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Abstract. In order to find a model parameterization such the variance of the output substantially. However, these kind
that the hydrological model performs well even under dif- of uncertainties are not the only consequence: uncertainties
ferent conditions, appropriate model performance measuresan even lead to biases, which are oftentimes not detected.
have to be determined. A common performance measure iSuch models might work well for the situation they were cal-
the Nash Sutcliffe efficiency. Usually it is calculated com- ibrated for, with more or less stationary conditions. Yet, little
paring observed and modelled daily values. In this paper as known about their reaction to changed circumstances, e.g.
modified version is suggested in order to calibrate a modethanges in climate or in land use.
on different time scales simultaneously (days up to years). A If a model is to be used under non-stationary conditions,
spatially distributed hydrological model based on HBV con- its parameters and process descriptions should be transfer-
cept was used. The modelling was applied on the Uppemble. This means, the parameters should be identified in a
Neckar catchment, a mesoscale river in south western Gemway, that they give good results not only for the situation
many with a basin size of about 4000knThe observation  for which they were calibrated, but also for as many other
period 1961-1990 was divided into four different climatic situations as possible. This is illustrated in Fig. 1 where dif-
periods, referred to as “warm”, “cold”, “wet” and “dry”. ferent model performances are given. Some of those models
These sub periods were used to assess the transferability perform well for situation 1, but fail for situation 2, or vice
the model calibration and of the measure of performance. Irversa, whereas transferable models and model parameteriza-
a first step, the hydrological model was calibrated on a certions show consistent model performance for both situations.
tain period and afterwards applied on the same period. Then, Figure 2 gives an example for a theoretical case, where two
a validation was performed on the climatologically opposite different models with good performance are transferred to an
period than the calibration, e.g. the model calibrated on theunknown situation. For example the models might be used
cold period was applied on the warm period. Optimal pa-to calculate a land use change scenario or a climate change
rameter sets were identified by an automatic calibration proscenario. Although the parsimonious model B has a smaller
cedure based on Simulated Annealing. The results show, thatinge of possible output, this whole range might lie far from
calibrating a hydrological model that is supposed to handlereality for the changed situation. On the other hand, there
short as well as long term signals becomes an important tasknay be a model A with a broad range of results, but the ob-
Especially the objective function has to be chosen very careservations are included within this range. Therefore, it is not
fully. the width of the uncertainty bounds for the changed situation
that we should be concerned about but instead, the bias of a
model.

The goal of this paper was to find a model calibration
method and a corresponding measure that enables us to avoid

The antagonism between what is available for hydrologicalbiases _and gives good results for different situations with dif-
modelling and what is really needed includes not only theferenttime scales. N _

spatial and temporal resolution of input variables, but also N order to assess this transferability, a hydrological model
a need for statistically correct relations between these varivas calibrated on different climatic periods and then vali-

ables. Uncertainties within hydrological models can increasefated on other climatic periods. Thus, different 10-year peri-
ods with different climatic conditions were compiled as fol-
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1 Introduction




84 G. Hartmann and A. &dossy: Investigation of the transferability of hydrological models

situation 1 N IO
A ,’/
1 T E g Model A
o S e ,real“ change oade
* o
* .
8 . [ ] N e
5 |« . & °
£ J K Model B
.g * . :"‘ « =
[ 4 « «
o « KJ
o’
) * . R
* Present changed
".6 * * conditions conditions
» situation 2
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similar results for the present situation but producing different re-

Fig. 1. Different model performances: some models give good re-Sults for the changed situation.

sults for situation 1 but bad results for situation 2 or vice versa (dark

stars). Transferable models give similar results for both conditions .
(Iight)dots). 9 Finally, not only the NS between observed and modelled

daily values, but also a weighted NS emphasizing extreme
values and the NS between observed and modelled annual
alues were used. The different aggregation times are calcu-
ated as follows. Suppos@o (¢;) is the observed discharge
Series and 4, (9, ;) is the modeled series with model param-
eterd for the timer;. According to the selected time period
“P and whether extremes are considered or not, the weight for
timey; is defined asv(¢;, P, x). Suppose the time step of the
odel ist; —t;_1=At, I is the total number of time steps and
7 is the summation index. Then, NS can be defined for time
estepSJ At as

Then, this period was subdivided into three sub-periods, firs
representing 10 warm, 10 normal, and 10 cold years, and,
second, 10 wet, 10 normal, and 10 dry years.

Figure 3 explains the choice of the sub periods. The hydro
logical model was calibrated for one sub period in turn and
validated on the others. The first step was to adapt the mod
to the same period it was calibrated to. Then the model wa
applied to other 10 years, e.g. the model calibrated on th
cold years was examined for the warm years. Although the
calibration was done only on the chosen years, the modeling YE L0 @) — 040, u))?

itself was always performed for the entire observation period. N S(J, P, 6, x) =1 — 0 — (1)
Y109 () — 09?2
with
2 The objective function Q(J)(‘L'l) _ Z;ﬂ 0ot + jAL) -w 2)

A typical performance measure for a model is the Nash- J )

Sutcliffe efficiency (Nash and Sutcliffe, 1970) (NS) between 0} (u.6) = Zj:l Ou(®. 7+ jAn - w ®)
observed and modelled daily values. However, if calibration
is only performed on the daily scale, small systematic unde
or over-estimations will not be detected. Therefore, model®
performance was considered not only on daily values but alsg
on aggregations of different time scales: In a first step, the'
mean value for aggregations for weeks, then for the aggrega
tions for months, for all four seasons and for the entire year 0 ifi ¢ P

was calculated. For the aggregations up to one season (99 = { 1 ifi e Pandx=1 (4)
days), the performance increased steadily (see Fig. 4), which JOo{) ifiePandx=2

was expected, since averaging over a certain time means that

small scale details are not considered anymore. However, aﬁ\ linear combination of the NS-values on different time

the aggregations smaller than the annual aggregation recenf%Cales ;‘5 used tlcl) rr;)easure ]:[he perfchrmance of the r|n|(3)del and
their quality partly from the annual cycle, which is not re- orms the overall objective functiofi for automatic calibra-

lated to the quality of the model itself. The performance of O™

the annual mean, however, cannot be improved by the annugj(p, 9) =

cycle. Therefore, the performance of the annual aggregatlon INSL P, 0, 1) +aaNS(L P,0,2) +asNS(365 P,0,1) (5)
is — although smaller than the previous performances — very
important, because this performance is only due to the modeThis objective function reflects the fact that the model should
quality. perform reasonably well for a set of different time scales and

here, in case extremes are not emphasized), only the
chosen period is considered, or, in case extremes are empha-
ized (=2), the extremes are multiplied with their square
root. Thus, the extreme values compared to the other daily
values become higher and are therefore more stressed:
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Fig. 3. Division of the observation period 1961 to 1990 into three sub-periods of, first, in terms of mean annual temperature 10 warm (solid
bars), 10 normal, and 10 cold (dashed bars) years, and, second, in terms of annual precipitation 10 wet (dashed bars), 10 normal, and 10 dr
(solid bars) years.

noft on_ly for the_ Comput_atlonal time step. The first part of the Table 1. Weightsa used for different optimization methods.
objective function considers the overall performance, the sec-

ond part ensures the representation of the extremes, and the

. . . . . Method-No. 1 2 3 4 5 6 7 8 9 10
third part considers the interannual variability. Different op-
timization methods were set up, where the different parts of Day (1) 111 1 111111
the objective function were weighted differently. The com- “Extremes’@z) 1 1 1 1 1 0 0 1 1 0
11 1 15 2 0 1 1 0 1

bination of time scales used for each optimization method is Yéar @)

determined by different weightg, shown in Table 1. The

calibration of the model was performed for different time in-

tervalsP —warm, cold, dry and wet years as specified abovevalues for each parameter was determined. The parameters
were forced to stay within these ranges during the calibration.

3 The optimization algorithm

4 The hydrological model and catchment details
Since different model parametérsan lead to similar perfor-
mance (problem of equifinality, see Beven and Binley, 1992),A distributed hydrological model based on HBV (Bergstr
the same objective function was used for multiple runs. Aand Forsman, 1973) concept was used. It was applied on the
logical procedure had to be introduced to find the parameUpper Neckar catchment, a mesoscale river in south western
ter values that optimize the numerical value of the objectiveGermany with a basin size of about 4000%nThe catch-
function. For each optimization method, multiple simula- ment was divided into 13 subcatchments representing dif-
tions with the model are executed, each searching for an opferent land use and topographical conditions. Then each of
timal parameter set. A parameter set that produces good rehe subcatchments was further divided into up to 6 zones,
sults but is totally unrealistic has to be avoided. Thereforewhich represent different soil characteristics. The sizes of
certain constraints are necessary. these zones range from 4 Rrto 240kn?. Runoff concen-

In this study, the optimal parameter sets were identifiedtration was calculated on the subcatchment scale, the cal-
by an automatic calibration procedure based on Simulatedulation of runoff formation was performed on the zones
Annealing (Aarts and Korst, 1989). With this procedure it and was thus spatially more detailed. Daily discharge data
is possible to include all kinds of known pre-conditions on from 13 gauging stations, as well as daily temperature data
model parameters. Here for example, close constraints ofrom 44 stations and precipitation data from 288 stations
soil properties were applied according to the soil maps (e.gwithin and around the study area were obtained for the period
the conceptual parameter “field capacity” was always kept1961-1990. With such a dense observation network deficits
higher than the wilting point). A certain range of possible in the model results should not be due to measuring errors.



86 G. Hartmann and A. &dossy: Investigation of the transferability of hydrological models

0.95 1
0.8
’,=: O Calibration
L 061 dry/dry
£ | Validation
T 0.4 wet/dry
5 0O Difference
0.9 £ 0.2
2
) 0
3 1. 2 3 4 5 6 7 8 9 10
o 0.2
O Optimization methods
g
§0.85 | Fig. 5. Example for the different transferability of the different
,g optimization methods. “wet/dry” = calibrated on wet periods, but
o applied on dry periods. The differences between calibration and
E validation for methods 6 and 9, which only use daily values for cal-
g ibration (3=0 in Eq. 5) are much higher than for the other methods.
Eo Therefore, these methods are not as transferable as the others.
0.8 -
Table 2. Mean difference in NS between calibration and validation
in terms of different calibration time scales. “warm/cold” = cali-
brated on warm periods, but validated on cold periods. Bold values
indicate problematic cases.
0.75 warm/cold cold/warm wet/dry  dry/wet
1 10 100 1000 Day <0.1 <0.1 <0.1 <0.1
. . Week <0.1 <0.1 <0.1 <0.1
Aggregation interval (days) Month  <0.1 <01 <01 <01
Spring <=0.25 <=0.12 <=0.15 <=0.12
Fig. 4. Two examples for the increase and decrease of the model Symmer <0.1 <=0.54 <=0.14 <0.1
performance with increasing aggregation intervals. Fall <=0.34 <0.1 <=0.27 <=0.17
Winter <=0.14 <=0.16 <0.1 <=0.31
Year <0.1 <0.3 <0.5 <=0.77

5 Evaluation

For the evaluation of the results different approaches were
used: the performance of all optimization methods on the
. . .6 Results
annual cycles of the hydrographs was investigated on daily
as well as on annual scales. The increases and decreases(g
i

in all sub h ; q [f)timization methods considering only daily values for cal-
water st_orgge In all subcatc menlts were inspected 10 See |haiion show severe problems. This was found for different
certain limits were exceeded. If this was the case the reaso

) . aluation approaches. For example subcatchments in karstic
were checked. Runoff duration curves were established an bp P

ivsed for all sub h During th fthe | reas with problems due to ungauged transfer of water to ar-
analysed for all subcatchments. During the course of the Ing 55 side the catchment counterbalance this by an increase

vestigation it was found that comparing the results only on &1 their water storage during the modeling. The highest in-

daHg_f?cale IS not squf|C|ent and Ithde lés_e (::‘the ’\lls'(?ﬁ'c'elr_‘ﬁycreases were found using optimization methods in which the
on different time scales was included in the evaluation —like .\ ' 02 rated only on daily values.

for the calibration of the model. Besides daily discharge, also Comparisons of the model performance on different time

aggregations of daily discharge for the weekly, monthly, S€85 ales show that problems cannot be detected for short time

sonal and annual means were investigated. The NS-values _ . :
) o L . eriods (days, weeks and months) (see Table 2). Especiall
for different calibration and validation periods are comparedg (day ) ( ) b y

A . Lo ith I i imizati h h h i
in Fig. 5. The difference between NS calibration and NS vaI-Wlt problematic optimization methods such as those using

idati h the | N del perf h only daily values for calibration, the mean differences in NS
idation shows the loss (or gain) in model performance, w ®hetween calibration and validation for these short time peri-

a model calibrated on an opposing climatological situation iSods are negligible.

used. For aggregated longer time periods, problems become ob-
vious (bold values in Table 2). Figure 5 gives an example
for the transferability of different optimization methods to
different humid conditions. All optimization methods were
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first calibrated as well as validated on the dry periods (so- 6

called “calibration”). In the second step, they were calibrated 5 | 1, Osim6

on the wet periods, then validated on the dry periods (so- & 1 I Csim9
called “validation”). The example shows the calculated per- E 4 I sim8
formances for calibration and validation as well as their dif- g 3 1 ; H observed
ferences. The optimization methods which were calibrated §

only on daily values (methods 6 and 9, see Tablest0 in g °] I

Eq. 5), clearly failed to follow the change in humidity. How- 14

ever, those methods which were not only calibrated on daily ¢ | ‘ ‘ I ‘ ‘

Xvaéltfles, but also on annual values$1 in Eq. 5) still perform \g&\q@\q@ < 6\'\ é\o,\ 6\6 @e, @@

The example shows the evaluation of the NS for the aggre-
gation period “Fall”. Although none of the 10 optimization Fig. 6. Mean runoff. for each year for the subcatchment Rottweil.
methods uses the aggregation for “Fall” in their calibration, The model was calibrated on the wet years. The performance of

those which use the annual aggregation perform much bettgpPtimization method 8 (sim 8) for the dry years 1962-1964, 1971,
on the time period “Fall” than those, which only use daily 1975, 1976, 1985 and 1989 is better than with the methods 6 and 9

values during their calibration (sim 6 and sim 9). This means the model optimized with method 8

The investigation of the annual cycle shows that if only has a better transferability.
daily values are compared, almost no differences can be de-
tected between the different optimization methods. Howevergyiiaqg by: P. Krause, K. Bongartz, and W.-Atigel
if annual values are compared, the results of different methreviewed by: anonymous referees
ods can be clearly distinguished as shown in Fig. 6. The
optimization methods 6 and 9, which consider only daily
values &3=0 in Eq. 5) have difficulties to handle a changed References

signal (hgre for example the results for dry years with the‘Aarts, E. and Korst, J.: Simulated Annealing and Boltzmann ma-
model calibrated on wet years), whereas those methods (€.9. chines: a stochastic approach to combinatorical optimization and
method 8), which calibrate not only on daily values but also  peyral computing, John Wiley and Sons, Chichester, 284 pp.,
on annual valuesxg=1 in Eq. 5) still perform well. 19809.
Beven, K. J. and Binley, A. M.: The Future Of Distributed Mod-
) els: Model Calibration And uncertainty prediction, Hydrol. Pro-
7 Conclusions cesses, 6, 279-298, 1992.

) ) ) Bergstbm, S. and Forsman, A.: Development of a conceptual de-
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mance on different time scales simultaneously. Thisis anim- 1973,
portant aspect, since one result of this study is, that calibratNash, J. E. and Sutcliffe, J. V.: River flow forecasting through con-
ing only on short time aggregations (days, weeks, months) ceptual models. 1. A discussion of principles, J. Hydrol., 10,
does not reveal all problems, such as small biases. Only an 282-290, 1970.
aggregation on longer periods allows the detection of such
problems. If a hydrological model shall be transferable, the
calibration should thus include aggregations for longer time
periods than only daily values.
In general, automatic calibration methods are “blind” and
might therefore lead to unreasonable parameter values and
model performances. With the calibration method presented
here it is possible to force the procedure to give reasonable
results on different time scales at the same time already dur-
ing the calibration process.
If models are calibrated manually, longterm balances (in
general for more than one year) are used as a control — with
the automated method described in this paper, for example
one of several focuses can be set on the representation of the
interannual variability by fixing one of the objective func-
tions on the good representation of the annual values. This
focus can be flexibly set to other time spans according to
one’s needs.



