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Abstract. Investigation was made on the climate change sig-1 Introduction

nal for hydrometeorological and hydrological variables along

the Paute River basin, in the southern Ecuador Andes. An ad-

justed quantile perturbation approach was used for climatd he impact of climate change on hydrological systems is
downscaling, and the impact of climate change on runoffreceiving higher attention during the last decades due to
was studied for two nested catchments within the basin. ThéfS consequences on water resources, especially related to
analysis was done making use of long daily series of sevefiroughts and floods (Nijssen et al., 2001; Hirabayashi et
representative rainfall and temperature sites along the stud@l-» 2008; Urrutia and Vuille, 2009; Dirmeyer et al., 2012).
area and considering climate change signals of global an&hanges in rainfall are strongly related to changes in runoff
regional climate models for IPCC SRES scenarios A1B, A2and therefore with water availability (Bradly et al., 2006).
and B1. The determination of runoff was carried out using Changes in temperature, humidity, and atmospheric pressure
a lumped conceptual rainfall-runoff model. The study foundare related to changes in evapotranspiration, which is also an
that the range of changes in temperature is homogeneous fémportant input of the hydrological system. In addition, rain-
almost the entire region with an average annual increase dallintensity is a primary weathering agent for rocks and soils
approximately+2.0°C. However, the warmest periods of the increasing the transport of sediments and dissolved solids
year show lower changes than the colder periods. For rainfo water bodies. Furthermore, hydrological processes at the
fall, downscaled results project increases in the mean annud®nd surface influence the natural environment at a range of
rainfall depth and the extreme daily rainfall intensities along SPatial and temporal scales through their impacts on biologi-
the basin for all sites and all scenarios. Higher changes irf@l activity and water chemistry (Beldring et al., 2008). This
extreme rainfall intensities are for the wetter region. TheseS also the case for the Paute River basin in Ecuador, where
lead to changes in catchment runoff flows, with increasingfuture climate change might severely impact hydrological
high peak flows and decreasing low peak flows. The change@nd ecological conditions. Especially the water availability
in high peak flows are related to the changes in rainfall ex-iS & concern (Ontaneda et al., 2002), due to changes in tem-
tremes, whereas the decreases in the low peak flows are digerature and humidity and high variability in rainfall extreme
to the increase in temperature and potential evapotranspirg2vents (Parry et al., 2007).

tion together with the reduction in the number of wet days. A common methodology to quantify climate change sig-
nals makes use of general circulation model or global cli-

mate model (GCM) results. These results might, however, be
too coarse to provide regional and local details, and should
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not be used directly for hydrological modeling, especially for southern Ecuador (Coltorti and Ollier, 2000). With an area
regions with a high spatial and temporal variability in cli- of 5066 kn? and elevation range from 1840 to 4680 ma.s.|.,
mate variables. This is the case of the Paute River basin ithe basin has a vital hydropower plant complex at its down-
the tropical Andes in southern Ecuador (Célleri et al., 2007;stream end. The upper part of the basin is located only 62 km
Mora and Willems, 2012). One solution is the use of regionalfrom the Pacific coast line at its western point. The down-
climate model (RCM) results, which provides finer-scale in- stream part of the basin ends in a scattered region between
formation. However, Buytaert et al. (2010) state that for somethe Andes and the Amazon (Fig. 1). For the discharge anal-
tropical regions and scales of aggregation, RCM simulationsysis, two subcatchments within the Paute River basin are an-
especially for precipitation, do not necessarily give better re-alyzed. The catchment of Tomebamba in Monay (To Mo) is
sults compared with GCM simulations. In addition, Cloke et located in the western headwaters of the Paute River basin.
al. (2013) conclude that the inability of some RCMs to pro- It has an extension of 1265 Knand an elevation range be-
duce realistic precipitation to be used in local climate impacttween 2500 and 4680 ma.s.l. The city of Cuenca is located
studies for flooding, even in present conditions, is a seriouswithin this catchment with nearly 350000 inhabitants (the
issue. Two available RCM were considered in this study: thethird largest city). The catchments consist mainly of tropical
Precis Hadley and the Precis Echam (see Table 1). alpine grasslands (paramo) and native forests, agriculture and
To solve this problem, different statistical downscaling urban areas. Within the catchment of To Mo, the subcatch-
techniques, with different strengths and weaknesses (Fowlement of Matadero in Sayausi (Ma Sa) is located, with an area
etal., 2007) were developed in order to obtain a higher spatiabf 300 kn? that covers mainly paramo and native forest land
resolution (Giorgi et al., 2001; Hewitson and Crane, 1996).use.
The application of these downscaling techniques to climate
variables as rainfall and temperature may account for the2-2 Database
mesoscale hydro-climatologic processes for areas of com- ) . ) .
plex topography. In the study of Maraun et al. (2010), a per_The Paute River basin is one of the most monitored basins in

fect prognosis statistical downscaling, model output statis-E_C”ador' It has rainfall and temperature observation records

tics and weather generators were reviewed as an improvesc€ 1963 due to its importance in hydropower energy pro-
ment of the representation of rainfall space—time variabil-duction. For this research, 7 sites located in different rainfall

ity. The main uncertainties arise for the representation of ex/GdIMe regions and at varying elevations were selected. The

treme precipitation, subdaily precipitation and full precipita- 2vailable data series start near 1962-1964 and continue till
tion fields on fine scales. Within the statistical downscaling 1992-1993 with daily series for rainfall and monthly series

techniques, the delta change or perturbation techniques agé)r mean tempere_lture. The names an_d characteristics of these
developed to translate large-scale GCM/RCM outputs onto /1S &€ shown in Table 1. The available GCM-RCM con-
finer resolution based on change factors (Prudhomme et al.t,rOI apd scenario simulations covering Ecuador, which were
2002: Willems et al., 2012). The change factors consider theOnsidered in this study, are shown in Table 1. The control

differences between control and future GCM/RCM simula- 'uns are available with daily simulation results for the his-
tions and are applied to observed series torical period 1961-1990 and the future scenario simulation

Taking this state of the art into account, this paper aimsresults for 2045-2065. The simulated future greenhouse gas

to estimate future scenario projections for temperature, rain€MIssions were based on the IPCC Special Report on Emis-

fall and discharge within the Paute River basin for 2045-SI0n Scenario (SRES) for the A1B, A2 and Bl scenarios

2065. This is done with the application of an adjusted changd'Nakicenovic et al., 2000; Solomon et al., 2007).

factor-based statistical downscaling method, the quantile pers ;

turbation approach (QPA). The effect of changes in tempera-z'3 Perturbation or delta approach

ture and rainfall are used to estimate changes in discharge fofpe perturbation approach is the most common method to

two catchments in the basin. Following sections describe thg gnsfer the signal of climate change from a climate system

study area, the data, the adjusted QPA and the evaluation géye| represented by climate models to the hydrological sys-

the approach. This is followed by a section that presents angbm |evel represented by hydrological models (Middelkoop

discusses the climate change impact results. The final sectiog; 5. 2001: Andréasson et al., 2004: Nguyen et al., 2007;

summarizes this study with some concluding remarks. Olsson et al., 2012; Willems et al., 2012). This method is ap-
plied to the most relevant climate variables in hydrology, no-
tably rainfall, temperature and ETIn its most simple form,

2 Methodology monthly perturbation factors (PF), Egs. (1) and (2), are deter-

mined and applied to the input series of hydrological models:

2.1 Study area
TF,dain = Tob,daily + (TCMF,montth - TCMZOth,monthI)) (1)

The basin of the Paute River is located in the inter-Andean ( PcME monthly ) ?)

; ; ; . Pr.daily = Pob,daily * ,
depression separating the western and Cordillera Real nf Pcwmz0th,monthly
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Fig. 1. Rainfall regimes in the Paute River basin (spatial regions BM1, BM2, UM1 and UM2).

whereTy, and Pyp, are the observed temperature and rainfall (wd_th). The PF on the wet day frequency {Pfs > 1 when
values in the serie§cm20th and Pcmzoth the 20th century cli-  the scenario series have more wet days than the control series
mate model control run resultsgmr and Pomr the projected  and PR is < 1 when dry days should be added (or wet days
future climate model results arf¢t and Pr the projected fu-  should be removed) from the observed series.
ture results after perturbation. Once the P; is obtained, the PF on the wet day rain-
However, some of the disadvantages of this method infall intensity (PF;) is determined in a quantile-based way
clude the assumption of no shift in the shape and type ofby comparing ranked daily extremes from the control pe-
changes. Extremes are indeed modified by the same factor a®d vs. the scenario period. Instead of using a unique PF
the other events. In addition, the assumption of no change irfor all events, the rainfall intensity PF is obtained dependent
the number or the frequency of events is another disadvanen the empirical exceedance probability of the intensity (see
tage (Harrold and Jones, 2003). Fig. 2). However, the application of a relative intensity PF
The adjusted perturbation approach considers a climaten observed values close to zero will produce signal changes
change signal on both the number of wet or dry days anchear to zero even if the PF is high, or vice versa, small ab-
on the rainfall intensity. The change in the rainfall intensity solute changes between scenario and control values might
is calculated in a quantile-based way, making use of a quantead to excessive PF when the control value is close to zero.
tile mapping technique (Nguyen et al., 2008; Ntegeka andTherefore the inclusion of an absolute change applied to rain-
Willems, 2008; Willems and Vrac, 2011) hence with the PF fall intensitiesa under a threshold exceedance probability
depending on the exceedance probability. The method is apis considered in the adapted methodology. For high rainfall
plied with a relative PF or an absolute shift in the rainfall intensities corresponding to exceedance probabilities below
intensity, depending on whether relative or absolute changep(«), a relative rainfall intensity PF is applied. For rainfall
are applied. intensities corresponding to exceedance probabilities above
The change in wet day frequency is calculated as the ratigp(«) the rainfall intensity change is derived by calculation
of the number of wet days for the scenario period (2045—of a weighted average of the relative and absolute rainfall in-
2065) over the number of wet days for the control periodtensity changes. The weighting factor varies linearly between
(1961-1990) considering that a wet day is any day with rain-p(«) and p(0), wherep(0) is the exceedance probability of
fall depth above a certain daily rainfall intensity threshold the ranked rainfall intensities equal to the wet day threshold
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Table 1. GCM/RCM runs for the Ecuadorean region (top), and observed rainfall/temperature sites (bottom).

Model run Center Country

1. cccr_becm2_0 Bjerknes Centre for Climate Research Norway
2.cccma_cgem3_1 Canadian Centre for Climate Modelling Canada
3.cccma_cgem3_1 t63  and Analysis

4.crm_cm3

5. csiro_mk3 0 Australia’s Commonwealth Scientific and Australia

6. csiro_mk3_5 Industrial Research Organization

7.gfdl_cm2_0 Geophysical Fluid Dynamics Laboratory USA

8. gfdl_cm2_1

9. giss_aom Goddard Institute for Space Studies USA

10. giss_model_e_r

11.iap_fgoalsl_0_g Institute of Atmospheric Physics China

12. ingv_echam4 National Institute of Geophysics and Volcanology Italy
13.inmcm3_0 Institute for Numerical Mathematics Russia

14. ipsl_cm4 Institute Pierre Simon Laplace France

15. miroc3_2_hires Meteorological Research Institute, Japan Japan

16. miroc3_2_medres

17. miub_echo_g Meteorological Institute, University of Bonn Germany

18. mpi_echam5b Max-Planck Institute for Meteorology Germany

19. mri_cgcm2_3_2a National Institute for Environmental Studies Japan

20. ncar_ccsm3_0 National Centre for Atmospheric Research USA

21. ncar_pcml

22. Precis Hadley Hadley Center UK

23. Precis Echam Hadley Center/Max-Planck Institute for Meteorology = UK/Germany

Site Name Elevation Region
M410 Rio Mazar-Rivera 2600 umM1i
M217 Penas Coloradas 2000 um2
M139 Gualaceo 2360 BM1
MO67 Cuenca Aeropuerto 2516 BM1
M424 Sigsig INAMHI 2600 BM2
M141 El Labrado 3260 BM2
M541 Cochapamba—Quingeo 2760 BM1

on the observed series (see Fig. 3). In casgs BFL, wet

This method solves the above mentioned problem related

days need to be added to the observed series to obtain pee the application of a relative PF to low rainfall intensities
turbed series. The intensities of these days are taken fromnd allows to determine the rainfall intensity values of the
the absolute change in rainfall intensity corresponding to ex-additional wet days.

ceedance probabilities aboyg0). For the addition of the

different wet/dry days, the wet/dry spells are firstidentified in 2 4  Rainfall-runoff model

the observed series and ranked per month according to rain-

fall volume and duration of the different spells. In the case the gownscaled future series of rainfall and evapotranspi-
new days need to be added, the first wet day will be addeqation were used for the study of the climate change im-

at the end of the highest/longer rainfall volume/duration WethaCt on river discharges based on a calibrated lumped con-

spell. A second day will be added at the end of the secon

eptual model with emphasis on the peak flows. The model

highest/long_er sp_eII and_so on.Incase that a dry day is addeghas peen implemented using the generalized lumped con-
awet day rainfall intensity will be changed to zero at the endceptya| and parsimonious model-structure identification and

of the lowest/shorter rainfall spell. In case the number of newg)ipration (VHM) approach of Willems (2000, 2014) and
wet or dry days is higher than the number of wet or dry spells,wjjiems et al. (2014). The model was previously calibrated

the addition of new days will start again in the ranked spells. 4 validated for the To Mo and Ma Sa catchments (Célleri

Hydrol. Earth Syst. Sci., 18, 631648 2014
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Fig. 2. (a) Perturbation factor of the wet day frequency,fPHb) perturbation factor of the rainfall intensity RRveraged for each month
and(c) quantile-based RFfor January in site M067 for the four selected GCM runs.
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et al., 2010), and previously applied for hydrological climate For temperature, the quantiles are considered for 100, 75, 50,

change or variability impact analysis by Taye et al. (2011),25 and 0 p.n.e. also called quartiles (M@g, Q2, Q1, Min).

Liu et al. (2011), Van Steenbergen and Willems (2012) and These impact indicators are calculated at each site for the

Taye and Willems (2013). ensemble of all GCM-RCM control and scenario run combi-
The equations of Penman—Monteith (Penman, 1948nations and for the three future scenarios A1B, A2 and B1.

Monteith, 1965) were used to estimate future evapotranspiFigure 4 shows, as an example, the impact indicators for

ration (ETp) series considering the future temperature seriegainfall change for scenario A2 at site MO67. In the results

previously described. For the calculation of gTuture se-  and discussion section, results of the ensemble models are

ries of maximum, mean and minimum air temperature wereaveraged.

applied. Future catchment rainfall and &=Were estimated

with the downscaled climate model output series at each site

and lumped at catchment scale by interpolation using the in3  Results and discussion

verse distance squared method. However, attention must be

paid to the moment of using the estimated futurey 8- This section reports on the change in the downscaled series

ries. The Penman—-Monteith equation involves other paramefor temperature and rainfall at the seven sites previously de-

ters than temperature, which were not taken into account irscribed, and the change in runoff for the To Mo and Ma Sa

this research and therefore were kept constant. Future seriegitchments.

of solar radiation, humidity and wind speed, among others,

may have an influence on the future s well. According 3.1  Spatio-temporal patterns from the observed series

to Vuille et al. (2003), humidity and convective cloud cover

tend to increase in the region. This might have an impact onThe observed series of rainfall and temperature show the

the future Ep, increasing discharge peaks and reducing thepresence of high spatial and temporal variability within the

frequency of low flows. region for both variables. Table 2 shows some properties of
temperature and rainfall at the observed sites. The spatial
2.5 Impactindicators variability in temperature is explained by its correlation to el-

evation. Sites at higher elevations present lower temperatures

In order to evaluate the impact of the different climate sce-than sites at lower elevations. The temperature gradient is
nario projections on temperature, rainfall and runoff, few ca.—0.6°C per 100 m increase in elevation. Figure 5 shows
statistics are used as impact indicators. These indicators sunthe spatio-temporal patterns in monthly averages within the
marize the changes between historical and future conditionsPaute River basin based on the sites. There is a small tem-
To evidence the influence of the downscaling technique, thgoral variability in temperature throughout the year. Warmer
indicators are first calculated based on the GCM-RCM re-months are found during DJF and colder months during JJA.
sults, considering changes between the future and the cornFhe seasonal distribution of temperature is similar at all sites,
trol period series. Subsequently, the high climate variability but with different magnitudes. The same is valid for the dis-
along the study area, for both temperature and rainfall, ardribution of quantiles.
described in function of these indicators. Finally, the impact To explain the variability in rainfall, Célleri et al. (2007)
indicators based on the GCM-RCM outputs are comparedand Mora et al. (2012) classified the basin in four rain-
against the impact indicators derived from the downscaledall regime regions according to the annual rainfall distri-
series. This comparison is for the future projections basedution (see Fig. 1). Two rainfall regimes show a bimodal
on the SRES scenario A2, as results from one RCM is alsaainfall distribution, BM1 and BM2. BML1 is highly marked
available for this scenario. Based on the analysis of the inwith two wet seasons during May-March-April (MMA)
dicators, the influence of the local site specific properties,and September-October-November (SON), and two dry sea-
the statistical downscaling technique and the interaction withsons during June-July-August (JJA) and December-January-
the changes projected by the climate model simulations id~ebruary (DJF) and with annual rainfall depths between
studied. 700 and 900 mm (Fig. 5). Region BM2 presents a less no-

The impact indicators considered in this study focus ontable bimodal annual distribution, but in similar to BM1. The
the change in annual and monthly mean values, in the freannual rainfall depth for the BM2 region is about 1000 mm.
quency of wet—dry days, and in annual and daily values afThis region corresponds to the upstream part of the Paute
different quantiles. The change in the frequency accounts théasin, having paramo soils. The bimodal annual cycle is de-
change in the number of wet days. A wet day is any dailytermined by the displacement of the intertropical conver-
rainfall depth higher than or equal to 0.5 mm. The changeggence zone (ITCZ). In addition, rainfall regimes BM1 and
at different quantiles allow identifying the dependency of BM2 are influenced by Pacific Ocean airstreams and the an-
the changes with the probability of no exceedance (p.n.e.)ticyclone from the south. The first one is a west—east direc-
For rainfall, quantiles are considered for 100, 99, 97, 95 andion current with two main rainy periods during February and
90 p.n.e. This allows the changes to be analyzed for extremed$darch and other less intense rainy periods in October and

Hydrol. Earth Syst. Sci., 18, 631648 2014 www.hydrol-earth-syst-sci.net/18/631/2014/
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Table 2. Observed mean annual temperature and rainfall, quantiles of monthly temperature, quantiles of daily rainfall depths, and number of
wet/dry days at the observed sites during the control period (1960-1990).

TemperaturedC) Quantiles

Site Year Max Q3 (o)) Q01 Min

MO067 14.9 16.8 15.5 15.0 144 111

M139 17.1 194 17.7 17.2 165 143

M141 84 104 9.2 8.6 7.9 5.7

M217 14.1 16.5 14.8 14.3 135 11.3

M410 14.0 176 147 14.2 13.3 111

M424 15.3 175 159 155 148 129

M541 13.9 15.6 14.4 14.0 135 12.0

Rainfall (mm) Frequency Quantiles

Site Year Nwet  Ndry Ratio Q100 Q99 Qg7 Qg5 0Ogo
days days Nwet/Nptal

MO067 840 2800 4505 0.4 611 265 172 12.2 7.4

M139 736 2693 4612 0.4 65.7 242 145 107 6.2

M141 1392 6296 1009 0.9 953 220 156 13.2 10.0

M217 2997 5823 1482 0.8 101.9 539 388 318 226

M410 1296 4161 3144 0.6 60.0 256 188 15.1 10.8

M424 784 2951 4354 0.4 445 20.0 134 10.2 7.1

M541 813 2969 4336 0.4 546 247 157 11.9 6.8

November. The El Nifio phenomena have a major impact olJM1 and UM2 are influenced by the Amazon airstream,
this current. The anticyclone from the south is present durwhich is a current that enters the basin from the east-west
ing the south winter (JJA) and prevents precipitation in theand is related to periods of higher rainfall between March
southern part of the basin. The more uniform annual rain-and October.
fall distribution for region BM2 is influenced by raising of
coastal moisture along western Andes slopes. 3.2 Impact indicators from the GCM-RCM series

Regions UM1 and UM2 are located in the downstream
eastern part of the basin (Fig. 1). These regions are close tdhe different impact indicators were first calculated for the
the tropical forest influence and to the easterly continentachanges resulting directly from the climate model simula-
low level jet during austral winter (JJA), (Garreaud, 2009). tions, hence without the influence of statistical downscaling.
This results in high annual rainfall depths of ca. 1300 mm for  Table 3 shows that all sites in the basin have a similar
UM1 and 3000 mm for UM2. The annual distribution shows change in mean annual temperature. This change is approx-
a single wetter season during JJA. imately +2.0°C on average for all GCM simulations. Re-

Table 1 shows that the ratio of the number of wet dayssults from individual GCM simulations may, however, differ
over the total number of days is 0.4 for sites located at BM1from that average; they range betweefi.1 and+-2.9°C.
(M067, M139), 0.6 for sites at UM1 (M410), 0.8 for sites However, note that the change is the same for sites M067
at UM2 (M217) and 0.85 for BM2 (site M141). This means and M541 and for M141 and M410 because they share the
that region BM2 has the highest number of wet days in thesame pixel for most of the GCMs. The different GCM sim-
basin, even more wet days than regions UM1 and UM2 thaulations also report similar annual average temperatures for
are influenced by the tropical forest. As annual and monthlyall sites (23C). This is opposed to the spatial temperature
magnitudes vary from site to site, variability is also high variations we reported in Sect. 3.1. Due to the coarse reso-
for extreme events. High rainfall intensities (quantileqo) lution of the GCMs, the spatial variability because induced
of about 100 mm day* are found in site M217 (UM2). For by the topographical variations is indeed not accounted for.
sites located in regions BM1 and BM®109 quantile have  This is different for the RCMs, where different pixels cover
daily intensities up to about 60 mm day The rainfall dis-  the spatial variability hence is better described by these re-
tribution shows that high intensities occur@ioo and Qgo. gional models. However, when the simulation results are
For all sites the rainfall intensity @100 is about two times  evaluated for the RCM Precis_echam model (not shown), the
than atQgg, and reduces strongly towardks. Sites M141  projected changes are approximately the saweg°C) for
and M217 have the highest extreme intensities. Regiongll sites. This change is about the same as for the Echam

GCM (+2.5°C). It shows that the changes (not the absolute
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Table 3.Impact indicators for temperature and rainfall output series of GCM-RCMs without downscaling for 2045-2065, scenario A2.

Temperature  Annual Abs. change Abs. changes quaipti&s
mean on annual
mean
Site [°C] [°C] Max 03 02 01 Min
MO067 22.5 2.0 2.0 2.0 2.0 2.0 1.6
M139 22.4 2.1 2.2 2.1 2.1 2.1 1.8
M141 22.6 2.0 2.3 2.0 2.0 2.0 1.7
M217 22.6 2.0 2.3 2.0 2.0 2.0 1.7
M410 22.5 2.0 2.3 2.0 2.0 2.0 1.7
M424 225 1.9 2.0 2.0 2.0 2.0 1.5
M541 22.5 2.0 2.0 2.0 2.0 2.0 1.6
Rainfall Annual Abs. (Relative) Frequency Abs. change in quaniites]
mean change in
annual mean
Site [mm] [mm] ([%])  Nwet Ndry Ratio Q100 Qo9 Qg7 Qg5 Qg0
days days Nwet/Niotal
MO067 2030 104 (5.4) 5210 2095 0.7 11.0 26 1.5 1.0 0.8
M139 2030 104 (5.4) 5232 2073 0.7 11.0 26 1.5 1.0 0.8
M141 2135 104 (5.0) 5649 1656 0.8 99 26 1.4 0.9 0.6
M217 2135 101 (5.0) 5649 1656 0.8 99 26 1.4 0.9 0.6
M410 2135 101 (5.0) 5650 1655 0.8 99 26 1.4 0.9 0.6
M424 2030 102 (5.4) 5232 2073 0.7 11.0 26 15 1.0 0.8
M541 2030 104 (5.4) 5232 2073 0.7 11.0 26 1.5 1.0 0.8

values) are primarily controlled by the GCM in which the average for all GCM simulations. The annual rainfall change
RCM is nested. A similar conclusion was formulated by for individual GCM simulations ranges betweer203 and
Wood et al. (2004), ho stated that a dynamical downscaling327 mm. In contrast to the case of temperature, annual rain-
step does not lead to large improvement in retrospective hyfall depth changes projected by the RCM Precis_echam dif-
drological simulation relative to the direct use of the GCM fer much from site to site (not shown). This is different from
output. However, climate dynamics are intrinsically more de-the spatially homogenous changes in the results of the Echam
tailed in RCMs and we believe that the use of RCM outputsGCM, in which the RCM is nested, about 72 mm) for all
should be considered in further research. sites. However, it is seen that the annual rainfall depths pro-
Temporal analysis of the monthly temperature (Fig. 6)jected by the RCM during the control period differ strongly
shows higher changes in the monthly temperatures for thérom the observed depths. The RCM projects increases in
colder months June-July-August (JJA) (on avera@e3°C) annual rainfall depths betweerl75 and+650 mm for sites
and lower changes for the warmer months Decemberiocated in the BM1 and BM2 rainfall regions ard 285 mm
January-February (DJF) (on averagé.9°C). The changes for region UM1. However, for site M410 located in region
for different quantiles show that most GCMs predict higher UM2, the model predicts a change 6.450 mm. More de-
changes at higher temperatures. For the highest temperatutails about the performance of GCMs compared with ob-
monthly quantiles the changes are abe@t°C, whereas for  served series for this study area can be found in Mora et
the lowest monthly quantiles the temperature changes aral. (2012).
about+1.6°C in all sites. The temporal distribution of tem-  The change in monthly rainfall depths is similar for all
perature is similar for all sites, not only for the temporal sites. The GCMs project nearly no change (€& mm) dur-
changes but also for the absolutes temperature magnitudesg JJA and negative changes (ea45 mm) for SON at all
This again differs from the observed series, where highersites. The change in the frequency of events shows for all
spatial differences are noted (see Sect. 3.1). sites an increase in the number of wet days. This increase is
Results for rainfall change (Table 3 and Fig. 6) are simi- similar for all sites. The ratio of the number of wet days over
lar to those for temperature. The high rainfall variability is the total number of days is about 0.7. The RCM presents
not described by the GCMs. The control and scenario serieslifferent ratios depending on the site, although these val-
give similar annual rainfall depths for all sites. These resultinues again differ from the observed ones. Sites located in the
a homogeneous annual rainfall change of about 102 mm orastern region (M424, M410, M217, M139) are projected
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Fig. 6. Temperature and rainfall properties obtained from the average of ensemble GCM-RCM simulations (204%2a658)hly average

temperature distributior{p) monthly temperature for different quantilés) monthly rainfall depth distribution(d) daily rainfall depth for
different quantiles.

with a higher increase in the number of wet days (ratiotechnique. These local observations are expected to intrin-
~0.9), independent of the rainfall regime region. In con- sically reflect the effect of local, mainly topography driven,
trast, sites located in the western part of the basin (M067small-scale conditions.

M141, M541) have a lower increase in the number of wet

days (ratio~ 0.55). Changes in extreme daily rainfall quan- 3.3 Impact indicators from the downscaled series

tiles are spatially homogeneous for most GCM simulations

with relatively low changes (about10mmday™). No sig-  The same impact indicators but applied to the downscaled

nificant changes are projected at the 99 % quantile (abougpserved versus the observed series are shown in Tables 4
+2.5mmday?). The spatial pattern of changes in quan- gnd 5 and Fig. 7.

tiles again differs from the pattern of the observed quantiles. gjmilar to the changes obtained directly from the climate
There is no need to have both patterns the same, becau%de|S, the Changes in downscaled mean annual tempera_
changes are controlled by large-scale circulation whereas aliyre show a spatially uniform value of abowt2.0°C on
solute rainfall values are more affected by local (topograph-ayerage for all sites. The individual GCM simulations give
ical) conditions. However, also the absolute rainfall resultschanges that range betweef.4 and+2.9°C. Also based
differ much from the observed values, and some changes argn the RCM model results, no strong spatial variation in
inconsistent with the observations. The RCM-based changghese changes is found. Moreover, the temporal variations
in annual rainfall depth of-1450mm at site M410 is for  jn mean monthly temperature changes after statistical down-
instance higher than the observed annual rainfall depth o&caling are similar to those obtained from the climate model
1300 mm at that site. That climate models are less reliabIQ)utputs_ They show higher changes of abe@t3°C during

in the simulation of precipitation than temperature has beeng|der months (3JA), and lower changes of abeat9°C
reported by many researchers (Parry et al., 2007; Buytaetfor DJF. The monthly temperature quantile distribution, how-
et al., 2010). This does, however, not mean that the cli-eyer, differs from site to site. This is in contrast to the tem-
mate model results for precipitation cannot be trusted. Theyerature quantile distributions projected by the climate mod-
change signal from both, GCM and RCM simulations, areg|s, |n addition, the monthly quantile distributions of down-
mainly greenhouse gas scenario driven. Transferring this sigscaled temperature are close to those derived from the ob-
nal to the local-scale changes is one of the aims of statisticaderved series, whereas the climate model outputs show a less
downscaling. Converting the coarse spatial-scale precipitayniform temperature distribution. It is expected that this is
tion from GCM-RCMs to the local scale by making use of gue to the influence of the topographical variations on the lo-
local observations is proposed with the present downscalinga| temperature dynamics. Because this influence is reflected
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Table 4.Impact indicators for temperature and rainfall downscaled output series for 2045-2065, scenario A2.

Temperature  Annual Abs. changes Abs. changes quafftitds

mean in annual

mean

Site [°C] [°C] Max 03 02 01 Min
M067 17.0 2.0 2.1 2.1 2.1 2.1 2.2
M139 19.2 21 2.0 2.1 2.0 21 2.0
M141 10.5 2.1 2.1 2.0 2.0 2.0 2.1
M217 16.2 2.0 1.9 2.0 2.0 2.1 2.0
M410 16.1 2.0 1.9 2.0 1.9 2.2 2.0
M424 17.4 2.0 2.0 2.0 2.0 2.0 1.8
M541 16.0 2.0 2.1 2.1 2.0 2.0 1.9
Rainfall Annual Abs. (Relative) Frequency Abs. change in quaniites]

mean changes in
annual mean

Site [mm] [mm] ([%]) Nwet  Ndry Ratio 0100 Qo9 Qo7 Qo5 Qg0
days days Nwet/Niotal

MO067 967 127 (15.1) 2518 4787 0.3 48.1 54 2.4 2.0 0.7
M139 841 105 (14.3) 2448 4857 0.3 25.9 2.7 1.6 1.2 0.7
M141 1497 105 (7.5) 5747 1558 0.8 35.9 3.1 2.0 1.4 0.7
M217 3292 295 (9.8) 5444 1861 0.7 62.2 9.5 5.9 4.7 2.8
M410 1381 84 (6.5) 3779 3526 0.5 27.7 3.4 2.1 1.7 0.9
M424 903 120 (15.3) 2688 4617 0.4 30.9 4.6 2.3 1.8 0.7
M541 902 79 (9.8) 2664 4641 0.4 25.2 2.9 1.6 1.1 0.7

www.hydrol-earth-syst-sci.net/18/631/2014/ Hydrol. Earth Syst. Sci., 18, 63348 2014



642 D. E. Mora et al.: Climate changes of hydrometeorological and hydrological extremes in the Paute basin

Table 5.Impact indicators for temperature and rainfall downscaled output series for 2045-2065, scenarios A1B and B1.

Temperature  Annual Abs. changes Abs. changes quafftids
mean in annual
mean

Sc. Site [°C] [°C] Max 03 o)) Q1 Min
Al1B MO067 16.9 2.0 2.2 21 20 20 21
Al1B M139 19.1 2.0 2.0 21 20 20 19
AlB M141 105 2.0 2.1 2.0 2.0 1.9 2.1
Al1B M217 16.1 2.0 2.0 20 20 20 19
Al1B M410 16.1 2.0 2.0 2.0 19 21 1.9
AlB M424 17.4 2.0 2.0 21 20 20 1.9
Al1B M541 15.9 2.0 2.2 21 20 20 19
B1 M067 15.6 0.7 1.8 07 06 06 038
B1 M139 17.5 0.4 0.4 05 04 04 03
B1 M141 8.9 0.5 0.6 04 04 04 06
B1 M217 14.6 0.5 0.4 04 05 05 06
B1 M410 145 0.5 0.4 04 04 06 04
B1 M424 15.8 0.5 0.5 05 04 05 04
B1 M541 14.3 0.4 0.5 04 04 04 04

Rainfall Annual Abs. (Relative) Abs. change in quantilesn]

mean changes in
annual mean

Sc. Site  [mm] [mm] ([%]) Q100 Qg9 Qo7 Qo5 Qg0

AlB MO067 923 82 (9.8) 30.3 2.5 1.1 1.1 0.6
AlB M139 817 81 (11.0) 19.9 2.4 1.2 0.9 0.6
AlB M141 1498 106 (7.6) 22.0 2.9 2.1 1.4 0.8
AlB M217 3249 252 (8.4) 50.2 10.9 5.4 3.8 2.3
AlB M410 1415 119 (9.2) 192 40 22 18 10
AlB M424 874 91 (11.6) 27.4 3.8 1.9 1.5 0.6
AlB M541 891 78 (9.6) 18.4 2.2 1.5 1.0 0.6
Bl M067 921 81 (9.6) 27.9 2.6 1.3 1.5 0.7
Bl  M139 796 61 (7.6) 186 14 08 06 05
Bl M141 1463 71(4.9) 17.5 1.7 1.2 0.8 0.4
Bl M217 3245 248 (7.6) 53.5 11.0 6.6 4.4 2.3
B1 M410 1370 73 (5.4) 150 19 12 13 06
Bl M424 847 64 (7.5) 22.2 1.9 1.3 1.3 0.6
Bl M541 870 57 (6.6) 19.5 1.4 1.0 0.6 0.5

in the observed series, it is also transferred to the statistiincrease compared to the other scenarig®.$°C). This will

cally downscaled series, as opposed to the non-downscaldtave an effect on the runoff changes, as discussed in the
series. However, the change in temperature quantiles is agaimext section. Changes in the temperature quantile distribu-
approximately the same-2.0°C) for all sites. Thisis due to  tions are similar (ca+2.0°C for scenarios A1B and A2, and
the fact that the changes in temperature are mainly controlleda. +0.5°C for scenario B1). All scenarios project higher
by the changes in the large-scale circulation (GCM outputs)changes for colder months and lower changes for warmer
as discussed before in Sect. 3.2. months.

When the downscaled series of temperature are com- For rainfall, the effect of the statistical downscaling is
pared among the different scenarios, no significant differ-more evident than for temperature. The projected annual
ences are found between scenario A1B and A2 and annuahinfall depths differ from site to site. In addition the changes
average temperature changes remain approximately constaate less homogenous as was the case for the direct results
(+2.0°C) for the different sites. However, annual average of the climate models. For instance, sites M541 and M217
temperature changes projected for scenario B1 indicate a loyroject positive changes in annual rainfall depths-@® and
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Table 6. Absolute (relative) change in annual runoff quantiles for the To Mo and Ma Sa catchments, all scenarios.

Change in runoff deptimm d=1] ([%])

Scenario  Site Min Q1 Average 03 Max

Al1B ToMo —0.05(-38) -0.01(-0.4) 0.12(7.7) 0.19(9.4) 3.19 (45)
A2 ToMo —0.07(50) -0.02(2.2) 0.17(10.5) 0.27(13.7) 4.84(68)
B1 ToMo —0.05(-34) 0.01(1.2) 0.13(8.6) 0.21(10.6) 2.89 (41)
AlB MaSa —0.12(-39) 0.07(3.7) 0.34(11.9) 0.50(14.3) 4.23(34)
A2 MaSa —0.16 (-51) 0.03(1.3) 0.34(12.0) 0.53(15.2) 5.33(43)
B1 MaSa -0.13(41) 0.03(1.4) 0.21(7.4) 0.31(8.8) 2.91(24)

4295 mm, respectively. In contrast to the climate modelin the number of wet events and the higher increase in annual
outputs, the downscaled rainfall series show heterogeneouasnd monthly rainfall depths versus the other scenarios.
changes in monthly rainfall depths, following the patterns The changes in quantiles indicate that the more extreme
found at observed series (Sect. 3.1). The spatio-temporal pagvents are affected by higher rainfall increases. Sites M217,
terns of the rainfall changes follow the bimodal or unimodal M424 and M067 show the highestincreases in the rainfall ex-
distributions, with higher changes are projected for wettertremes for all scenarios. Also site M141 presents high rainfall
months and lower changes (decreasing depths in some casasjensity changes but only for scenario A2. This scenario A2
for drier months. The frequencies of wet/dry days differ from shows for all sites the highest changes in rainfall extremes in
those projected by the climate model outputs. The ratio of thecomparison with the other scenarios.

number of wet days over the total number of days is 0.35 at

sites M067, M139 (BM].), 0.5 at site M410 (UM].), 0.75 at 3.4 |mpacts on runoff

site M217 (UM2) and 0.8 at site M141 (BM2). This is similar

to the.freq.uerycie_s obtaingd from the observed series. Also th%hanges in runoff discharges are analyzed based on the
quantile distributions derived from the downscaled series arg,gme types of impact indicators than for rainfall and tem-

closer to the quantile distributions derived from the Observedperature. First, the conversion of discharges in runoff depth
series. This is the result of the intrinsic climate bias involved,; 55 made. When annual averaged runoff is analyzed, Ma Sa
in the selected QPA statistical downscaling method. Whengp,q\ws a higher increase (c&0.30 mm day) than To Mo
rainfall changes are analyzed, extreme quantile changes aRa. +-0.14 mmday?). These absolute changes correspond
also different than those projected by the climate model outy, (e|ative changes of ca. 8 % for To Mo and ca. 10 % for Ma
puts. Higher changes are projected at higher intensities. Thg, (see Fig. 9). When runoff is analyzed at different quan-
100 % quantiles project the highest changes. These changgss, high daily runoff extremes indicates that for the To Mo
vary in magnitude depending on the location (H62mm  catchment increases are aber8.6 mmday? and for Ma

for site M217 and+-25 mm for site M541). The 99% quan- g3 aphout-4.2 mm dayL. Low quantile daily runoff is about
tiles, in contrast to those obtained from the direct output of _q g and—0.15mmday? for the To Mo and Ma Sa re-

GCM/RCMs, still show significant changes. _ spectively. These suggest that higher changes are projected
The rainfall increase depends on the scenario and the sitgq, the Ma Sa catchment. However, relative changes in high

The highest absolute increase is projected for site M217,,antile indicate higher changes for the To Mo catchment,
(ca. +250 mm) for all scenarios, whereas site M541 showsiy, 4 is, 68 % for To Mo and 43 % for Ma Sa for scenario A2

the lowest increase<{+80 mm) for all scenarios. The tem- (see Table 6). This difference might be due to the lower

poral pattern of changes in the different scenarios is similary ,noff in the To Mo catchment compared with to the Ma Sa
_There is a higher rainfal_l increase for wet periods and alower.aichment. When interpreting these impact results on runoff,
increase for the dry periods. However, when relative changeg is worth mentioning that the runoff results have higher un-
in rainfall are analyzed, higher changes occur in sites '0cate@ertainty for the To Mo catchment.

in the middle part of the basin, that is, sites M067, '\5139 The changes in runoff are obviously related to the changes
and M424 with relative changes of ca. 10, 15 and 8% forin raintall and temperature. The increase in high runoff

scenarios A1B, A2 and B1, respectively (see Fig. 8). Wheng,remes is mainly controlled by the increase in rainfall
the frequency of wet/dry days is compared to those obtainehyremes. Consequently, as for rainfall, higher changes in
from the observed series, a reduction in the number of Wefnoff are observed for extremes (higher quantiles). In con-
days is found for all sites and for all scenarios. The projectedy 5t the negative changes in low runoff events are due to the
increase in annual and monthly rainfall depths thus is dugncrease in temperature and to the low increase in rainfall for
to mcre_asmg_ralnfall intensities for the remaining wet day_s'some scenarios. Higher changes in temperature are presumed
Scenario A2 is the scenario that shows the higher reduction, produce higher evapotranspiration causing a decrease in
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Fig. 8. Map of average change for annual temperature and annual rainfall depth (2045-2065, all scenarios).

low runoff flows. In addition, the reduction in the number of effect of low changes in temperature is not reflected in the
wet days contributes to the decrease in runoff. This is showrrunoff. This might be explained by the more uniform rainfall
for the low runoff flows in the To Mo catchment for sce- distribution in that catchment due to which changes in runoff
nario A1B, in which daily runoff below quartil®s; shows  are also more uniformly distributed.

lesser increase despite the fact that the rainfall increase is

lower for scenario B1. However, in catchment Ma Sa, the
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Fig. 9. Projected changes in daily runoff for To Mo and Ma Sa catchments (2045-285&hd(c) relative changes in runoff quantiles (all
scenarios)(b) and(d) extreme runoff vs. return period (scenario A1B).

4 Conclusions transferred to the downscaled series with the advanced QPA
downscaling technique. This, however, requires good quality
This study brings new knowledge about the impact of cli- observed data with a temporal resolution that is sufficient to
mate change in the tropical Andean basin of the Paute Riverderive the local patterns which might influence the results.
which is strongly related to the high heterogeneity of the re-|n this study, this was the monthly resolution for temperature
gion. This knowledge might be useful to determine the cli- and the daily resolution for rainfall.
mate change impacts on water resources. As other statistical downscaling techniques, the present
Within the analysis of the GCM-RCM outputs, the RCM- methodology has some limitations. First, the method does
based temperature changes are mainly driven by the largeaccount for (and transfer) the local properties that control the
scale circulation models in which the RCM is nested. Thisspatial variability in the meteorological variables from the
is different for the RCM projected rainfall changes, which observed series, but future changes in these properties are
show that topographical or other local dynamics control thenot taken into account. As explained before, we (and several
climate projections. However, rainfall patterns are not simi- other authors) expect that the properties (such as local to-
lar to those identified in the observed series and inconsistenography) are not subject to future changes. This, however,
changes are projected. This brings some discussion on theeeds further investigation (e.g. based on high resolution
accuracy of RCM outputs and its direct use, although we beRCMs). Second, although the method applied for address-
lieve that the inclusion of RCM outputs should be considereding the wet/dry day changes is systematic, it still is a rather
for statistical downscaling together with the GCM outputs. crude method based on assumptions regarding the clustering
RCMs indeed intrinsically involve climate dynamics acting of wet spells, which needs further investigation.
at spatial scales smaller than the coarse GCM resolution. Nevertheless, the proposed downscaling technique is con-

The comparison between climate model outputs andsidered to be a potential option to assess local climate
downscaled series for scenario A2 shows that the local variimpacts. Cloke et al. (2013) also encourage the use of
ation in temperature and rainfall are properly identified and
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statistical downscaling techniques above the direct use ofunoff flows are linked to the increase in temperature to-
RCMs. However, these techniques must be used togethagether with the reduction in the number of wet days. How-
with multiple evidence streams considering grand ensemblesver, this conclusion should be taken with care, as climate
of GCM/RCM. In addition, other downscaling techniques change might influence other hydrological catchment char-
can be compared with the proposed technique. In this wayacteristics that were not taken into account in this study. This
this sensitivity of the downscaled impact results to the as-is the case for parameters involved in the estimation of evap-
sumptions underlying statistical downscaling can be testedotranspiration. In this research, future variables of solar radi-
One interesting analysis would be the comparison betweemtion, humidity and wind speed were kept constant, overes-
statistical downscaling methods that make direct use of thdimating the ET values. Other hydrological parameters not
rainfall results of climate models and statistical downscalingtaken into account are the ones related to the soil proper-
techniques that take advantage of observed relationships béies of the paramo tropical alpine region, which involves a
tween rainfall and large-scale circulation. high water retention capacity that is highly dependent on cold
From the downscaled results it was learned that thetemperatures (Buytaert et al., 2011).
changes in annual averaged temperature are homogeneousThe climate change found in this study for temperature,
for almost the entire region with an increase of aboutrainfall and runoff might bring consequences to the hy-
+2.0°C. Despite the fact that the temperature variability be-drological processes and related water management needs;
tween sites was properly identified and transferred by thehence, this will need further investigation as well.
downscaling technique, no difference in the changes was
found related to the spatial scale. However, this homogeneity
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