in the River Rhine Basin, Part Il.goet on Hourly Modelling. Bunde-
sanstalt fir Gewasserkunde. Koblenz.

BfG - 1451. Eberle, M., Buiteveld, H., Wilke, K. dKrahe, P. (2005): Hydrological
Modelling in the River Rhine Basin, Part lll. Dal{BV Model for the Rhine Basin.
Bundesanstalt fir Gewasserkunde. Koblenz.

Bergstrom, S. (1995) The HBV model. In: V.P. Sir{gd.). Computer Models of
Watershed Hydrology. Water Resources Publicatidighlands Ranch, CO.

Bergstrém, S., Carlsson, B., Grahn, G., & Johans€80(1.997) A more consistent
approach to catchment response in the HBV modeingti Norden, No. 4.

65



Carlsson, B., Bergstrom, S. (1998) The TELFLOODjgxt. Rainfall — Runoff
Modelling and forecasting. SMHI Reports, RH 14. 8ish Meteorological and Hy-
drological Institute.

Integrated Hydrological Modelling System. Manuakeslish Meteorological and
Hyrdological Institute.

Lindstrom, G. (1997) A Simple Automatic CalibratiRoutine for the HBV Model.
Nordic Hydrology, 28 (3), 153—-168.

Lindstrom, G., Johansson, B., Persson, M., Gardelin& Bergstrom, S. (1997)
Development and test of the distributed HBV-96 layalgical model. Journal of Hy-
drology Vol. 201, 272-288.

Thornthwaite, C.W. (1948). An approach toward #oretl classification of climate.
Geogr. Rev., 38, 55-94.

Weerts, A.H., D. Meil3ner, D., Rademacher, S. (2008)t Data Rainfall-Runoff
Model Operational Systems FEWS-NL & FEWS-DE. DasaDecember 2008.

Wendling, U. (1995): Berechnung der Gras-Referertiwestung mit der FAO Pen-
man-Monteith-Beziehung. In: Wasserwirtschaft 851PL.Wiesbaden.

66



SMHI publishes six report series.

Names of the series

RMK (Report Meteorology and Climatology)

RH (Report Hydrology)

RO (Report Oceanography)
METEOROLOGY
HYDROLOGY
OCEANOGRAPHY

Earlier issues published in serie Hydrology:

1

Bengt Carlsson (1985)
Hydrokemiska data frAn de svenska faltforsk-
ningsomradena.

Martin Haggstrom och Magnus Persson
(1986)

Utvardering av 1985 ars varflodes-
prognoser.

Sten Bergstrom, UIf Ehlin, SMHI, och Per-
Eric Ohlsson, VASO (1986)

Riktlinjer och praxis vid dimensionering av
utskov och dammar i USA. Rapport frAn en
studieresa i oktober 1985.

Barbro Johansson, Erland Bergstrand och
Torbjérn Jutman (1986)

Skaneprojektet - Hydrologisk och ocea-
nografisk information for vattenplanering - Ett
pilotprojekt.

Martin Haggstrom (1986)

Oversiktlig sammanstéllning av den geog-
rafiska fordelningen av skador framst pa
dammar i samband med septemberflodet
1985.

Barbro Johansson (1986)
Vattenforingsberakningar i Sédermanlands lan
- ett forsoksprojekt.

Maja Brandt (1986)
Areella sndstudier.

Bengt Carlsson, Sten Bergstrom, Maja Brandt
och Goéran Lindstrom (1987)
PULS-modellen: Struktur och tillampningar.

10

11

12

13

14

15

16

Published since

1974
1990
1986
1985
1985
1985

Lennart Funkquist (1987)
Numerisk berakning av vagor i kraft-
verksdammar.

Barbro Johansson, Magnus Persson,
Enrique Aranibar and Robert Llobet
(1987)

Application of the HBV model to Bolivian
basins.

Cecilia Ambjorn, Enrique Aranibar and
Roberto Llobet (1987)

Monthly streamflow simulation in
Bolivian basins with a stochastic model.

Kurt Ehlert, Torbjorn Lindkvist och Todor
Milanov (1987)

De svenska huvudvattendragens namn och
mynningspunkter.

Goran Lindstrém (1987)
Analys av avrinningsserier for uppskattning av
effektivt regn.

Maja Brandt, Sten Bergstrém, Marie
Gardelin och Goran Lindstrém (1987)
Modellberékning av extrem effektiv
nederbord.

H&kan Danielsson och Torbj6rn Lindkvist
(1987)
Sjokarte- och sjouppgifter. Register 1987.

Martin Haggstrém och Magnus Persson
(1987)

Utvardering av 1986 ars varflodes-
prognoser.



17

18

19

20

21

22

23

24

25

26

27

28

29

Bertil Eriksson, Barbro Johansson,
Katarina Losjo och Haldo Vedin (1987)
Skogsskador - klimat.

Maja Brandt (1987)
Bestamning av optimalt klimatstationsnat for
hydrologiska prognoser.

Martin Haggstrom och Magnus Persson
(1988)

Utvardering av 1987 ars varflodes-
prognoser.

Todor Milanov (1988)
Frysforluster av vatten.

Martin Haggstrém, Goran Lindstrém, Luz
Amelia Sandoval and Maria Elvira Vega
(1988)

Application of the HBV model to the
upper Rio Cauca basin.

Mats Moberg och Maja Brandt (1988)
Snokartlaggning med satellitdata i
Kultsjons avrinningsomrade.

Martin Gotthardsson och Sten Lindell (1989)
Hydrologiska stationsnat 1989. Svenskt
Vattenarkiv.

Martin Haggstréom, Goran Lindstrom,

Luz Amelia Sandoval y Maria Elvira Vega
(1989)

Aplicacion del modelo HBV a la cuenca supe-
rior del Rio Cauca.

Gun Zachrisson (1989)
Svara islossningar i Tornealven. Forslag till
skadeférebyggande atgarder.

Martin Haggstrom (1989)
Anpasshing av HBV-modellen till Torne-
alven.

Martin Haggstrom and Goran Lindstrom
(1990)

Application of the HBV model for flood
forecasting in six Central American rivers.

Sten Bergstrom (1990)

Parametervarden for HBV-modellen i
Sverige. Erfarenheter frAn modellkalibreringar
under perioden 1975 - 1989.

Urban Svensson och Ingemar Holmstrém
(1990)
Spridningsstudier i Glan.

30

31

32

33

34

35

36

37

38

39

40

41

42

Torbjérn Jutman (1991)
Analys av avrinningens trender i Sverige.

Mercedes Rodriguez, Barbro Johansson,
Goran Lindstrom,

Eduardo Planos y Alfredo Remont (1991)
Aplicacion del modelo HBV a la cuenca del
Rio Cauto en Cuba.

Erik Arnér (1991)
Simulering av varfldoden med HBV-modellen.

Maja Brandt (1991)
Snoématning med georadar och snétaxeringar i
Ovre Luleélven.

Bent Géransson, Maja Brandt och Hans Bertil
Wittgren (1991)

Marklackage och vattendragstransport av kva-
ve och fosfor i Roxen/Glan-systemet, Oster-
gotland.

UIf Ehlin och Per-Eric Ohlsson, VASO
(2991)

Utbyggd hydrologisk prognos- och
varningstjanst.

Rapport frn studieresa i USA
1991-04-22--30.

Martin Gotthardsson, Pia Rystam och Sven-
Erik Westman (1992)

Hydrologiska stationsnat 1992/Hydrological
network. Svenskt Vattenarkiv.

Maja Brandt (1992)
Skogens inverkan p& vattenbalansen.

Joakim Harlin, Géran Lindstrom, Mikael
Sundby (SMHI) och Claes-Olof Brandesten
(Vattenfall Hydropower AB) (1992)
Kanslighetsanalys av Flodeskommitténs rikt-
linjer for dimensionering av hel alv.

Sten Lindell (1993)
Realtidsbestamning av arealnederbérd.

Svenskt Vattenarkiv (1995)
Vattenforing i Sverige. Del 1. Vattendrag till
Bottenviken.

Svenskt Vattenarkiv (1995)
Vattenforing i Sverige. Del 2. Vattendrag till
Bottenhavet.

Svenskt Vattenarkiv (1993)
Vattenforing i Sverige. Del 3. Vattendrag till
Egentliga Ostersjon.



43

44

45

46

47

48

49

50

51

52

53

54

Svenskt Vattenarkiv (1994)
Vattenforing i Sverige. Del 4. Vattendrag till
Vasterhavet.

Martin Haggstrém och Joérgen Sahlberg
(1993)
Analys av sndsmaltningsforlopp.

Magnus Persson (1993)

Utnyttjande av temperaturens persistens vid
berakning av volymsprognoser med HBV-
modellen.

Goran Lindstrém, Joakim Harlin och
Judith Olofsson (1993)

Uppfoljning av Flodeskommitténs
riktlinjer.

Bengt Carlsson (1993)
Alkalinitets- och pH-férandringar i Ume-alven
orsakade av minimitappning.

Hakan Sanner, Joakim Harlin and
Magnus Persson (1994)

Application of the HBV model to the Upper
Indus River for inflow forecasting to the
Tarbela dam.

Maja Brandt, Torbjérn Jutman och

Hans Alexandersson (1994)

Sveriges vattenbalans. Arsmedelvarden 1961 -
1990 av nederbérd, avdunstning och
avrinning.

Svenskt Vattenarkiv (1994)
Avrinningsomraden i Sverige. Del 3.
Vattendrag till Egentliga Ostersjén och Ore-
sund.

Martin Gotthardsson (1994)
Svenskt Vattenarkiv. Oversvamningskansliga
omraden i Sverige.

Asa Evremar (1994)

Avdunstningens hojdberoende i svenska
fiallomraden bestamd ur vattenbalans och med
modellering.

Magnus Edstrdm och Pia Rystam (1994)
FFO - Stationsnat for faltforsknings-
omraden 1994.

Zhang Xingnan (1994)

A comparative study of the HBV model and
development of an automatic calibration
scheme.

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Svenskt Vattenarkiv (1994)
Svenskt dammregister - Sodra Sverige.

Svenskt Vattenarkiv (1995)
Svenskt dammregister - Norra Sverige.

Martin Haggstrom (1994)
Snokartering i svenska fjallomradet med
NOAA-satellitbilder.

Hans Bertil Wittgren (1995)
Kvavetransport till Slatbaken fran Soder-
kopingsans avrinningsomrade

Ola Pettersson (1995)
Vattenbalans for faltforskningsomraden.

Barbro Johansson, Katarina Losj6, Nils
Sjodin, Remigio Chikwanha and Joseph
Merka (1995)

Assessment of surface water resources in the
Manyame catchment - Zimbabwe.

Behzad Koucheki (1995)
Alvtemperaturers variationer i Sverige under
en tioarsperiod.

Svenskt Vattenarkiv (1995)
Sankta och torrlagda sjoar.

Malin Kanth (1995)
Hydrokemi i faltforskningsomraden.

Mikael Sundby, Rikard Lidén , Nils Sjodin,
Helmer Rodriguez, Enrique Aranibar (1995)
Hydrometeorological Monitoring and
Modelling for Water Resources Develop-ment
and Hydropower Optimisation in Bolivia.

Maja Brandt, Kurt Ehlert (1996)
Avrinningen frn Sverige till omgivande hav.

Sten Lindell, Hakan Sanner, Irena
Nikolushkina, Inita Stikute (1996)
Application of the integrated hydrological
modelling system IHMS-HBYV to pilot basin
in Latvia

Sten Lindell, Bengt Carlsson, Hakan Sanner,
Alvina Reihan, Rimma Vedom (1996)
Application of the integrated hydrological
modelling system IHMS-HBYV to pilot basin

in Estonia

Sara Larsson, Rikard Lidén (1996)
Stationstathet och hydrologiska prognoser.



69

70

71

72

73

74

75

76

77

78

79

80

81

Maja Brandt (1996)
Sedimenttransport i svenska vattendrag
exempel fran 1967-1994.

Svenskt Vattenarkiv (1996)
Avrinningsomraden i Sverige. Del 4.
Vattendrag till Vasterhavet.

Svenskt Vattenarkiv (1996)
Svenskt sjoregister. 2 delar

Sten Lindell, Lars O Ericsson, Hakan Sanner,
Karin Géransson SMHI

Malgorzata Mierkiewicz , Andrzej
Kadlubowski, IMGW (1997)

Integrated Hydrological Monitoring and
Forecasting System for the Vistula River
Basin. Final report.

Maja Brandt, Gun Grahn (1998)
Avdunstning och avrinningskoefficient i
Sverige 1961-1990. Berakningar med HBV-
modellen.

Anna Eklund (1998)
Vattentemperaturer i sjdar, sommar och vinter
- resultat frdin SMHIs méatningar.

Barbro Johansson, Magnus Edstrém, Katarina
Losjo och Sten Bergstrom (1998)

Analys och berakning av
sndsmaltningsforlopp.

Anna Eklund (1998)
Istjocklek pé sjoar.

Bjorn Bringfelt (1998)

An evapotranspiration model using SYNOP
weather observations in the Penman-Monteith
equation

Svenskt Vattenarkiv (1998)
Avrinningsomraden i Sverige. Del 2
Vattendrag till Bottenhavet.

Maja Brandt, Anna Eklund (1999)
Snéns vatteninnehall Modellberakningar
och statistik for Sverige

Bengt Carlsson (1999)

Some facts about the Torne and Kalix
River Basins.

A contribution to the NEWBALTIC Il
workshop in Abisko June 1999.

Anna Eklund (1999)
Islaggning och islossning i svenska sjoar.

82

83

84

85

86

87

88

89

90

91

92

93

Svenskt Vattenarkiv (2000)
Avrinningsomraden i Sverige. Del 1.
Vattendrag till Bottenviken.

Anna Eklund, Marie Gardelin, Anders
Lindroth (2000)

Vinteravdunstning i HBV-modellen -
jamforelse med matdata

Goran Lindstrom, Mikael Ottosson Lofvenius
(2000)

Tjale och avrinning i Svartberget — studier
med HBV-modellen

Bengt Carlsson och Géran Lindstrém (2001)
HBV-modellen och flédesprognoser

Josef Kallgarden (2001)
Snow distribution in a mountainous region.
A remote sensing study.

Johan Andréasson, Anders Gyllander, Barbro
Johansson, Josef Kallgarden, Sten Lindell,
Judith Olofsson, Angela Lundberg (2001)
Snotaxering med georadar - Battre
varflédesprognoser med HBV-modellen?

Deliang Chen, Barbro Johansson (2003)
Temperaturens héjdberoende — En studie i
Indalsélvens avrinningsomrade.

Agne Larke, Hakan Sanner, Anna Johnell
(2003)

Utvardering av SMHI:s prognos- och
varningstjansts verksamhet under flédena
januarit o m mars 2002 i sydvastra Sverige

Barbro Johansson, Johan Andreasson och
Johan Jansson (2003)

Satellite data on snow cover in the HBV
model. Method development and evaluation

Charlotta Pers (2003)
BIOLA — BlOgeochemical LAke Model
Manual

Carl Granstrom (2003)

Utvardering av SMHIs prognos- och
varningstjansts verksamhet under flodet i
omrédet runt Eman juli 2003

Carl Granstrém (2003)
Modell for prognos av tidpunkt och karaktar
for islossningen i Torne alv.



94

95

96

97

98

99

100

101

102

103

104

Maja Brandt och Gun Grahn, SMHI.
Erik Arnfelt och Niclas Backman,
Lansstyrelsen Ostergotland (2004)

Anpassning av TRK-systemet fran nationell
till regional nivd samt scenarioberakningar
for kvéve — Tester for Motala Strom

Carl Granstrom (2004)

Utvardering av SMHIs hydrologiska prognos-

och varningstjanst under flodet i sédra

Lappland juli 2004.

Carl Granstrom (2004)
Utvardering av SMHIs hydrologiska prognos-

och varningstjanst under flodet i Sméaland juli
2004.

Carl Granstrom (2004)
Utvardering av SMHIs hydrologiska prognos-

och varningstjanst under flédet i nordvéstra

Lappland juli 2004.

Tahsin Yacoub, Ylwa Westman, Hakan

Sanner, Bernth Samuelsson (2005)
Detaljerad dversvamningskarta for
Eskilstunadn. Ett projekt inom KRIS-GIS

Carl Granstrom (2005)
Utvardering av SMHIs hydrologiska prognos-
och varningstjanst under varfloden i fjallen

juni 2005

Tahsin Yacoub , Hdkan Sanner (2006)
Vattenstandsprognoser baserade pa
oversiktlig kartering. En fallstudié.

Goran Lindstrom (2006)
Regional kalibrering av HBV-modellen

Kurt Ehlert (2006)
Svenskt Vattendragsregister

Charlotta Pers (2007)
HBV-NP Model Manual

Barbro Johansson, Goran Lindstrém, Jonas
Olsson, Tahsin Yacoub, Glnter Haase, Karin
Jacobsson, Anna Johnell, Hakan Sanner
(2007)

Oversvamningsprognoser i omraden med
ofullstdndiga data. Metodutveckling och
utvardering.

105

106

107

108

109

110

111

Carl Granstrém, Anna Johnell, Martin
Haggstrom (2007)

Utvardering av SMHIs hydrologiska
prognos- och varningstjanst under hdga
floden i sydvéstra Sverige - nov 2006 till jan
2007

Johan Andréasson, Sara-Sofia Hellstrom,
Jorgen Rosberg, Sten Bergstrom (2007)
Oversiktlig kartpresentation av klimat-
forandringars péverkan pa Sveriges
vattentillgang

- Underlag till Klimat- och sarbarhets-
utredningen”

Berit Arheimer, Charlotta Pers (2007)
Kvéaveretention i svenska sjoar och
vattendrag — betydelse for utslapp fran
reningsverk

Calle Granstrom, Martin Haggstrom, Sten
Lindell, Judith Olofsson, Anna Eklund
(2007)

Utvardering av SMHIs hydrologiska
prognos- och varningstjanst under héga
floden i Gotaland — juni och juli 2007

Niclas Hjerdt, Markus Andersén, Christer
Jonsson och Dan Eklund (2007)
Hydraulik i Klaralvens torrfara vid
tappningar fran Holjes kraftverksdamm

Sara-Sofia Hellstrom, Gdran Lindstrém
(2008)

Regional analys av klimat, vattentillgang och
hdga floden

Calle Granstrom, Linda Gren, Magdalena
Dahlin, Sara-Sofia Hellstrom (2008)
Utvardering av SMHIs hydrologiska
prognos- och varningstjanst under hdga
floden under varfloden 2008









Swedish Meteorological and Hydrological Institute
SE-601 76 Norrkoping - Sweden
Tel +46 11 495 80 00 - Fax +46 11 495 80 01

ISBN 978-91-633-3383-5



