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Of all natural disasters on a global scale, flooding is the most frequently reported one.
It affects by far the most people (Jonkman, 2005) and is the economically most damaging. Additionally, the population vulnerable to floods is expected to grow (Opperman
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As a consequence of climate change, extreme and flood-causing precipitation events
are expected to increase in magnitude and frequency, especially in today’s highprecipitation areas. During the north-east monsoon seasons, Nakhon Si Thammarat
in southern Thailand is flash-flooded every 2.22 years on average. This study investigates frequency and intensity of harmful discharges of the Tha Di River regarding
the IPCC emission scenarios A2 and B2. The regional climate model (RCM) PRECIS was transformed using the advanced delta change (ADC) method. The hydrologic
response model HBV-Light was calibrated to the catchment and supplied with ADCscaled daily precipitation and temperature data for 2010–2089. Under the A2 (B2)
scenario, the flood threshold exceedance frequency on average increases by 133 %
(decreases by 10 %), average flood intensity increases by 3 % (decreases by 2 %) and
the annual top five discharge peaks intensities increase by 46 % (decrease by 5 %).
Yearly precipitation sums increase by 30 % (10 %) towards the end of the century. The
A2 scenario predicts a precipitation increase during the rainy season, which intensifies flood events; while increases projected exclusively for the dry season are not
expected to cause floods. Retention volume demand of past events was calculated
to be up to 12 × 106 m3 . Flood risks are staying at high levels under the B2 scenario
or increase dramatically under the A2 scenario. Results show that the RCM scaling
process is inflicted with systematic biases but is crucial to investigate small, mountainous catchments. Improvement of scaling techniques should therefore accompany the
development towards high-resolution climate models.
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et al., 2009) and despite tremendous efforts in controlling them, flood frequencies and
damages are increasing (Kundzewicz und Takeuchi, 1999). Longer-lasting river floods
affect the greatest number of people, but short-dated flash floods have by far higher
mortalities per event. Of all natural disasters, only earthquakes and droughts killed
more people between 1975 and 2002 than freshwater floods (Jonkman, 2005).
Thailand is expected to continue its past trends of increases in mean temperatures
and yearly precipitations sums. The Southeast Asia START Regional Center (2010)
compared eight General Circulation Model (GCM) results for the period 2045–2065
to recent climate and found an average increase of yearly cumulative precipitation of
−1
−1
40 % (today: 1857 mm yr ; future: 2603 mm yr ) for the lower coast of the Gulf of
Thailand under the intermediate Intergovernmental Panel on Climate Change (IPCC)
greenhouse gas emission scenario A1B. Most of the increase is expected for the rainy
season. In Thailand, summers will be longer; the winters wetter, shorter and warmer
(Christensen et al., 2014). Global warming is generally connected to increasing frequency and intensity of extreme precipitation events (Bates et al., 2008) especially
in regions that are already wet today (Sillmann and Roeckner, 2008). This leads to
a higher risk of floods. In South-East Asia, numbers and magnitudes of heavy downpours are expected to increase especially during the north-east monsoon season between November and February (Trenberth, 2011).
The primary objective of this study is to investigate peak discharges of the Tha Di
River as a function of climate change. This includes the determination of thresholds for
harmful discharge levels and their exceedance frequencies in past and future climates
as well as an improved understanding of the rainfall–runoff relation and flood characteristics in the watershed. The rainfall–runoff model HBV-Light (Berström and Forsman,
1973) was calibrated and validated with simultaneously observed discharge, rainfall,
temperature and evaporation as well as catchment elevation properties to represent
the headwaters and middle reaches of the Tha Di Catchment. The model was then
supplied with precipitation and temperature data from 2011–2089 following the two
IPCC greenhouse gas emission scenarios A2 and B2 (Nakićenović et al., 2000). This
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input data was derived from scaling historical precipitation series by running a modified
version of the Advanced Delta Change (ADC) method (van Pelt et al., 2012b) with Regional Climate Model (RCM) PRECIS output (Southeast Asia START Regional Center,
2010). This way, future precipitation and temperature output was generated that complies with the high requirements on spatial resolution resulting from the small size and
steep relief of the catchment. Eventually, HBV-Light yielded three discharge series: the
base line series derived from observed precipitation as well as two climate change
series following the high-emission A2 and low-emission B2 scenario, respectively.
In the following chapter, brief introductions to the study area and to the hydrologic
model used are given. Section 3.1 describes the climate and discharge data used as
well as the setup of HBV-Light. Then, the ADC method by van Pelt et al. (2012b) and
the modifications made to it are outlined in Sects. 3.2 and 3.3 for precipitation and
temperature, respectively. Section 3.4 describes how flood return periods and harmful
discharge thresholds were determined for the given discharge gauge. Final parameters
and goodness-of-fit measures of the hydrologic model are listed in Sect. 4.1. To illustrate the effect of the ADC transformation, raw RCM output is compared to transformed
and observed series in Sect. 4.2. After that, trends in future precipitation patterns along
the two emission scenarios are shown in Sect. 4.3. Section 4.4 show results of the
threshold determination process. Finally, future changes in flood frequency and intensity under consideration of these thresholds and the two emission scenarios are shown
in Sect. 4.5. The ability of the modeling approach to express future precipitation and
discharge patterns is discussed in Sect. 5.1. Section 5.2 discusses the typical flash
flood behavior of past events and points out practical implications from them. In this
light, Sect. 5.3 briefly evaluates the modeled results, before conclusions are drawn in
Sect. 5.4.
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HBV-Light is a semi-distributed, conceptual rainfall–runoff model (Seibert and Vis,
2012). Originally developed for Scandinavian catchments, it has successfully been applied to (mountainous) tropical and sub-tropical watersheds (Andersson et al., 2011;

|

25

HBV-Light

12, 7327–7352, 2015

Future changes in
flash flood frequency
and intensity of the
Tha Di River
(Thailand)
S. Hilgert et al.

Title Page

Discussion Paper

2.2

HESSD

|

20

The Tha Di River is located in south-east Thailand and drains, after a flow length of
77 km, into the Gulf of Thailand. Its sources are to be found in the densely forested
mountains of the Khao Luang National Park whose highest peak reaches 1835 m a.s.l.
Moving downstream, land use intensity, stream regulation and population density increase. The City of Nakhon Si Thammarat with about 100 000 inhabitants stretches
from north-west to south-east, parallel to the coast (Fig. 1). Thus, essentially all the
water collected in the headwaters has to pass through the city along many canals and
fortified river beds before entering the sea. As a result, flash floods have frequently
caused damage to houses and infrastructure. Since 1988, storm water from the Tha Di
River in Southern Thailand has severely flooded the City of Nakhon Si Thammarat at
least 12 times.
The Tha Di Catchment is characterized by a tropical monsoon climate with yearround precipitation occurrence, but a distinctly uneven distribution of rainfall. Orographic precipitation during the north-east monsoon season between October and December makes up for 56 % (1482 mm) of the yearly average rainfall (2669 mm).
Rainfall–runoff calibration, validation and future simulation conducted in this study
are based on discharge measurements of the runoff station “x55” located about 15 km
upstream of the City of Nakhon Si Thammarat. The HBV-Light model therefore repre2
sents the 108 km large headwater sub-catchment of the total Tha Di Catchment (about
2
470 km ).
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P −E −Q =

d
[SM + SUZ + SLZ]
dt

(1)

Discussion Paper

Normand et al., 2011). Here, HBV-Light was run in the standard version and the lake
area was set to zero. All snow routine parameters were left to default. Therefore, the
water balance Eq. (1) of HBV-Light for a catchment was simplified to (cf. Driessen et al.,
2010):
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HBV-Light requires time series of daily precipitation, daily average air temperature and
daily (or long-term monthly mean) evaporation as input. For calibration and validation
of the model, daily mean discharge measurements are required for the same period.
Here, these data requirements are fulfilled for the period of 1989–2009. Observed values from this 20 year period serve as (1) base for calibration and validation (2) input for
ADC-processing (3) base line scenario.
Precipitation of five nearby rain gauges was interpolated for the balance point of the
catchment using squared Inverse Distance Weighting (IDW). The resulting precipitation
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where P is precipitation, E evaporation and Q discharge, all with dimensions [L T ].
SM represents the soil moisture box, SUZ the upper groundwater box and SLZ the
lower groundwater box, all with dimensions [L].
Only when the simulated runoff in calibration and validation period sufficiently
matches the observed discharge, the model can be legitimately applied to compute
future discharge from climate change scenario rainfall simulations. Finding optimal values for calibration is often a compromise (Seibert and Vis, 2012), as the model is
required to simulate discharges with a great amplitude (Normand et al., 2011).
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Daily modeled PRECIS RCM precipitation and temperature for the A2 and B2 scenario
were downloaded for the years 1989–2089 for the grid field representing the Tha Di
◦
◦
Catchment (center: Lat 8.4 /Lon 99.8 ) (Jintrawet and Chinvanno, 2008). The raw precipitation output overestimates yearly cumulative rainfall in the catchment by 225 % and
significantly underestimates the occurrence of days with more than 100 mm of precipitation, which are particularly interesting for flood modeling. Therefore, direct forcing of
HBV-Light with RCM output was discarded. Instead, the ADC method (van Pelt et al.,
7333
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series from 1989–2009 was then used as input for HBV-Light. Together with simultaneously measured discharge at the x55 station, the model was calibrated (1989–2004
period) and validated (2004–2009). The calibration period was chosen to be longer because the model had to run two climate change scenarios and one baseline scenario
for a period of 80 years, respectively.
Model parameters were optimized. For HBV-Light, the goodness of fit between simulated and modeled discharge is determined by objective criteria, most commonly by the
coefficient of efficiency Reff (Seibert, 2005). Other criteria included into the optimization
were the accumulated differences of precipitation; the efficiency of the model for peak
2
flows; the coefficient of determination (R ); the efficiency using the natural logarithm of
Q (Rlog, eff ); as well as visual inspections of the discharge graphs. The search for parameters was aided by hundreds of thousands of random sampling simulations (Monte
Carlo method) and parameter set evolution runs (GAP simulations).
2
Because of the relatively small size of the x55-catchment (108 km ) as well as the homogenous land use therein, no sub-catchments were created in HBV-Light. However,
the IDW-averaged precipitation was interpolated based on the altitude using the areal
distribution of the catchment within 18 elevation zones (0–100 to 1700–1800 m a.s.l.)
and adding 5.5 % of precipitation for each 100 m-step. This interval, as well as a warmup period of one year (1989–1990 for the control period and 2010–2011 for future
projections), are typical configurations of the HBV model.
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In order to gain plausible values corresponding to the rain distribution while maintaining the climate signal of the regional climate model, observed temperature values were
preprocessed as well. Unlike precipitation, observed temperature values were transformed in a linear way using the method described by van Pelt et al. (2012a).
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2012b) was applied in order to transfer the climate “signal” of the RCM to the observed
precipitation and temperature series. To do so, the ratio between the modeled control
series (1990–2009) and the future emission scenario series (2011–2029, 2030–2049,
2050–2069 and 2070–2089) was applied to the observed IDW-averaged series (1990–
2009) to create the transformed emission scenario precipitation series. The aim was to
create a series that is able to express the future climate development inherent in the
climate change scenario, while still following the local precipitation patterns observed
over 20 years.
While the classical “delta” method considers only mean climate change scenario
changes of precipitation using a linear conversion, the ADC method applies a nonlinear transformation and treats precipitation events above the long-term 90 % quantile
differently in order to adequately reproduce changes in the extreme. The ADC method
was implemented in Microsoft® Excel® 2010 SP2 MSO. Two changes from the original
approach of van Pelt et al. (2012b) were made: due to the greater skewness of the
precipitation probability distribution function, 70 % instead of 60 % quantiles were used
for linear scaling and smoothing. Secondly, the transformation was directly applied to
daily values rather than using multi-day sums. This was done to account for the quick
response time of the catchment, as extreme discharges in the Tha Di result from singleday or multi-hour rain events.
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Eight well-documented flood events with demonstrably negative effects for the local
population and economy were compared in order to find threshold values for harmful discharges. After that, their annualities were derived from a cumulative distribution
function (CDF), which is based on the extrapolation of observed yearly peak discharges
of 38 years by fitting a Generalized Pareto Distribution. To assess the peak underestimation of modeled results, these annualities were then inserted in a second CDF
fitted to HBV-modeled yearly peak discharges of the 20 year control period. The corresponding discharges were then used as thresholds to analyze HBV-Light modeled
hydrographs.
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HBV-Light was calibrated and validated with simultaneously recorded discharge and
precipitation data of the years 1989–2009. The final parameters are displayed in Table 1. The model was run to create the modeled base line discharge series from
IDW-averaged, observed precipitation as well as the discharge series from ADCtransformed precipitation for the two climate change scenarios. The goodness of the
model is commonly examined with the help of objective criteria (Table 2).
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By applying the ADC method, historical precipitation series were lifted or suppressed
according to the differences between control and future periods of the RCM PRECIS.
The boxplots in Fig. 2 demonstrate the impact of the ADC method on the observed series (“observed IDW”), which was used to calibrate HBV-Light. The transformed series
(“A/B2 ADC”) were used as input for HBV-Light to model discharges under the influence
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of the corresponding climate change scenarios A2 and B2. The raw RCM series overestimate precipitation sums by the factor of two or more. Furthermore, precipitation
peaks are also overestimated. There are few unrealistically high precipitation events
and too many in the low to medium range to represent the observed rainfall conditions.
In turn, there are not enough precipitation-free days. After applying the ADC method,
these biases are corrected for.
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To find out which discharges observed at and modeled for the x55 station are negatively
affecting the city, hydrographs from recent flood events were evaluated and compared
3 −1
to modeled discharges. All reported floods reached a discharge of at least 150 m s ,
corresponding to an annuality of 2.22 years. While low and mid-level discharges are
well-represented by HBV-Light, peaks tend to be underestimated by the model. Consequently, the modeled discharge corresponding to an annuality of 2.22 years is only
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There is a 30 % increase of yearly average cumulative precipitation for the A2 scenario
by the end of the century (Fig. 3). In the B2 scenario, the increase is about 10 %. Under both scenarios, January to March are projected to become drier for most modeled
periods (−25 % monthly mean precipitation on average over the entire modeling period). April to August are expected to experience a moderate increase in precipitation
(+21 %). September and October show little change. For the A2 scenario, the already
by far wettest and most flood-prone months November and December with high precipitation intensities show a significant rise in monthly mean precipitation (November:
+60 %, December: +69 %). Under the B2 scenario, means of these months are not
expected to significantly change. Accordingly, the number of precipitation events per
−1
year exceeding 150 mm d is expected to rise by 3 % under B2 and 49 % under the
A2 scenario, averaged over the entire modeling period.
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125 m s . Therefore, a modeled discharge greater than 125 m s at the x55 station is considered the threshold for a “harmful” flood (commonly called “HQ2.22 ”). Ad3 −1
3 −1
ditional thresholds for the analyses are HQ10 (209 m s ), HQ50 (241 m s ), HQ100
(247 m3 s−1 ) and HQ500 (254 m3 s−1 ).
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The A2 scenario shows higher discharge means and maxima as well as stronger scattering than the observed series (Fig. 4). There is also an increase in mean discharges,
median and quantiles towards the end of the century, while modeled maximum values
slightly fall. The B2 scenario shows reduced maxima, means and scattering. Highest
mean discharges can be observed in the 2030–2049 period, while the more robust 25
and 50 % quantiles steadily rise towards the end of the modeling period.
The development of peak discharges throughout the modeling period is shown in
Fig. 5. The range of the top five discharges modeled for each year are shown along with
the critical flood thresholds. In the A2 scenario, these peaks are higher than in the base
line scenario for all years. The critical thresholds are exceeded more frequently and to
a higher degree. There is a slight tendency of decreasing top peaks when moving
forward in time. The lower boundary representing the 5th highest peaks in a given year
however shows a slight upward trend. In the B2 scenario, especially the top peaks are
slightly reduced except for the 2030–2049 period. The lower boundary does not show
any significant change to the base line scenario.
Generalized yearly extreme value distributions of climate change scenario discharges show return periods lower than base line under the A2 and higher than the
3 −1
base line under the B2 scenario (Fig. 6). For instance, the 125 m s threshold has
a return period of 1.49 years under A2 and 2.68 years under and B2 scenario (base
line: 2.22 years) averaged over the entire modeling period. A 100 year discharge is cal3 −1
3 −1
culated to be 247 m s under the base line, but up to 270 m s under the B2 and up
3 −1
to 310 m s under the A2 scenario.
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The RCM is underestimating the precipitation pattern of long dry-spells followed by
heavy downpours in the control series. Also, while many authors expect an increase of
the extremes with increasing regional temperatures and precipitation means, the raw
RCM data shows no clear tendency or even the opposite for the end of the century. It
could not be clarified if this dampening of modeled extreme events in later periods is
the consequence of a RCM bias. In any case, the effect is transferred onto the results
via the ADC method.
Modeled discharge peaks are underestimated because heavy downpours in the
Khao Luang Mountains, which cause such extreme discharges, are not adequately
recorded at the rain gauges in the sub catchment used for calibrating the model. Linear interpolation based on altitude works well for moderate rain events, but is insufficient to account for extreme events. However, this bias was accounted for by selecting
the thresholds for harmful floods by aligning the return periods calculated for observed
and modeled time series rather than deriving the thresholds directly from absolute
(observed) discharge values. This method allows it to not only investigate the future
development of modeled discharges, but also to relate them to observed events.
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When looking at actual modeled values rather than extrapolates extremes value dis3 −1
tributions, there is a 133 % increase in 125 m s threshold exceedance frequency.
The B2 scenario shows slightly increased numbers of events in the 2030–2049 period and slightly decreased numbers and intensities in all other periods (overall 10 %
decrease in 125 m3 s−1 threshold exceedances). Similarly, the top 5 highest daily average discharges of each year increase by 46 % on average under the A2 scenario and
decrease by 5 % in the B2 scenario.
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The City of Nakhon Si Thammarat has been poorly protected from frequent flooding in
the past. The threshold for a harmful flood event is exceeded almost every other year.
Based on historic flood events, retention volumes of up to 12 × 106 m3 (March 2011
event) would have been necessary to avert damage for Nakhon Si Thammarat. In ac7339
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In addition, only limited statements can be made about the harmfulness of a flood
event by simply monitoring discharge gauges. Even when the occurrence of snow and
ice can be eliminated, the severances of floods depend on more factors than just the
river discharge: precipitation intensity, duration, volume, timing, fill levels of over- and
underground storage volumes, soil moisture, degree of human encroachment and others influence flood risks (Bates et al., 2008). Even though HBV-Light is able to simulate
many of these factors, the critical discharge thresholds used in this study do not cover
all events, potentially causing negative effects; not least because of the 15 km distance
of the discharge gauge to the target area. During this distance relevant parameters can
change, which are not represented within the model. What the assumed flood thresholds can provide is a comparative measure, covering events where negative effects
definitely arouse, independently from preceding weather and catchment conditions.
Lastly, ADC scaling is afflicted with systematic limitations. Its validity depends on the
accuracy of the GCM and of the downscaled RCM used for scaling the observed data,
which is also discussed in Sect. 5.3. ADC scaling is also based to the assumption that
future precipitation patterns in a warmer atmosphere can be approximated by a transformation of observed precipitation series. However, the raw RCM yields a distorted
image of the local rainfall patterns, as is apparent from the rainfall distribution differences between observed weather data and RCM-modeled control data of the same
period. Although afflicted with a limited ability to account for long-term shifts in seasonality, ADC scaling is able to considerably mitigate this bias. In addition to its low data
requirements and computing power, this makes ADC scaling an applicable approach
for small catchments.
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This study confirms the “wet becoming wetter” tendency of increasing precipitation
sums: there is a 30 and 10 % increase of yearly precipitation sums until the end of the
century under the ADC-scaled A2 and B2 emission scenarios, respectively. The raw
PRECIS RCM data suggests the two scenarios to show a similar mean annual precipitation in the close future, followed by diverting behavior under increasingly different
atmospheric greenhouse gas concentrations towards the end of the century.
However, after ADC-processing, differences in mean precipitation of the A2 and B2
scenarios are large in all simulated periods. This deviation is a consequence of the
non-linear nature of the ADC scaling method, with its focus on the correct transfer of
changes in the monthly mean; the changes in 70 and 90 % quantiles; as well as the
changes in the mean amount of precipitation exceeding the 90 % quantile (van Pelt
et al., 2012b). For the A2 scenario, the RCM modeled precipitation increases mainly
7340
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cordance with the monsoon climate of the region, all of the documented flood events
occurred between November and the end of March. The catchment reacts quickly to
intense precipitation: a harmful flood is usually caused by more than 150 mm of precipitation falling within 24 h. Steady, multi-day precipitation of moderate rainfall around 50–
−1
100 mm d does occur during the rainy season, but is not able to cause harmful discharge levels due to the quick drainage of the catchment. Usually, average discharges
are well below the critical threshold at first, even during times of frequent moderate rain−1
fall in winter. Following heavy downpours in the range of 150–220 mm d , discharges
multiply to up to 50 times of the yearly average and drop to initial levels normally within
one, in extreme cases with continued precipitation, within three days. Negative consequences of the elevated discharges for the city can persist longer, as the draining of
inundated areas cannot begin until the water levels in rivers and canals have sufficiently
dropped. This flash flood behavior (Jonkman, 2005) is typical for small, mountainous
tropical catchments, where (monsoon-driven) precipitation from large thunderstorms
seasonally characterizes the runoff.
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The presented results indicate that even for a moderate level of flood security for the
City of Nakhon Si Thammarat, substantial flood control measures have to be realized.
The future development of discharge behavior depends on the scenario of global warming: under the two scenarios investigated, the flood risk is resting around its current,
high state under the low-emission B2 scenario; and becomes dramatically intensified
under the high-emission A2 scenario. Rising flash flood intensity as projected under
the A2 scenario considerably increases the demand in retention volumes or other flood
control measures.
The chain of processing steps may be afflicted with chain of error sources. The peak
discharge accuracy of the hydrologic response model can be improved by increas7341
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for the wet months November and December, where monthly rainfall is expected to
double by the end of the century. Thus, the ADC scaling yields frequent and intense
daily rainfall as well as high monthly means. For the B2 scenario however, the RCM
predicts moderate precipitation increases almost exclusively for the dry months April to
September, where extreme precipitation events and floods are absent in the observed
period. Therefore, ADC scaling has a more moderate impact on the observed series,
with lower means and lower numbers of extreme precipitation events compared to the
A2 scenario.
Modeled future changes in flood frequency and intensity mirror this development:
over the entire modeled period, the A2 scenario predicts a dramatic increase of flood
frequency and yearly top five peak intensities, while the B2 scenario intensities and frequencies of extreme events are similar to the historic patterns. The differences between
the two scenarios are therefore greater than the differences between different periods
of the same scenario. This means that unlike mean discharges and discharge quantiles, which are rising throughout the model period for both scenarios, flood frequencies
and intensities do not correlate well with the gradually increasing temperatures and
yearly cumulative precipitation foreseen by the model.
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ing the spatial and temporal resolution of rain and runoff measurements. Circulation
models are expected to become more accurate as the computing capacities increase.
ADC scaling is afflicted with systematic limitations, but will continue to be necessary
especially for small, mountainous investigation areas, where RCM resolutions are insufficient. Both ADC scaling and HBV-Light rainfall–runoff modeling have comparatively
low input data requirements. Therefore, these methods represent viable tools for the
estimation of future flood behavior and can serve as a basis for dimensioning flood
control structures.
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Maximum of soil moisture zone
Maximum percolation
Threshold for K0 to become K1
Evaporation reduction threshold
Shape coefficient
Recession coefficient (upper stor.)
Recession coefficient (upper stor.)
Recession coefficient (lower stor.)
Routing parameter
Correction factor for pot. evaporation
Precipitation change by elevation factor
Temperature change by elevation factor

FC
PERC
UZL
LP
BETA
K0
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K2
MAXBAS
CET
PCALT
TCALT

mm
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mmd
mm
–
–
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d−1
–
◦ −1
C
% 100 m−1
◦
C 100 m−1

620
17
80
0.750
0.700
0.830
0.400
0.032
2.540
0.050
5.500
0.600

Discussion Paper
|

7345

Future changes in
flash flood frequency
and intensity of the
Tha Di River
(Thailand)
S. Hilgert et al.

Title Page

|

Unit

Discussion Paper

Symbol

12, 7327–7352, 2015

|

Parameter

Discussion Paper

Table 1. HBV-Light model parameters and their optimal values obtained from calibration and
validation.
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Figure 1. Digital elevation model of the Tha Di Catchment. Also shown are the discharge
measuring gauge “x55” with its corresponding catchment, three of the five rain gauges used
for the model calibration, the RCM grid point used for climate change projections as well as the
area covered by buildings and roads.
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Figure 2. Box plots of observed, raw RCM-modelled and ADC-transformed 20 year precipitation series for reference period and A2/B2 emission scenario projections. Whiskers denote
the lowest datum still within 1.5 interquartile range of the lower quartile. Note log10 scale after
break.
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line (BL) compared to ADC-transformed A2/B2 emission scenarios.
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Figure 4. Box plots of modeled base line (BL) and emission scenario (A2/B2) 20 year discharge
series. Also shown is the box plot of the observed series. Whiskers denote the lowest datum
still within 1.5 interquartile range of the lower quartile.
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Figure 6. Return periods of modeled base line (BL) and emission scenario (A2/B2) discharges
shown as generalized yearly extreme value distributions of 20 year series.
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