Hydrol. Earth Syst. Sci., 18, 59540, 2014 Hyd rology and 9
www.hydrol-earth-syst-sci.net/18/595/2014/ g
doi:10.5194/hess-18-595-2014 Earth System >
© Author(s) 2014. CC Attribution 3.0 License. Sciences §

Historical trends in precipitation and stream discharge at the Skjern
River catchment, Denmark

I. B. Karlsson?, T. O. Sonnenbord, K. H. Jenser?, and J. C. Refsgaard

1Geological Survey of Denmark and Greenland (GEUS), Copenhagen, Denmark
2Copenhagen University — Department of Geosciences and Natural Resource Management, Copenhagen, Denmark

Correspondence td: B. Karlsson (ika@geus.dk)

Received: 31 January 2013 — Published in Hydrol. Earth Syst. Sci. Discuss.: 27 February 2013
Revised: 9 December 2013 — Accepted: 18 December 2013 — Published: 18 February 2014

Abstract. A 133 yr data set from the 1055 KnSkjern River 1  Introduction

catchment in western Denmark has been analysed with re-

spect to precipitation, temperature, evapotranspiration and

discharge. The precipitation series have been tested and coflistorical changes in precipitation have been recognized in
rected using the standard normal homogeneity test and sutfieveral studies across Europe. Buishand et al. (2013) re-
sequently corrected for undercatch. The degree of change iRorted a centennial precipitation increase of 25% for 102
the climatic variables is examined using the non-parametricStations in the Netherlands, while Tuomenvirta et al. (2001)
Mann—Kendall test. During the last 133yr the area has exfound increases ranging up to 10-30 % for Scandinavia. In-
perienced a significant change in precipitation of 26 % and &-reases in precipitation have also been reported for north and
temperature change of 2@, leading to increases in river West Scotland (Perry, 2006), parts of Germany (Hansel et
discharge of 52% and groundwater recharge of 86%. Aal. 2007) and France (Thomsen, 1990), Sweden (Alexan-
lumped conceptual hydrological model, NAM, was cali- dersson, 2004) and Norway (Hanssen-Bauer, 2005); said in-
brated on the period 1951-1980 and showed generally af’éases seem especially connected to the northern latitudes
excellent match between simulated and observed dischargéKlein Tank and Kénnen, 2003) and exposure to the Wester-
The capability of the hydrological model to predict climate lies (Heino et al., 2008). Likewise, the Danish area has ex-
change impact was investigated by looking at performance:?e”enced climate change for the last century, resulting in a
outside the calibration period. The results showed a reducedignificant increase in precipitation and temperature (Jeppe-
model fit, especially for recent time periods (after the 1980s)S€n et al., 2011; Thomsen, 1993). The increase appears to
and not all hydrological changes could be explained. Thishave been unevenly distributed, with the largest increase oc-
might indicate that hydrological models cannot be expectecfurfing in the western and southwestern part of the country
to predict climate change impacts on discharge as accuratel<ronvang et al., 2006; Larsen et al., 2003). These changes
in the future, compared to the performance under presenfave been reported to have influenced the river flow system
conditions, where they can be calibrated. The (simulatedfStahl et al., 2010; Wilson et al., 2010).

stream discharge was subsequently analysed using high flow Similarly, future climate change is likely to result in sig-
and drought indices based on the threshold method. The exlificant changes in the hydrological regimes (IPCC, 2007);
treme signal was found to depend highly on the period cholowever climate change projections and their impacts are
sen as reference to normal. The analysis indicated that n¥ery uncertain. Major sources of uncertainty are related to
significant amplitude increase of the hydrograph for both wetuncertainty in climate models and uncertainty on the capabil-

and dry extremes could be found superimposed on the overalfy of hydrological models to make predictions under climate
discharge increase. conditions that are different from the one where they can be

calibrated (Refsgaard et al., 2013). Previous studies show
that predictions of hydrological models for precipitation
regimes different from the period where they are calibrated
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results in reduced performance (Donnelly-Makowecki and
Moore, 1999; Refsgaard and Knudsen, 1996; Seibert, 2003).
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However, these studies have been made on dry and wet pex P
riods that are results of short-term climate variability rather A ‘
than long-term climate change. To test hydrological models’
capability to predict climate change impacts on hydrology
there is a need for long time series showing climate change|.
However, it might be problematic to differentiate between
the effects of climate change and the impact of direct an-
thropogenic undertakings such as river regulations, water ab-
stractions, irrigation, fertilization, etc. The influence of these
changes should therefore be considered with care when try-
ing to disassemble the climate change impact signal.
Extreme events such as droughts and high flows have a
profound effect on both the economy and ecology of a catch
ment, affecting both availability and distribution of water. In-
formation about past changes in extreme events is importarjt
to determine trend and response tendencies in the catchment
as a reference for future extreme event prediction. Drought$
are often defined as low flows or drying out of the river,
while high flows are often defined as increasing discharge
in rivers and lakes, possibly leading to bank overflow. TheFig. 1. Map of the study area with precipitation, discharge, and tem-
threshold method is a common scheme used when analysinggrature stations.
discharge series for droughts; each observed discharge series
is evaluated with respect to a threshold calculated as a per-
centile of the flow duration curve. Drought studies based onby the Jutland Ridge; to the west the Skjern River reaches
the threshold method have been carried out at global (Fleighe North Sea through the Ringkabing Fjord. Daily precip-
et al., 2006), regional (Hannaford et al., 2010; Hisdal et al.,itation and temperature has been recorded since 1875 and
2001a; Hisdal and Tallaksen, 2003) and catchment scale (Palischarge data since 1920, constituting an exceptional data
ters et al., 2006; Tallaksen et al., 2009). set both in length and resolution. The area is of particular
The objectives of the present study are: (1) to quantify theinterest as it is part of the HOBE-hydrological observatory
magnitude of the recorded climatic and hydrological changegJensen and lllangesekare, 2011). For the period 1961-1990
in a Danish river catchment since 1875; (2) to test the perthe average precipitation is 1041 mnTymwith an average of
formance of a hydrological model during these changing155 precipitation days per year and an average temperature
conditions; and (3) to analyze trends and occurrences of exef 8.1°C. The catchment area is 1055%nwith a 96 km-
tremes in a non-stationary climate using drought and highlong river system flowing from east to west and discharging
flow indices for stream discharge. an average of 15.8%s 1 (Larsen et al., 2003; Ovesen et al.,
The article is organized as follows: in Sect. 2 the catch-2000). Groundwater flow is generally also from east to west,
ment is described, including the available climate data. Secwith an average hydraulic gradient of 0.001 (Stisen et al.,
tion 3 describes the measures applied to evaluate the qua011).
ity and calculation of the input data. Section 4 describes The geology in the area is partly a result of Saale ice age
the methods employed in the analysis of the data; includingand partly a result of the location of the younger Weich-
the statistical tests; the hydrological model and the thresholdelian ice sheet front at the main ice advance (Main Station-
method. Sections 5 and 6 contain the results from all analyary Line) at the Jutland Ridge (Houmark-Nielsen and Kjaer,
ses; Sect. 5 covers the analysis of the trends of the climat@003). The eastern part of the catchment consists mainly of
data and Sect. 6 contains the hydrological model results anénd moraine deposits of sand and clay from the Weichselian,
the extreme index results. Finally, in Sects. 7 and 8 the resultsvhile the central and south are dominated by the wash-
are discussed and conclusions are listed. out sand and gravel from this advance. Relic Saale moraine
hills are predominately found in the northwest and west of
the catchment. The land use consists of 60.5 % agriculture,
17.4% grass, 14.0 % forest, 6.3 % heath, and 1.8 % urban ar-
eas (Fuetal., 2011).
The Skjern River basin located upstream of the Alergaarde Daily precipitation data are available from four primary
river gauging station in the western part of Denmark, is se-stations (23050, 23220, 24180, 24500) going back to 1875
lected as the study area (Fig. 1). It is bounded to the easfFig. 1). The catchment precipitation is calculated as a
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Table 1.Results from SNHT-analysis of precipitation stations.

Precipitation and Break Means for St. 23050
1600 — T T T T T
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Mean before break
Mean after break
Uncorrected precipitation
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weighted average of the stations (Table 1), where the weight§&ig. 2. (A) Uncorrected precipitation from station 23050, with lo-
are estimated from Thiessen polygons. Some of the early precation of break points marked as vertical grey lin@. T-statistics
cipitation data are recorded as accumulated amounts for sukfto_m the SNHT test before and after correction of the located break
sequent days, sometimes supplemented with information oR°"t:

the number of days the sum represents. When this is the case,

the accumulated precipitation has been distributed equally

over the period. Since not all the series are complete, sevefg |ocated as abrupt changes in the ratio of the test station
additional stations are used to supplement missing time slicegg,g ;s homogeneous reference station. A detailed descrip-
(21100, 21430, 23180, 24070, 24240, 25010 and 25140}y can be found in Hanssen-Bauer and Ferland (1994) and

However, the two stations with the largest coverage in thegonzaiez-Rouco et al. (2001). In practice a standardized ratio
catchment (23050 and 23220 with 70 %) also require theggries is used to compute a test statistics-denbtetie test
least supplements (1 and 10 %, respectively). Hence this biag4istics incorporate the mean before and after the time step
is assumed to be of less significance to the overall catchment, | ated. Larg# values are an indication of inhomogeneity
precipitation result. _ _ in the time series tested, located at the maximurf .of

No temperature stations with suitable data coverage are 1, perform the test, two issues must be addressed; first
available within the catchment, therefore an average of threg 1o or more homogenous reference station(s) must be iden-
stations (21100, 25140 and 27080) placed south, north angtieq and secondly the time series of all stations must fol-
east of the catchment (Cappelen etal., 2008) is used (Fig. 1)o\ 4 normal distribution. In this study two reference sta-
Based on data for minimum and maximum daily tempera-tjons 21100 and 25140 (north and south of the catchment,
ture, the mean daily temperature is estimated. No temperagjg 1) are selected. This selection is founded on a previ-
ture data are available for 1 January—§ ngruary 2000, angd,q study by the Danish Meteorological Institute (Cappe-
2 September—8 October 2000. The missing values are obgp et a1 2008; Frich et al., 1996) where the two precip-
tained from the climate grid provided by the Danish Mete- jiaion stations were confirmed homogeneous by using the
orological Institute (Scharling and Kern-Hansen, 2012). ~ gNHT on monthly time series. This fact was further verified

The primary discharge station (Alergaarde, 25.05) iSpy re.testing the two stations against one another. The final
placed at the outlet of the sub-catchment and contains datgiterence station as a combination of the two homogeneous
from 1920 to 2007. A total of approximately 2 yr of data are giations was hereafter calculated using the formulation from
missing. These gaps were filled by regression using data from\ |y anderson and Moberg (1997a).
the nearby Gudena river (station Tvilumbro, 21.01). As the SNHT test requires that the time series follow
a normal distribution, goodness of fix{) tests were per-
formed for annual and monthly data from the four primary
and the two reference stations. The tests showed that annual
3.1 Precipitation homogenization data can be assumed normally distributed for all stations (five

of the stations on the =0.05 level and one on the=0.01

During the lifetime of a climate station several factors suchlevel), while monthly data do not follow a normal distribu-
as relocation, change of lee conditions or vegetation and neuwion. Annual values were therefore chosen as the basis for
measuring equipment may cause inhomogeneity in the timéhe SNHT-analysis.
series, especially for long data periods. Therefore, homoge- The initial test, using the two homogenous stations as ref-
nization of climate data is a necessary step when doing clierence stations, showed that all four main stations were af-
mate change study. The four primary precipitation stationsfected by at least one inhomogeneity at a significance level
have here been tested using the standard normal homogenef « =0.05 (Khaliq and Ouarda, 2007). Using correction
ity test (SNHT) (Alexandersson, 1986). The test is based orfactors based on the fraction between the mean before and
the assumption that inhomogeneities in the test station caafter the break, all series were adjusted and subsequently

3 Input data correction and calculation
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re-tested. Two of the stations were homogeneous after th8.4 Potential Evapotranspiration calculation

first correction (Table 1); an example is shown in Fig. 2a

and b. The two remaining stations were re-tested usinglhe potential evapotranspiration can be calculated using dif-
the method for multiple breaks described in Easterling andferent empirical formulas. As temperature is the only avail-
Peterson (1995), Alexanderson and Moberg (1997b) andble input data back to 1875, no radiation-based calculations
Brinkmann and Ahrens (2011). One station with 5 breaks andcould be used. The Thornthwaite (1948) and Hamon (1963)

one with 3 breaks were found and corrected (Table 1). methods are both based on temperature data and to test
their performances they were compared to calculations based
3.2 Precipitation measurement error correction on the Penman—Monteith method (Monteith, 1965; Penman,

1948), which is a more physically based method. Data on
Due to undercatch, the measured precipitation should bget radiation, wind speed, ground heat conductance, air tem-
corrected for wetting and aerodynamic effects. In Denmarkperature and relative air humidity for the period 1990—2009
this has traditionally been done using a standard correctiofrom an agricultural research station at Foulum (situated
method where monthly factors are multiplied onto the pre-48km northeast of the Skjern River basin; Fig. 1) were
cipitation series (Allerup et al., 1997); the correction fac- ysed for the analysis. With respect to average annual values,
tors are, among others, based on the relationship betweemonthly distribution and correlation coefficient, the Thorn-
snow and rain in the reference period 1961-1990. Howeverihwaite method performed better than the Hamon method
as the present precipitation time series expand well beyon@nd it was therefore chosen as the most appropriate method
the reference period, and as the snow to rain ratio cannot bgyr calculation of potential evapotranspiration. Description
assumed to be constant during the 130yr, a dynamic corof the Thornthwaite method can be found in Shaw (1994).
rection method has been applied. The dynamic correctionrhe performance of the Thornthwaite formula was further
method uses wind speed, temperature and precipitation inevaluated by comparing monthly values to estimates by the
tensity (Stisen et al., 2011) to calculate a correction factorpenman—Monteith method, Table 2. A statistical test of the
for each individual day based on the atmospheric COﬂditiOﬂSsignificance of the regression line between the two was car-
Due to data scarcity some assumptions must be made: prered out. For the nine months with significant correlation, the
cipitation intensities are assumed constant; wind speed arghornthwaite estimates, corrected through the nine regres-
monthly averages (based on measurement from 1989-200gjon equations, were applied. For the remaining three months

from Blicher-Mathiesen et al., 2007); and shelter classeshe averages of the Penman—Monteith estimates for the pe-
are fixed to average lee conditions. The dynamic correctiornjod 1990-2009 were used.

method was previously found to be superior to the standard

correction method (Stisen et al., 2012). 4 Methods
In this study homogenization of the data is performed first,

followed by the measurement error correction, the sequenc

of these adjustments is not important since the same sheh ands in the measured climatic components and in ex-

ter class, wind speed, intensity and temperature have beefiome events cannot necessarily be considered to be lin-

used for all stations; as such any correction of undercatch,, or 1o follow a normal distribution. Therefore, the non-

will not change the ratio between reference and test Statiorbarametric Mann—Kendall test is used to evaluate whether
in the SNHT analysis. the increases/decreases of the time series are significant (His-
dal et al., 2001a; Salas, 1993). For all statistical tests in this
study a significance level af =0.05 (95 %) is used. The

The temperature stations are located somewhat far from thiSt has been reported to be almost as strong as a parametric
catchment (around 80-100km), however, when comparingcounterpa” and has traditionally been used to examine both
the averages from the three stations with observed temperdiroughts (Hisdal et al., 2001a; Wilson et a!., 2010) and dis-
ture grid data from DMI for 1989-2007 over the study area cNarge trends (Burn and Hag I.Elnur, 2002; Mitosek, 1995).
(Scharling and Kern-Hansen, 2012), a correlation coefficient this test the hypotheses are: HO — the null hypothesis is

of 0.98 is found, demonstrating that these three stations prol© trénd in the data, and H1 — the alternative hypothesis is
vide a fair approximation of the temperature in the catch-that there is a trend. HO is rejected when the Mann—Kendall

ment. statisticsg.|> u1_q/2, corresponding to a &/2 quantile of
In a previous study by Frich et al. (1996) the three tem- the standard normal distribution (Hisdal et al., 2001a). With

perature stations were tested and found homogeneous dh Significance level o =0.05 andn = 133 annual values,
monthly data using the SNHT. Therefore, no additional tests€#1-«/2 has a value of 1.96.

of data quality have been performed on the temperature Most hydrological time series experience autocorrelation
stations. because of slow responding or coupled system processes,

which may result in erroneous Mann—Kendall trend test re-
sults. Significant autocorrelatiorr € 0.05) was identified

él.l Trend analysis

3.3 Temperature correction and suitability
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Table 2. Comparison of potential evapotranspiration calculated by the Thornthwaite and the Penman—Monteith methods.

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Correlations 056 059 0.73 056 0.66 0.7 0.52 0.64 047 0.03 031 0.29

Slope, b 0.6 0.4 0.8 1 13 1.9 12 1.2 0.8 0 0.3 0.2
Interception, a 7.5 108 19 165-82 -104 -419 -389 -33 2738 8.6 7.7
Test valuet 2.8 2.8 4.5 2.9 3.5 4.1 2.4 3.4 2.2 0.1 13 1.3
Table valuefc 21 2.1 21 21 2.1 21 21 2.1 21 21 2.1 21
a =0.05 YES YES YES YES YES YES YES YES YES NO NO NO

and prewhitening of the time series was carried out when The performance of the model after auto-calibration is
necessary, following the iterative procedure described byevaluated using the two objective function statistics and three

Wang and Swail (2000). other performance statistics describing the overall agreement
between simulated and observed discharge values: the Pear-
4.2 Hydrological modelling son correlation coefficient), the Nash—Sutcliffe efficiency

(NSE) (Nash and Sutcliffe, 1970), and the flow duration

. . ) curve error index (El) (Refsgaard and Knudsen, 1996), all
NAM is a simple lumped rainfall runoff model, represent- ..~ 1ated for daily discharge values.

ing the hydrological system on catchment scale (DHI, 2009a;
Nielsen and Hansen, 1973). NAM consists of several stor4.3 Streamflow drought and high flow index method
ages with different connections and properties: surface stor-
age, root zone storage, groundwater storage and snow stof-he threshold method was originally proposed by Yevje-
age. The input data consists of daily average catchment previch (1967) and has since been used in a number of drought
cipitation, monthly potential evapotranspiration and daily studies. The method evaluates a discharge series by compar-
temperature. ing each measured value with an appropriate threshold calcu-
Calibration of the NAM model is carried out using lated as a percentile of the flow duration curve. The threshold
the global optimization algorithm AutoCal (Madsen, 2000) procedure compensates for different discharge regimes and
available in the MIKE-11 NAM modelling system. The ob- any natural variations in discharge caused by seasonal fluc-
jective function in the auto-calibration is defined as an eventuation. The threshold can be annual, seasonal or daily, in-
trade-off between water balance (WB) and root mean squareorporating different degrees of severity depending on how
error (RMSE) (DHI, 2009b). Calibration of the NAM model the abnormal situation is identified (Stahl, 2001). The result-
was initially done for nine 10yr periods. The following ing drought signal of an analysis depends on the method, the
five-most sensitive parameters were calibratégay, Lmax; period analysed (Hisdal et al., 2001a) and on the choice of
CQOF, CK. 2 and CKBF. TheUnax is the maximum stor-  reference period (Stahl, 2001).
age capacity of the surface reservoir, while ihgay is the In this study a daily time step is applied, meaning that
storage capacity of the root zone reservoir. These two paa threshold value is found for each individual day. This is
rameters thus determine the amount of water held in root andione in order to evaluate extreme events occurring within
surface zones available for evapotranspiration. The CQOF igyears (seasonal) and with a resolution of less than a month
the overland flow runoff coefficient and it determines the pro- (Stahl, 2001; Tallaksen et al., 1997). Droughts are here de-
portion of water that infiltrates relative to the proportion that fined as a discharge below the 70th percentile, correspond-
is routed as overland flow whdiax is exceeded. The Gie ing to an exceedance probability of 70 % on the flow dura-
and CKgg are time constants for overland flow and baseflow, tion curve (Hisdal et al., 2001b). High flows and flood events
respectively, and determine the time it takes for the overlanchave previously been evaluated using measurement of the an-
and baseflow to reach the stream. The specified paramet@&ual maximum peak flow (Cannarozzo et al., 1995) or differ-
ranges are [5:35mm], [50:400mm], [0:1], [3:72h] and ent versions of discharge percentiles (Thielen et al., 2009).
[500:40 000 h], respectively, based on recommendations byHowever, for consistency the Yevjevich threshold method is
DHI (2009a). The upper limit for the CKBF value has been here also applied to the high flow data, yielding a flow excess
assessed by Hansen et al. (1977), who analysed the paramalue instead of flow deficit. High flows are here defined as a
eter uncertainty of NAM for the Skjern River catchment by discharge above the 30th percentile.
use of an automatic parameter optimization routine. Based For a particular day the flow duration curve is based on
on information from Ovesen et al. (2000), the groundwaterthe date’'s measurement from all years in the reference pe-
area compared to the catchment area was set to 0.9, as somied (see the following section on discussion of the reference
groundwater is lost to the east. Initial parameter estimates arperiod). However, in order to increase the sample size and
listed in Table 3. thereby decrease uncertainty, an enclosing time-window of
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Table 3. Initial parameter values used for the NAM model.

Parameter  Description Initial values
Umax Maximum water content in surface storage (mm) 20
Lmax Maximum water content in root zone storage (mm) 120
CQOF Overland flow run-off coefficient () 0.15
CKIF Time constant for routing interflow (h) 960
CK1.2 Time constant for routing overland flow (h) 40
TOF Root zone threshold value for overland flow () 0.1
TIF Root zone threshold value for interflow () 0

TG Root zone threshold value for groundwater recharge () 0.4
CKBF Time constant for routing base flow (h) 15000
Carea Ratio between groundwater and the topographical catchment () 0.9
Csnow Constant degree-day coefficient (@ day1) 2

To Base temperature (distinction between precipitation in rain/snt@)) ( 0

21 days is incorporated (Fig. 3a). Thus the 70th percentilanto normal conditions) and intensity (severity/duration) are
for 1 July is obtained from a flow duration curve based onevent-based statistics.

all sample days:-10 days (Fig. 3b). The percentile value for

each of the 365 days of the year constitutes the threshol@hoice of reference period

curve called Q70 (Fig. 3c). Additional threshold curves are ] .

calculated to examine severe drought (Q80-curve, calculated! index studies the flow duration curves are calculated from
as the 80th percentile) and extreme droughts (given as th@ number of years called the reference period. When the flow
90th percentile, Q90-curve) as well as high flow events de_durgtlon curves are based on the fL_JII recqrd (full referenge
fined as the 10th to 30th percentile (Q10-, Q20- and Q304_)er|od), the gvgllable data are ex_pI0|ted to |_ts fullest, b_ut this
curve). The threshold curves are then compared to the hydrdS Problematic if the flow regime is non-stationary (as in the
graph of the station. In order to remove errors of minor andc@se of climate change). For instance, an overall discharge
mutually dependent droughts, the threshold method is comlncrease W|II.make the low flow days at the end of the.perlod
bined with an 11-day moving average pooling (MA-method, @PPear relatively wet Wh(_en compared to the fuI_I period. If,
Fig. 3d) of the hydrograph (Hannaford et al., 2010; Tallaksenhowever, only a sub-portion of the full data set is used as a
et al., 1997). The same procedure is applied for high ﬂows,reference penpd, d|fferen_t f!ow duration curves WI|! be ob-
except that a five-day moving window is used. Days with ta_uned depending on thg timing of the rgfergnce period. Thus
measurements below drought or above high flow thresholdé"ﬁerem refergnce perlods' will result in different extreme
are categorized as dry/wet days. For more information orfvent signals in a non-stationary catchment. Therefore, the

threshold types references are made to Hisdal et al. (2001b§‘ﬁeCt of three different reference period choices are inves-
and Stahl (2001). tigated in this study: a full reference period, a fixed (1961—

The results of the threshold analysis are then com-1990) reference period and a detrended reference period (the

piled into SDP (streamflow deficiency periods) diagrams fortrend in .discharge is removed prior to threshold.calculation.).
droughts and SEP (streamflow excess periods) diagrams fof€ period 1961-1990 was chosen because this 30 yr period
high flows. These are two-dimensional distribution diagramsiS 0ften defined as the reference period for future climate
showing the occurrences of dry/wet days with time. In addi-change context.

tion the following measures are produced: ACD (annual cu-
mulated duration; Hisdal et al., 2001a), the total number of
days< Q70 or> Q30 for every year, and MCD (monthly cu-
mulated duration) the total number of day€Q70 or> Q30 5.1 Precipitation
averaged for every month. The Q70 and Q30 are chosen

to ensure that as many months/years as possible have exne effect of the measurement error correction and the ho-
tremes to improve the trend analysis (Wilson et al., 2010)mogenization of the precipitation data can be assessed in
of the two cumulated duration time series. Cumulative du-Fig. 4. The raw precipitation data (1) shows a large cen-
ration differs from normal duration, which is based on an tennjal increase (of 31 %); after homogenization of the pre-
individual dry/wet event, and is defined as the continuousgipitation stations the increase is reduced (19 %), while the
length of time below the threshold. Also severity (deficit mean is slightly higher. After 1969 the raw data curve and
volume; amount of water missing to exceed the thresholdine SNHT corrected curve coincide because no breaks in any

5 Analysis of trends

Hydrol. Earth Syst. Sci., 18, 595610, 2014 www.hydrol-earth-syst-sci.net/18/595/2014/



I. B. Karlsson et al.: Skjern River catchment, Denmark

A : =
«Year 1 ‘gg‘g
| | |
'ﬂ'|||‘. ” ‘ 3 Year 2
o I[N [ [0 | Nl
RN (X TN
2 (AR it A
s [\ NW AL MR AV
(] U VoWt || IHH | '| WAl
Y] A HEE s RN
M%”.*\thk e W
’ v ”Ag“iJn\'*wl ’ Year3
e T B = E - o & @ & ¢
S ez 2z2332¢8¢¢ 238
S 5 & & & & & & & & &5 &
Data
B
[ak]
=
sl
-
B
- [}
o
2 Q70 on 01/ a8
= JFMAMIJ ASOND
Fiow durafion curve Q7o
forthe Of/ul { + 10 days ) :
T F 2 ¥ 2 = & & £ £
Lol (] (o] =) (o] (o] [l (o] (=)
— ] 3 =t L Lis] . [=n] (o) 2
Excesdence Probabiiity
D
-smoothed hydrograp
l| | ‘ 'L/MA fhed hyd h
) \|||l ||l ||
2 /|
£ M\M [l ﬁ“ | | |
P v [ | \
& UV I | /U
N VO J‘|| \ \ thl ('H A\~
\“-\_h l’l |'Ii ‘b—"“/
Drought e~ Bt R Threshold
Q70 on OfAdul cune
T T - U SR
SE: 22332 4d¢ 2¢
S 5 & & & & & & & & &5 &

Dale

601

of the four main precipitation stations were registered after
this time. Only a minor changeH0.4 %) in increase is found
after measurement error correction but a shift to higher mean
is present as undercatch is accounted for.

Figure 5-A1 shows the changes in the final corrected pre-
cipitation in the catchment during the period 1875-2007. The
overall annual average rainfall has increased by 218 mm with
arate of 1.64 mmyr!, corresponding to an increase of 26 %
in 133 yr (Table 4). The percentage increase has been calcu-
lated as the difference in precipitation from 1875 to 2007, as
given by the linear regression line. The four precipitation sta-
tions individually show increases between 14-27 %. Season-
ally, the largest increase in precipitation occurs in Novem-
ber, December, January, and February, while August shows a
significant decrease in precipitation (Fig. 5-A3). The other
summer months show smaller, statistically non-significant
changes. Hence, precipitation changes have enhanced the
seasonal difference between summer and winter (Fig. 5-A2),
making winter a wetter season and summer relatively drier.
The amounts of snowfall (precipitation amounts for temper-
atures below zero degrees) show no significant change over
the analysed period.

Precipitation can also be analysed with respect to the num-
ber of precipitation days. A precipitation day is here defined
as a day with more than 1 mm of precipitation (Heino et al.,
2008). To avoid phantom events, stations are treated sepa-
rately and all months that include averaged precipitation data
are removed before the analysis. The annual number of pre-
cipitation days in the catchment has increased significantly,
from an average of 83 precipitation days in the first five years
to 147 in the last, Fig. 5-B1, corresponding to an increase of
almost 1 precipitation day every second year. This increase is
primarily caused by an increase in wet days during the winter
months (Fig. 5-B3).

5.2 Temperature and potential evapotranspiration

Temperature in the area has increased by°Q.4or
0.01°Cyr~1 during the period (Fig. 5-C1). In contrast to the
precipitation changes, the increase is distributed fairly evenly
throughout the year (Fig. 5-C3), thus making all months on
average equally warmer (non-significant change in variance).
As potential evapotranspiration is calculated as a function
of temperature it is not surprising that the signal resembles
the temperature (Fig. 5-C1, C2 and 5-D1, D2). The increase
in potential evapotranspiration during the period is statisti-
cally significant (Table 4) and amounts to 0.20 mmYor

Fig. 3. Calculation steps from annual discharge series to a daily25.1 mm (4 %) during the whole period. When looking at
threshold curve(A) Calculation of the threshold value for the 1 July the individual months only March, April, and August show

with an enclosing time window of 21 day&B) The flow duration
curve of the 1 July, the green dot marks the 70th perce@eThe

significant trends, while October, November and December
consist of Penman—Monteith averages and therefore have no

threshold curves for the whole year based on flow duration CUNVerand (Fig. 5-D3). Hence, it is clear that the significant trends

percentiles for each individual da0) The threshold curve for Q70

compared with the MA-pooled hydrograph for the station.

www.hydrol-earth-syst-sci.net/18/595/2014/

are equivalent to the months with the highest temperature in-
crease. The (non-significant) negative trend in June may be
surprising, as a temperature increase (even a low one) in this
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Fig. 4. Comparison of precipitation versions: the raw data, the SNHT adjusted, and the SNHT adjusted and corrected for wetting and
aerodynamic effects. The increase values give the percentage increase over 100 yr.

Table 4. Regression statistics of observed time series of precipitation, temperature, and evapotranspiration. Also shown are the statistics on
the outputs from the NAM model including actual evapotranspiration, stream discharge and groundwater recharge.

Slope of Mann—Kendaly: Rejection

Variable Unit Average regression line (Prewhiteng) of HO? % Increase*
Precipitation (mm y‘rl) 942 1.64 5.3(4.5) YES 26
Temperature Cyr 8.1 0.01 5.6 (4.9) YES 20
Pot. Evapotranspiration  (mmv#) 623 0.2 2.8(-) YES 4
Act. Evapotranspiration  (mmyr) 507 0.16 19() NO 4
Discharge (Sim) (mmyrl) 408 1.27 8.1(4.4) YES 52
Recharge (mmyrl) 276 1.26 5.3 (4.5) YES 86

* The percent increase is calculated as the difference in the regression line from 1875 to 2007.

month should intuitively be reflected in an evapotranspirationperiod compared to the two early periods. The parameter
increase. However, due to the Thornthwaite’s formulation,sets for the first two periods, 1921-1950 and 1951-1980,
the monthly temperature is related to the annual temperatureare similar, while the values found for the last period from
As the temperature increase in June is lower than the averagE981-2007 deviate somewhat. Bafhax and Lmax are sig-
annual increase, this results in a weak but negative evapaaificantly lower in the last period, indicating that the model

transpiration trend. needs to reduce evapotranspiration to match the observed dis-
charge.
When imposing the three parameter sets on each of the
6 Simulation results three periods, a 3x3 model performance matrix is generated
(Table 6). Overall the water balance errors are less than 10 %
6.1 Model calibration and validation for all periods, which is normally considered as an accept-

o , able model approximation. However, the last 30yr period
The model calibration results in a perfect water balance (Tagiyes rise to higher water balance errors, both when apply-

ble 5) and the performance parameters indicate an excellen g parameter sets from other periods and when, reversely,

overall performance for all period&max, CKy2 and to some 5 giving the 1981-2007 parameter set on the two previous
degree CQOF are relatively stable up to the two final pe-perings. The direction of the bias shows that the model under-

riods 1991-2000 and 2001-2007. However, bbifkx and  ogtimates the discharge during the period 1981-2007, when
CKBF are highly unstable, especially for the period 1961—using model parameters from the other two periods.

1970 where CKBF hits the upper bound. The irregular pat-  the regyits indicate that a noteworthy change is realized

tern indicates that the data input may not be of sufficient qual-y¢er 1980 and that some factors, in addition to the climatic

ity to obtain reliab.le parameter estimate_s on a 10-yr bas's,changes, must be involved. The model is primarily driven

Therefore, the periods were aggregated into three 30 yr peripy precipitation and temperature input and as such does not

ods. _— ) o account for direct anthropogenic changes like irrigation and
The calibration results obtained when calibrating the 5, se changes. Deviations between model simulations and

model against 30yr periods can be seen in Table 6. Thehgeryations outside the calibration period could therefore
objective functions indicate an acceptable simulation of ally,o 5 result of direct anthropogenic factors. Assuming that
three periods with a tendency to a better match in the late

Hydrol. Earth Syst. Sci., 18, 595610, 2014 www.hydrol-earth-syst-sci.net/18/595/2014/
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Fig. 5. Information about the variables: precipitation in nf&), precipitation events in count per ye@), temperature in degree Celsius
(C), potential ET in mm(D), stream discharge in mf) and groundwater recharge in n{f). Left panel(A1-F1): annual average. Centre
panels(A2-F2): monthly averages. Right pan@3-F3): monthly distribution of the increase or decrease for each component of the water
balance.

Table 5. Results from calibration of the NAM model against observed discharge from each individual 10 yr period (WB — relative water
balance; RMSE — root mean square error; NSE — Nash-Sutcliffe coefficierprrelation coefficient; El — error index).

Period Parameters Objective function Performance parameters
Umax Lmax CQOF Ck, CKBF WB RMSE NSE r El

Units (mm)  (mm) () (h) (h) (%) (mmday) () 0O 0
1921-1930 26.7 129 0.12 42 14 460 0.0 0.25 0.75 0.87 0.94
1931-1940 25.7 142 0.15 38.6 14910 0.0 0.26 0.74 0.86 0.95
1941-1950 245 312 0.08 30.7 29260 0.2 0.32 051 0.72 094
1951-1960 25.2 208 0.14 43.5 15620 0.0 0.26 0.75 0.86 0.95
1961-1970 21.1 70 0.12 39.2 40000*-0.1 0.32 0.64 0.8 0.96
1971-1980 26.9 276 0.1 37.1 22390 0.0 0.26 0.72 0.85 0.95
1981-1990 25.1 256 0.14 36.2 7140 0.0 0.28 0.76 0.88 0.96
1991-2000 10.4 73 0.17 50 5514 0.0 0.25 0.84 092 0.96
2001-2007 8.6 82 0.18 60.2 7141 0.0 0.18 0.88 0.94 0.97

* The parameter has reached maximum value in the calibration.

www.hydrol-earth-syst-sci.net/18/595/2014/
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Table 6. Climate variable averages from 30yr periods (1). Model parameters (2), objective function (3), and model performance (4) on
each of the 30yr periods (WB — relative water balance; RMSE — root mean square error; NSE — Nash—Sutcliffe coefficiemtlation
coefficient; EI — error index). Water balance results found when parameter values estimated on the individual 30 yr periods (2) are used to
drive the model in the full period (5), with resulting slope, percentage increase and overall water balance (6).

Calibration period

Variable Units 1921-1950 1951-1980 1981-2007
Precipitation (mmyrd) 945 1004 903
1 Average Actual ET (mmyr l) 510 501 468
Obs. discharge (mmyt) 402 456 439
Lmax (mm) 171 160 98
CKyo (h) 36.6 385 45.4
CKBF (h) 16 700 22900 6450
o . wB (%) 0 0 0
3 Objective function RMSE (mm day'1) 0.29 0.29 0.26
NSE 0 0.65 0.69 0.81
4  Performance parametersr @) 0.81 0.83 0.9
El O 0.94 0.96 0.96
WB (1921-1950) (%) 00% —-0.7% ~6.5%
5 WB performance matrix WB (1951-1980) (%) 0.1% 0.0%  —7.6%
WB (1981-2007) (%) 5.4% 4.7% 0.0%
Slope (mmyrd) 1.3 1.29 1.41
6 Full period Percentage* (%) 54 53 55
WB (%) 1.9 1.4 —47

* The percent increase is calculated as the difference in the regression line from 1875 to 2007. Areas with excess of water compared to observed
(negative values). Areas with lack of water compared to observed (positive values).

the deviations after 1981 are results of direct anthropogeni&l is 0.94 for the period before and 0.95 for the period after,
changes, the discharge found in the simulations represemhile the NSE is 0.65 and 0.71 before and after, respectively.
how the catchment discharge would have developed aftellhis suggests that even though the model is less capable of
1980 as a result of the climatic signal only without the hu- reproducing the water balance signal after 1980, the same
man interference. is not true for extremes. The model performance of the driest
The model shows good performance for the two earlierand the wettest year within the calibration period is compared
time periods; this indicates that a parameter set from any ofn Fig. 6a and b. Here it can be noted that the model perfor-
the first two periods can be used as a basis for simulatiormance for 1976 (dry year, Fig. 6a) is better than/close to the
back to 1875, and as the period 1951-1980 has slightly bettesverage performance, while the wet year of 1980 (Fig. 6b)
performance, parameters from this period were chosen as theas a lower performance than the average performance for

final calibration period. 30yr periods. Generally the high performance of the NSE

3 _ and El values for all the 30 yr periods shows that the model

Model ability to simulate extremes simulation calibrated on 1951-1980 is usable for extreme
analysis.

The model simulations of discharge for the entire period,

1875-2007, are used in the analysis of extreme events. Thg.2 Analysis of trends — discharge and recharge

extreme indices on streamflow droughts and high flows are

based on 70-90th percentiles and 10-30th percentiles, réFhe simulated discharge series show an increase in dis-
spectively. Hence, the flow duration curve indicator (El) is charge of 1.27 mmyr (Fig. 5-E1) corresponding to a per-
a suitable indicator for assessing the model performance focentage increase of 52 %, while the observations increase by
streamflow droughts, while El and the Nash—Sutcliffe coef-1.25 mmyr?®. The distribution of the change in discharge
ficient (NSE) are good indicators for the model's ability to (Fig. 5-E3) with season suggests that winter and early spring
simulate high flows. When calculating El for the three peri- have experienced the highest increase. However, even though
ods using parameters from the calibration period 1951-1980precipitation has decreased in the summer months, discharge
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A Run-off simulation of dry year in the calibration period (1976) B Run-off simulation of wet year in the calibration period (1980)
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Fig. 6. Hydrograph for two years within the calibration period with rainfall ing) The driest year{B) the wettest year.

still increases in these months due to the buffering effect ofit should be noted that for most impact studies an absolute
the groundwater system in response to the recharge, whictialue of streamflow (extreme and non-extreme) may be more
mainly occurs during the winter season (Larsen et al., 2003)appropriate, as facilities such as dams, sluices or hydropower
The groundwater recharge increases by 1.26 mmguring plants are often capable of handling water masses to a certain
the period (Fig. 5-F1) and the increase is limited almost ex-critical level.

clusively to the winter season (Fig. 5-F3). The seasonal dis-

tribution seems to reflect the distribution of the precipitation Occurrences of extremes

increase. ) ) )
From the SDP and SEP diagrams of the Skjern River catch-

6.3 Streamflow droughts and high flow indices ment the extremes can be evaluated. The most pronounced
drought years (more than 2/3 days with dry conditions) are:
Reference periods are calculated using (i) full data set, (ii)1934, 1964, 1975-1976, 1996-1998 and 2003 (Fig. 7-A2),
data from the period 1961-1990 and (iii) full detrended datawhile wetter years are 1968 and 1980-1984 with a high num-
set (only the detrended result is shown in Fig. 7). When theber of high flows (Fig. 7-B2). The distribution of dry/wet
thresholds are based on the whole data series the diagram willays over the season is fairly uniform (Fig. 7-A3 and 7-B3),
show the variation of extremes around the period mean. Duavhere significant increases in dry days are found in August
to the high non-stationarity of the catchment, extremes at theand October, while no significant changes in wet days are
end of the period are completely obscured by the extremdound. The ACD (annual cumulated duration) does not show
dryness of the first decade and the wetness of the last decadgignificant increases in either drought or high flows%£ 0.9
as the threshold represents an average over the full period. andu, =0.6). This indicates that even though discharge gen-
The results were not significantly changed when a fixederally has increased, there is no evidence that the amplitude
reference period from 1961 to 1990 was used. The periof the hydrograph increased.
1961-1990 is generally wet and as a consequence, the early The sparse information on occurring extremes in Denmark
years have a very high amount of dry episodes/few wet. Ads focused on the drought events. Extreme dry conditions
with the full reference period this is reflected in a blurred were reported in 1899, 1947, 1959, 1976, 1992 and 1995-
extreme signal, in this case especially in the first decades. 1997. Common for all reported drought incidences are that
The final approach, where the trend in discharge was rethey occurred during summer (May—August/September) and
moved from the whole data set, was found to give the besin combination with high temperatures and/or high sun
information about extremes in a non-stationary catchmenthours. Forest fires, sand storms, lost crops and water scarcity
In the detrended diagrams (Fig. 7a and b) the resulting exhave been reported in connection with the droughts (Feyen
tremes are an indication of changes in the amplitude of theand Dankers, 2009; Hansen, 1992).
hydrograph, meaning the relative extremes. This enables the Even though the simulated streamflow has a slightly
registration of relative drought events in the last years of thepoorer representation of actual stream discharge after 1981,
data set that previously had been masked with the other refethe drought indices does capture the 1976, 1996 and 1997
ence types. The detrended reference type seems to reflect thleoughts. The indices report the 1996-1997 drought as the
extremes in the catchment better than the two previous, as most prolonged and most severe dry condition in the study
dry/wet day in a water-rich environment (late periods) doesperiod, lasting 217 days (below Q70), with a severity of
not have the same definition as a dry/wet day in an arid oné&6 mm and intensity of 0.26 mm day. The 1976 drought is
(early periods); extremes are measured in comparison to ththe second longest (177 days) and the fourth highest severity
“normal” situation where the normal situation in this case is (32 mm) and intensity of 0.18 mm da¥.
changing. Evaluation of the occurrences of extremes is there- One of the most pronounced droughts in Denmark is the
fore based on the detrended reference type method. Howevd947 drought. The drought was characterized by very little
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Fig. 7. Two extreme indexes (A — dry & B — wet) with a reference period based on the whole data set after detrending the discharge values.
Plot A1/B1 shows the streamflow deficiency/excess period diagrams. Plot A2/B2 shows the ACD, meaning the counts of extreme days
(Q30> Q < Q70) per year. Plot A3/B3 shows the MCD, meaning the monthly average of extreme days (blue line) and the increasing/decrease
during 100 yr (bars) of extreme days for each month.

rain from the beginning of May and very high tempera- the event may influence whether or not an event is registered
tures though June and partly July, followed by an extremelyin the public (factors such as timing, water demands and pre-
warm, dry and sunny August. The dry condition led to severalvious years’ water conditions).

smaller fires and was described as a catastrophe by the Dan-

ish minister of agriculture (Hansen, 1992). The event shows; piscussion

in the streamflow index (Fig. 7), where the dry conditions ap-

pear in February/March, August to November, and again inThe Skjern Catchment is one of the Danish catchments expe-
most of December; however this event does not top the list ofiencing the largest recorded historical change in precipita-

duration or severity in the indices analysis. The reason whytion and discharge (Larsen et al., 2003), and additionally one
the drought is not captured on the top ten duration or severef the few with available longer time series. This makes the

ity, or score high on the ACD, could originate in problems data set unique in a Danish, and to our knowledge a Scandi-
with the hydrological simulation of extremes. But in the ob- navian, context.

served data the drought only manifests as having the tenth ) ] ) o

longest duration; which again does not indicate that this was’-1 Historical and future changes in precipitation

a particularly pronounced drought event. The reason for thisI

iy e e 0 wesknesses n e metnociagy ofenuy ) 1Y 78 7% o o i o preciaten,
ing the droughts via the index method or it might indicate P 9 ' 9

that even though the index captures some of the historical rer-ies were extended to cover the full 133yr of the data set
9 P sing the NAM model. The time series show significant cen-

ported droughts, factors other than severity and duration 0tjennial climate changes with 19 % increase in precipitation,
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1.1°Cincrease in temperature and 39 % increase in discharg€l951-1980) were therefore acceptable for extension of the
(simulated). discharge record back to 1875. However, the NAM tests also
In Denmark, the changes in precipitation are well known indicate that we are not able to explain all recorded hydro-
(Jeppesen et al., 2011), and trends in discharge series are allgical changes. The late period from 1981 to 2007 showed
documented (Ovesen et al., 2000; Stahl et al., 2001; Wil-some bias compared to the other periods, and a Student’s
son et al., 2010). Jeppesen et al. (2011) reported 13 % cenest on annual mean discharge showed a significant change
tennial precipitation increase for the Copenhagen area (easfrom the two early periods to the last. This significant change
ern Denmark). Tuomenvirta et al. (2001) found precipitation may be due to anthropogenic changes in the catchment or in-
changes in Denmark within the ranges of 10-20 % for threeput data quality.
precipitation stations north, south and west of the catchment. The direct anthropogenic influences in the area can
The magnitude of the increase in precipitation correspond$e classified into four overall categories. (1) Conversion
to other investigations from the Netherlands (Buishand et al.of moor/heath-dominated areas to farmland and forest;
2013). however, these changes took place primarily before 1900
Seaby (2013) assessed the future climate change signal f¢Fritzbgger, 2009) and cannot explain possible changes late
the Danish area using 11 GCM—-RCM couplings from thein the century. (2) Implementation of drainage systems; how-
ENSEMBLES data set (Hewitt and Griggs, 2004) to evaluateever, there is no indication that practices have changed sig-
projected climate change for 2071-2100 compared to 1991-ificantly in the model simulation period. (3) Large-scale ir-
2010 for the A1B emission scenario. They found projectedrigation, which was implemented from the mid-1970s up to
precipitation changes ranging fromill to+18 %; only two  the 1980s, where the current level was reached (Clark et al.,
models with the same GCM showed a decrease in precipi1992; Stisen et al., 2011). Irrigation is expected to result in
tation, and only one model had an increase larger than 9 %increasing evapotranspiration. (4) Increasing use of commer-
Reference evapotranspiration changes were in the range afal and livestock manure fertilization from the 1950s (Clark
—1 to 22 %, while temperature increases were found to beet al., 1992) which in turn could result in increasing crop
1.9-3.2C. Generally there is a tendency towards wetter win-yield and higher evapotranspiration. For either of the two last
ters and drier summers. Thus, the historical precipitation in-categories higher evapotranspiration would result in overes-
crease is higher than the future expected, except for a sintimation of the stream discharge in the model and conse-
gle GCM—RCM run; the seasonal distribution of the changequently does not explain the observed problems.
follows the same pattern. This is interesting, as the anthro- Therefore, all known direct anthropogenic influences in
pogenic adaption response to these historic climatic changethe catchment show either no change or can only potentially
have been non-dramatic. However, it is also worth noting thatexplain the opposite direction of the error in the hydrologi-
the historical changes in reference to evapotranspiration andal model simulations after 1980. However it is interesting
temperature both are in the low end or lower than the projecto note that the changes in land use between 1920 and 1980

tions for the future. have not resulted in significant changes in discharge regime.
Superimposed on these direct influences are the indirect
7.2 Simulation of stream discharge anthropogenic factors resulting in changes in the climate of

the catchment. Increasing G@oncentrations might lead to
NAM is generally a suitable tool to analyze how variability a reduction in actual evapotranspiration (e.g. Krujit et al.,
in precipitation and potential evapotranspiration affect dis-2008). This change could explain the underestimation of the
charge. NAM performed equally well as compared to moredischarge by the model, however, the impact of this effect is
complex models as MIKE SHE in differential split-sample still debated and it is considered unlikely that this could have
tests of calibration on wet periods and validation on dry pe-such a significant effect on the hydrology of the catchment.
riods (Refsgaard and Knudsen, 1996). Furthermore, NAMThere are thus no apparent explanations for this water bal-
was successfully used to distinguish between effects of cli-ance error and it is outside the scope of our study to look for
mate variability and effects of land use change on runoffsuch explanations; however there is an obvious need to do so
in Zimbabwean catchments (Larup et al., 1998). The tesin the future.
in the present study evaluates the capability of the hydro-
logical model to predict climate change impacts on runoff. 7.3 Extremes in a non-stationary climate
It is different from the tests made by other studies (Larup
et al., 1998; Refsgaard and Knudsen, 1996; Seibert, 2003)The analyses of the 133yr time series illustrate how the
which only tested the impacts of climate variability. Here, drought and high flow indices change over time when cli-
the impacts of long-term changes are tested. The resultmate is changing. Discharge has increased during the pe-
show that the model performance is reduced for other pefiod, but the streamflow extremes did not show an increase
riods compared to the calibration period. Within the periodin the number of relative dry/wet periods. Investigations on
1921-1980 both model runs performed well (WH %), flood occurrences are scarce for Denmark, but for Sweden
regardless of the calibration period; calibration parametersand central Europe analyses have also shown insignificant or
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