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Abstract

In hydrological climate-change impact studies, Regional Climate Models (RCMs) are
commonly used to transfer large-scale Global Climate Model (GCM) data to smaller
scales and to provide more detailed regional information. However, there are often
considerable biases in RCM simulations, which have led to the development of a num-5

ber of bias correction approaches to provide more realistic climate simulations for im-
pact studies. Bias correction procedures rely on the assumption that RCM biases do
not change over time, because correction algorithms and their parameterizations are
derived for current climate conditions and assumed to apply also for future climate con-
ditions. This underlying assumption of bias stationarity is the main concern when using10

bias correction procedures. It is in principle not possible to test whether this assump-
tion is actually fulfilled for future climate conditions. In this study, however, we demon-
strate that it is possible to evaluate how well bias correction methods perform for con-
ditions different from those used for calibration. For five Swedish catchments, several
time series of RCM simulated precipitation and temperature were obtained from the15

ENSEMBLES data base and different commonly-used bias correction methods were
applied. We then performed a differential split-sample test by dividing the data series
into cold and warm respective dry and wet years. This enabled us to evaluate the per-
formance of different bias correction procedures under systematically varying climate
conditions. The differential split-sample test resulted in a large spread and a clear bias20

for some of the correction methods during validation years. More advanced correction
methods such as distribution mapping performed relatively well even in the validation
period, whereas simpler approaches resulted in the largest deviations and least reli-
able corrections for changed conditions. Therefore, we question the use of simple bias
correction methods such as the widely used delta-change approach and linear scaling25

for RCM-based climate-change impact studies and recommend using higher-skill bias
correction methods.
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1 Introduction

In hydrological climate-change impact studies, large-scale climate variables for current
and future conditions are generally provided by Global Climate Models (GCMs). To re-
solve processes and features relevant to hydrology at the catchment scale, Regional
Climate Models (RCMs) are commonly used to transfer coarse-resolution GCM data to5

a higher resolution. Although this provides more detailed regional information (Fowler
et al., 2007; Grotch and MacCracken, 1991; IPCC, 2007; Salathé, 2003) for hydrologi-
cal simulations, there is still a mismatch of scales especially for meso- and small-scale
watersheds that are often captured by only one RCM grid cell. In addition, impact mod-
elers are also facing a risk of considerable biases (i.e. systematic model errors) in10

RCM simulations (Christensen et al., 2008; Teutschbein and Seibert, 2010; Varis et al.,
2004). Mismatching scales in combination with these biases have led to many recently
developed bias correction approaches (Johnson and Sharma, 2011; Teutschbein and
Seibert, 2012) that help impact modelers to cope with the various problems linked to
biased RCM output.15

Bias correction approaches can be classified according to their degree of complexity
and include simple-to-apply methods such as scaling factors but also more advanced
methods such as probability mapping or weather generators. The correction proce-
dures usually identify possible biases between observed and simulated climate vari-
ables, which provide the basis for correcting both control and scenario RCM runs with20

a transformation algorithm. Although a bias correction of RCM climate variables con-
siderably improves hydrological simulations (Teutschbein and Seibert, 2012), there is
a major drawback: all bias correction methods follow the assumption of stationarity of
model errors, which means that the correction algorithm and its parameterization for
current climate conditions are assumed to also be valid for a time series of a changed25

future climate. Whether or not this condition is actually fulfilled for future climate con-
ditions can fundamentally not be evaluated. This motivated us to find a method to
address this issue and to test how well bias correction methods perform for conditions
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different from those used for calibration. We applied the idea of a differential split-
sample test, originally proposed by Klemeš (1986) for hydrological models, to bias cor-
rection procedures and applied it to analyze the performance of different bias correction
methods for use with simulations under changed conditions.

The testing presented here was done for different commonly-used bias correction5

procedures (Johnson and Sharma, 2011; Teutschbein and Seibert, 2012) based on 11
RCM-simulated temperature and precipitation series for five meso-scale catchments in
Sweden. The aim was to demonstrate that differential split-sample testing is a powerful
tool to evaluate the performance of bias correction procedures for the most relevant
conditions when it comes to impact studies, namely those conditions, which are differ-10

ent from those used for calibration of the procedures.

2 Methods

2.1 Study catchments

The analysis in this study was performed for five meso-scale catchments (Fig. 1) with
areas ranging from 147 to 293 km2. These catchments fall all below the standard RCM15

grid cell size of approximately 25×25 km and are, therefore, potentially affected by
the scaling issue. The chosen catchments represent different typical Swedish climatic
conditions and land-use types (Table 1) and were studied in earlier publications by
Teutschbein and Seibert (2010, 2012) in terms of climate-change impacts on hydro-
logical regimes. Continuous temperature and precipitation measurements for all five20

catchments were available for the standard period 1961–1990.

2.2 Data

Daily temperature and precipitation measurements for the period 1961–1990 were
taken from a spatially interpolated 4×4 km national grid (Johansson, 2002) provided
by the Swedish Meteorological and Hydrological Institute (SMHI). The values were25
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obtained by averaging all grid cells containing parts of the catchment. Climate sim-
ulations were obtained from the ENSEMBLES project (Van der Linden and Mitchell,
2009): we used daily precipitation and temperature series for the same period 1961–
1990 (control run) simulated by 11 RCMs driven by different GCMs (Table 2). The cho-
sen RCMs have a resolution of 25 km and, thus, the area of a single grid cell clearly5

exceeds the size of the study catchments. We chose to take precipitation and temper-
ature values from the RCM grid cell with center coordinates closest to the center of
the catchment, as Teutschbein and Seibert (2010) found that values of one grid cell do
not differ considerably from the average over nine grid cells (i.e. over one grid cell and
its eight neighboring cells) for the five Swedish catchments which are also used in this10

study.

2.3 Background on bias correction methods

RCM simulations are typically affected by systematic model errors: misestimated cli-
mate variables, incorrect seasonal variations of precipitation (Christensen et al., 2008;
Terink et al., 2009; Teutschbein and Seibert, 2010) and the simulation of too-many15

drizzle (i.e. low-intensity rain) days (Ines and Hansen, 2006) are just a few examples
of common biases. Therefore, climate variables simulated by individual RCMs do often
not agree with observed time series (Fig. 2), which poses a problem for using sim-
ulations of a single RCM as input data for hydrological impact studies. One possible
solution is to use an ensemble of RCM simulations (Déqué et al., 2007; Giorgi, 2006;20

Teutschbein and Seibert, 2010). As Teutschbein and Seibert (2010) concluded, multi-
model approaches (i.e. ensembles) have two advantages: (1) the spread of individual
ensemble members covers a more realistic range of uncertainty and (2) the ensemble
mean may fit observations better, which is especially true for temperature simulations
(Fig. 2, top). However, for precipitation simulations even the ensemble mean deviates25

considerably from observations and is not able to capture the variability in the ob-
servations (Fig. 2, bottom). This shows that it is not enough to only employ an RCM
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ensemble, but that additional bias correction procedures are needed (Teutschbein and
Seibert, 2012).

Typical bias correction approaches adjust RCM climate variables by employing
a transformation algorithm. The concept is based on the identification of possible bi-
ases between observed and simulated climate variables, which is the starting point for5

correcting both control and scenario RCM runs. In addition to original (i.e. uncorrected)
RCM output data, we analyzed the following 6 bias correction methods to adjust RCM
simulations: (1) linear scaling, (2) local intensity scaling, (3) power transformation, (4)
variance scaling, (5) a distribution transfer method and (6) the delta-change approach.
In addition, a precipitation threshold was used in combination with other bias correc-10

tion procedures, but not considered an appropriate “stand-alone” method. More de-
tailed descriptions of these methods can be found in Teutschbein and Seibert (2012),
Gudmundsson et al. (2012), Johnson and Sharma (2011) and the original method pub-
lications provided in Table 3.

Bias correction is often unavoidable but also a controversial subject (Ehret et al.,15

2012; Muerth et al., 2012). Despite their advantageous ability to reduce biases in cli-
mate model output, bias correction methods are criticized to diminish the advantages
of climate models (Ehret et al., 2012) and to not have much added value in a complex
modeling chain when considering other sources of uncertainty (Muerth et al., 2012).
Furthermore, a common assumption of all bias correction methods (Table 3) is station-20

arity, or time invariance, of the biases, i.e. the empirical relationships in the correction
algorithm and its parameterization for current climate conditions do not change over
time and are also valid for future conditions.

2.4 Testing of bias correction methods under non-stationary conditions

The stationarity assumption is a major limitation of any bias correction procedure. The25

question arises as to whether it is possible to provide any confidence that the correc-
tion algorithms that are applied to today’s climate are also valid for a future climate. It
is a questionable assumption which merely has to be made, because we are lacking
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appropriate methods to deal with changing climate conditions and possible changes in
bias relationships. We are not able to check whether this assumption is actually true or
not. However, it is possible to test how well bias correction methods can reproduce con-
ditions different from those that they were calibrated to by using one of the operational
testing methods presented by Klemeš (1986).5

The hierarchical scheme for systematic testing of hydrological models outlined by
Klemeš (1986) includes two approaches of interest for systematic testing of hydro-
logical model transposibility: split-sample testing (SST) for stationary conditions and
differential split-sample testing (DSST) for non-stationary conditions. SST implies the
splitting of an available data record into two (preferably equally sized) segments in or-10

der to use one as calibration and one as validation period. DSST on the other hand
should, according to Klemeš (1986), be used under changing conditions. The first step
of this test includes the identification of two periods with the climate variable of inter-
est having different values, for instance a warm versus a cold or a wet versus a dry
period. The model is then calibrated on the period with one condition and validated on15

the period with the other condition, which allows analyzing the model’s ability to per-
form under shifting conditions. SST can automatically transform into DSST, if the two
segments by nature show substantial differences in their conditions (Klemeš, 1986).

We applied DSST proposed by Klemeš (1986) that was originally intended for hy-
drological models to test the ability of different bias correction procedures to reliably20

work for changed climate conditions. Both SST and DSST are seldom used to evaluate
bias correction methods. We are aware of only a few other studies using such a test:
Bennett et al. (2010) and Terink et al. (2010) evaluated bias correction methods using
a SST with two different time periods for which observations were available. A major
limitation of this approach is that the periods should be long enough to represent nat-25

ural climate variability satisfactorily (Bennett et al., 2010). Furthermore, unless the two
periods are different in their conditions, the methods are not evaluated for use under
changed conditions. This issue motivated us to rather use DSST that is better able to
evaluate performance under changing climate conditions (Li et al., 2012; Seiller et al.,
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2012). The available 30-yr period 1961–1990 was separated into two 15-yr periods
with different climate conditions, one representing current climate and the other one
future climate. Since our available 30-yr period was not long enough to show a consid-
erable trend in precipitation or temperature data, we chose the two required segments
as follows: given that climate projections indicate an increase in future precipitation and5

temperature for Northern Europe (IPCC, 2007), we compiled the two periods by sort-
ing the years according to their amount of precipitation and temperature, respectively
(Fig. 3). For the precipitation-bias correction assessment, we included the 15 driest
years in the first subset (“calibration years”) and the 15 wettest years in the second
subset (“validation years”). For the temperature-bias correction evaluation, we used10

the 15 coldest years as “calibration years” and the 15 warmest as “validation years”.
This procedure was done to all 11 RCM-simulated times series and the observed times
series. Thus, DSST allows the evaluation of bias correction methods under relatively
challenging conditions (i.e. climate conditions considerably different from calibration)
pushing them to their performance limits (Coron et al., 2012).15

In this study, the differences between designed calibration and validation period were
within a range of 18–36 % for precipitation (Fig. 4, left) and 0.86–1.75 ◦C for tempera-
ture (Fig. 4, right). These values represent a reasonable climate change signal that is
likely to occur within this century (IPCC, 2007).

The assessments of precipitation and temperature were done independently from20

each other. Note that the years in the two periods were not consecutive and that the
periods consisted of different years for the tests of precipitation and temperature-bias
correction methods.

All bias corrections were first calibrated based on the first subset of years and then
evaluated for the second subset of years. In this way, the performance of the bias25

correction methods could be tested when applied to a period with different conditions
than those during calibration.
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2.5 Evaluation of bias correction methods

The performance of each bias correction method was analyzed by using the following
procedure: we were first interested in the bias correction methods’ ability to reproduce
annual mean values under changed conditions. Thus, we calculated the mean values
for all 15 yr for each RCM simulation and each bias correction method during the5

calibration and the validation period for precipitation (Fig. 5) and temperature (Fig. 6).
The separated observed time series served as a baseline to standardize the values.
Deviations from observations are given in percentages for precipitation (Fig. 5) and
degrees Celsius for temperature (Fig. 6). Thereafter, the relative errors of precipitation
respectively temperature were summarized in box plots for each catchment (Figs. 7 and10

8). In addition to errors of the entire 15-yr periods (Figs. 7 and 8, left), we also evaluated
the relative error of the three driest (Fig. 7, center) and three wettest years (Fig. 7,
right) for precipitation as well as the three coldest (Fig. 8, center) and three warmest
years (Fig. 8, right) for temperature. In the last step, several statistical measures were
computed. For precipitation (Fig. 9), the statistical analysis was based on the mean (µ),15

90th percentiles (X90), standard deviation (σ), annual maximum of consecutive 5-day
precipitation (P5max), probability of wet days (Prwet) and intensity of wet days (iwet). For
temperature (Fig. 10), we calculated the mean (µ), 10th and 90th percentiles (X10, X90)
and standard deviation (σ).

3 Results20

3.1 Relative error analysis

During the designed calibration years, all precipitation-bias correction methods resulted
in good estimates of annual values (Fig. 5) and were able to improve raw RCM simula-
tions considerably. Evaluation against observed values for the validation period, how-
ever, showed a larger spread and a clear bias for some of the methods. Considering25
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the wetter validation period, single bias-corrected RCM series had large errors up to
50 % and were generally not able to reproduce observations well. However, the obser-
vations were usually located within the projected RCM range and also acceptably close
to the ensemble mean (Fig. 5). For all bias correction methods and all catchments, the
relative error of annual mean values was much larger for the validation period than the5

calibration period (Fig. 7). Not only the deviation of the ensemble median increased for
the validation period, but also the variability became much larger. Considering annual
precipitation of all 15 yr (Fig. 7, left), it is difficult to state which bias correction methods
had higher or lower correction skills. However, looking only at the three driest years
(Fig. 7, center), the delta-change approach performed worse than the other methods10

for all catchments except Storbäcken. For the three wettest years (Fig. 7, right), all bias
correction methods showed much larger relative errors and also an increased variability
range.

All temperature-bias correction methods resulted in good estimates of annual val-
ues during the designed calibration period (Fig. 6) and brought the raw RCM ensem-15

ble mean much closer to observations. However, during the validation period, bias-
corrected annual mean values showed a larger spread and a clear bias. Observations
were located within the bias-corrected RCM range only for the distribution mapping,
whereas all other methods showed a poor performance in reproducing observations.
Considering annual mean temperature of all 15 yr (Fig. 8, left), there was no clear20

difference between the bias correction methods: they all tended to underestimate tem-
perature values with median values and variability ranges being relatively similar. For
the three coldest years (Fig. 8, center), the delta-change approach underestimated
values more than other methods for all catchments except for the warmest and south-
ernmost Rönne Å catchment. This pattern could also be seen for the three warmest25

years (Fig. 8, right): the delta-change approach resulted in the largest errors for all five
catchments, with relatively little variability among the different RCMs. For both the three
coldest and three warmest years of the validation years, the other methods performed
fairly similar with the distribution mapping having less error.
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3.2 Statistical measures

The visual analysis of precipitation statistics (Fig. 9) reveals clear differences between
all bias correction methods. In general, raw (uncorrected) RCM-simulated precipita-
tion had a wide spread and deviated considerably from observations with 80 % of the
data having a relative error of −18 to +34 % (Fig. 9a). Other methods such as Linear5

Scaling, LOCI and Power Transformation showed also large spreads, but the ensemble
median was closer to observations than it was for uncorrected RCM simulations. Only
Distribution Mapping (−9 to +9 %) and the Delta-Change approach (−10 to +16 %)
showed less variability. However, the visual representation of individual statistical mea-
sures for each catchment (Fig. 9b) demonstrates that each bias correction method has10

certain advantages and disadvantages. For the mean and the 90th percentile, the differ-
ences between the bias correction methods were less pronounced than for other statis-
tical measures. Considering standard deviation (σ) and maximum 5-day precipitation
(P5max), distribution mapping clearly outperformed all other bias correction methods.
The probability of wet years (Prwet) was satisfactorily reproduced by LOCI, distribution15

mapping and the delta-change approach. However, we suspect that the delta-change
approach only performed well due to the fact that Prwet of calibration and validation pe-
riod were not considerably different which is a flaw in our analysis. The intensity of wet
days (iwet) was best reproduced by LOCI and distribution mapping. Overall, distribution
mapping had the highest correction skills, although it is not always performing well. As20

an example, all bias correction methods including distribution mapping had problems
to reproduce P5max for the two northernmost catchments.

The star plots of temperature statistics (Fig. 10) also identify certain differences be-
tween the bias correction methods, though less pronounced than for precipitation. All
methods were able to correct the mean (µ), 90th percentile (X90) and standard devia-25

tion (σ) of raw RCM temperature. The most distinct differences occurred for the 10th
percentile (X10) where all methods tended to underestimation. However, distribution
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mapping performed best with the least error whereas the delta-change approach devi-
ated most from observations.

4 Discussion and conclusions

Uncorrected RCM simulations are a source of large uncertainties in climate-change im-
pact studies (Teutschbein and Seibert, 2010, 2012). Therefore, there is a need for bias5

correction procedures to ensure that RCM biases do not hamper subsequent impact
simulations. In this study, we do not try to answer the “main question [. . . ], whether and
when the application of bias correction methods [. . . ] is justified or not” (Ehret et al.,
2012). One needs to be aware that there are several problematic aspects related to
bias correction (Ehret et al., 2012), but that there are no obvious alternatives to this10

post-processing of RCM data as of yet. Potential alternatives include ensemble projec-
tions and improved climate models, e.g. enhanced process descriptions and increased
spatial resolutions (Ehret et al., 2012; Muerth et al., 2012; Teutschbein and Seibert,
2010, 2011, 2012), but especially the latter approach is not operational in the near
future.15

Teutschbein and Seibert (2012) demonstrated that most applied bias correction ap-
proaches are able to improve raw RCM data to some extent, but that there are con-
siderable differences in the quality of adjusted RCM temperature and precipitation for
current climate conditions. However, bias correction procedures are seldom evaluated
for the case which is most interesting for climate-change impact studies, namely their20

performance for changed conditions. While it is not possible to directly test their perfor-
mance for the future, we demonstrated in this paper how differential split-sample test-
ing (DSST) can be used to analyze the transferability of bias correction approaches to
different climate conditions. Using DSST allows identifying clear differences in repro-
ducing conditions similar to and conditions different from those that the bias correction25

approaches were calibrated to. These differences are an indicator for improper algo-
rithm and parameter transfers.
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By using the coldest/driest and warmest/wettest years for separation of the periods
in combination with analyzing the most extreme years, we certainly pushed the bias
correction methods to their limits. This was done on purpose, because we believe
that reliable simulations of the more extreme years are essential for certain impact
assessments, such as drought and flood modeling under future climate conditions. To5

test bias correction transferability on the conditions of a less extreme climate-change
signal, it is also possible to use more moderate extrapolations by applying, for instance,
the generalized split-sample test (GSST) as proposed by Coron et al. (2012).

The delta-change and the linear-scaling approach are the two most common trans-
fer methods and have been widely used (Gellens and Roulin, 1998; Graham et al.,10

2007a,b; Lettenmaier et al., 1999; Middelkoop et al., 2001; Moore et al., 2008; Sha-
balova et al., 2003), because they are straightforward and easy to implement due to
their simplicity. Yet, our validation of the correction approaches based on data for con-
ditions outside those used during calibration shows that these two methods result in
particularly large deviations, small variability of the simulations based on the different15

RCMs (i.e. overconfident uncertainty ranges) and least reliable future projections espe-
cially for the most extreme years (driest/wettest and coldest/warmest). These findings
remain to be confirmed for other catchments and other geographic regions, but based
on the findings in this study we question the use of the delta-change or the linear-
scaling approach to bias-correct RCM scenarios of future conditions for climate-change20

impact studies.
The choice of bias correction algorithm plays a large role in assessing hydrological

change. For current conditions, we could easily limit this choice to the one that per-
formed best. For simulations of future climate this is more difficult and the fundamental
question is how transferable the different methods are. The differential split-sample test25

proved to be a suitable approach to evaluate this and was also able to confirm a better
performance of high-skill methods such as distribution mapping.
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Table 1. Main characteristics of the five Swedish study sites including area, total annual pre-
cipitation (P ), mean annual temperature (T ), climate zones and land-use properties.

Catchments Area P T Climate zone Land-use (%)
(km2) (mmyr−1) (◦C) (Köppen-Geiger) Forest Open Lakes/ Residential

land wetlands

1 Tännfors 227 775 −0.5 Continental subarctic
towards polar tundra

32 60 8 0

2 Storbäcken 150 617 2.1 Continental subarctic 79 9 2 0
3 Vattholmaån 293 633 5.2 Warm summer continental 81 7 10 2
4 Brusaån 240 632 5.7 Warm summer continental

towards maritime temperate
83 12 3 2

5 Rönne Å 147 786 7.3 Maritime temperate 23 46 27 4
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Table 2. RCM experiments from the ENSEMBLES EU project used in this study.

Institute Model Resolution Driving GCM

C4I RCA3 25 km HadCM3Q16
CNRM Aladin 25 km ARPEGE
DMI HIRHAM 25 km ARPEGE
ETHZ CLM 25 km HadCM3Q0
HC HadRM3Q0 25 km HadCM3Q0
ICTP RegCM 25 km ECHAM5-r3
KNMI RACMO 25 km ECHAM5-r3
met.no HIRHAM 25 km HadCM3Q0
MPI REMO 25 km ECHAM5-r3
SMHI RCA 25 km HadCM3Q3
UCLM PROMES 25 km HadCM3Q0
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Table 3. Overview of methods used to correct RCM-simulated precipitation (P ) and/or temper-
ature (T ) data, for more information on the methods see Teutschbein and Seibert (2012).

Method Variable Short Description Advantages (+) and Disadvantages (−) References

Raw RCM Output Data P , T – RCM-simulated time series are used directly without any
bias correction

+ simplest way to use RCM data

– systematic model errors are ignored

– can cause substantial errors in impact studies

Precipitation Threshold P – an RCM-specific threshold is calibrated such that the number
of RCM-simulated days exceeding this threshold matches
the number of observed days with precipitation larger than
0 mm

– rarely used as a “stand-alone” method but often combined
with other correction procedures

+ wet-day frequencies are corrected

– the mean is not adjusted

(Schmidli et al., 2006)

Delta-Change Correction P , T – RCM-simulated future change signals (anomalies) are su-
perimposed upon observational time series

– usually done with a multiplicative correction for precipitation
and an additive correction for temperature

+ observations are used as a basis, which makes it
a robust method

– potential future changes in climate dynamics are
not accounted for

– all events change by the same amount

(Gellens and Roulin, 1998)
(Graham et al., 2007a, 2007b)
(Johnson and Sharma, 2011)
(Lettenmaier et al., 1999)
(Mpelasoka and Chiew, 2009)
(Middelkoop et al., 2001)
(Moore et al., 2008)
(Shabalova et al., 2003)

Linear Scaling P , T – adjusts RCM time series with correction values based on the
relationship between long-term monthly mean observed and
RCM control run values

– precipitation is typically corrected with a factor and tempera-
ture with an additive term

+ allows to correct the mean

+ variability of corrected data is more consistent
with original RCM data

– wet-day frequencies and intensities are not cor-
rected

– all events are adjusted with the same correction
factor

(Lenderink et al., 2007)

Local Intensity Scaling P – combines a precipitation threshold with linear scaling (both
described above)

+ improves linear scaling

+ allows to correct the mean, wet-day frequencies
and intensities

(Schmidli et al., 2006)

Power Transformation P
– is a non-linear correction in an exponential form (a · P b) that

combines the correction of the coefficient of variation (CV)
with a linear scaling

+ allows to adjust mean and standard deviation
(variance)

± adjusts wet-day frequencies and intensities only
to some extend

(Leander and Buishand, 2007)
(Leander et al., 2008)

Variance Scaling T – combines standard linear scaling with a scaling based on
standard deviations

+ allows to adjust mean and standard deviation
(variance)

(Chen et al., 2011)

Distribution mapping P , T – matches the distribution functions of observations and RCM-
simulated climate values

– a precipitation threshold can be introduced to avoid substan-
tial distortion of the distribution caused by too many drizzle
days

– also known as “quantile-quantile mapping”, “probability map-
ping”, “statistical downscaling” or “histogram equalization”.

+ allows to adjust mean, standard deviation (vari-
ance), wet-day frequencies and intensities

(Block et al., 2009)
(Boe et al., 2007)
(Déqué et al., 2007)
(Ines and Hansen, 2006)
(Johnson and Sharma, 2011)
(Piani et al., 2010)
(Rojas et al., 2011)
(Sennikovs and Bethers, 2009)
(Sun et al., 2011)
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Fig. 1. Map showing locations of the Swedish study sites and the spatially interpolated 4×
4 km national grid of observed precipitation and temperature. Catchments: (1) Tännfors, (2)
Storbäcken, (3) Vattholmaån, (4) Brusaån and (5) Rönne Å.
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Fig. 2. Monthly mean temperature and total monthly precipitation for the period 1961–1990
as simulated by individual RCMs (gray dashed lines) for the Vattholmaån catchment in South-
Eastern Sweden. Observations (black circles) and the RCM-ensemble means (gray continuous
line) are displayed as well.
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Fig. 3. Exemplary procedure of the differential split-sample test. First, the natural order of an-
nual values (top) is sorted ascending (bottom). The lower-value years are then used for cali-
bration, the higher-value years for validation. This test was done independently for precipitation
and temperature.
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Fig. 4. Differences between mean values of designed calibration and validation period for pre-
cipitation (left) and temperature (right) shown for raw RCM simulations (colored boxes) and
observations (black circles).

12789

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/12765/2012/hessd-9-12765-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/12765/2012/hessd-9-12765-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
9, 12765–12795, 2012

Bias correction for
non-stationary

conditions

C. Teutschbein and
J. Seibert

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 5. Performance of different precipitation-bias corrections (white shaded area) and their
ensemble mean (dark gray curve) for designed calibration (dry years, blue) and validation pe-
riod (wet years, orange) compared to observations (black circles) on an annual basis in the
Brusafors river basin (#4) in Southern Sweden. Precipitation in ascending order was standard-
ized based on observations.
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Fig. 6. Performance of different temperature-bias corrections (white shaded area) and their
ensemble mean (dark gray curve) for designed calibration (cold years, blue) and validation
period (warm years, orange) compared to observations (black circles) in the Storbäcken river
basin (#2) in Northern Sweden. Temperature in ascending order was standardized based on
observations. Please note the different scale of the upper left subplot (raw RCM simulations).
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Fig. 7. Relative deviation of differently bias-corrected RCM-simulated precipitation from obser-
vations during calibration (blue boxes) and validation period (orange boxes). The boxes com-
prise uncertainty of different RCM simulations and the respective 15 yr of each period. Relative
error for all 5 catchments is shown for the entire period of 15 yr (left panel) and the extremes,
i.e. the three driest years (central panel) and the three wettest years (right panel).
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Fig. 8. Relative deviation of differently bias-corrected RCM-simulated temperature from obser-
vations during calibration (blue boxes) and validation period (orange boxes). The boxes com-
prise uncertainty of different RCM simulations and the respective 15 yr of each period. Relative
error for all 5 catchments is shown for the entire period of 15 yr (left panel) and the extremes,
i.e. the three coldest years (central panel) and the three warmest years (right panel).
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Fig. 9. Statistical performance comparison of different bias correction methods (different axes
of the star plots) for precipitation of the validation period (wetter years) as simulated by different
RCMs (orange lines). The bias correction methods were parameterized based on the calibration
period (drier years). The results were standardized based on observations (black circles) for the
validation period. Subplot (a) summarizes all graphics of subplot (b) and gives an explanation
on how to interpret the graphics. Subplot (b) breaks down subplot (a) into several catchment
locations and statistical measures.
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Fig. 10. Statistical performance comparison of different bias correction methods (different axes
of the star plots) for temperature of the validation period (warmer years) as simulated by dif-
ferent RCMs (orange lines). The bias corrections methods were parameterized based on the
calibration period (colder years). The results were standardized based on observations (black
circles) for the validation period. Subplot (a) summarizes all graphics of subplot (b) and gives an
explanation on how to interpret the graphics. Subplot (b) breaks down subplot (a) into several
catchment locations and statistical measures.
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