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Floods pose a threat to society that can cause large socio-economic damages and loss of life
in many parts of the world. Flood-forecasting models are required to provide simulations at
temporal resolutions higher than a day in basins with concentration times smaller than 24
h. However, data at such resolutions are commonly limited or not available, especially in
developing or low-income countries. This thesis covers issues related to the scarcity and lack
of high temporal-resolution hydro-meteorological data and explores methods where the value
of existing data is maximised to improve flood prediction.

By varying the starting time of daily records (the day definition), it was shown that this
definition had large implications on model calibration and runoff simulation and therefore,
should be considered in regionalisation and flood-forecasting applications. A method was
developed to treat empirically model-parameter dependencies on the temporal resolution of data.
Model parameters seemed to become independent of the temporal resolution of data when the
modelling time-step was sufficiently small. Thus, if sub-daily forcing data can be secured, flood
forecasting in basins with sub-daily concentration times may be possible using model-parameter
values calibrated from time series of daily data. A new calibration method using only a few
event hydrographs could improve flood prediction compared to a scenario with no discharge
data. Two event hydrographs may be sufficient for calibration, but accuracy and reduction in
uncertainty may improve if data on more events can be acquired. Using flood events above
a threshold with a high frequency of occurrence for calibration may be as useful for flood
prediction as using only extreme events with a low frequency of occurrence. The accuracy of
the rainfall forecasts strongly influenced the predictive performance of a flood model calibrated
with limited discharge data. Between volume and duration errors of the rainfall forecast, the
former had the larger impact on model performance.

The methods previously described proved to be useful for predicting floods and are expected
to support flood-risk assessment and decision making during the occurrence of floods in data-
scarce regions. Further studies using more models and basins are required to test the generality
of these results.
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Oversvimningar ir ett samhillshot och ibland en naturkatastrof med forluster av minniskoliv
och omfattande materiella skador pa ménga stillen i virlden. Oversvimningsprognoser kriver
modellsimuleringar av hoga floden med hogre tidsupplosning dn dygn i avrinningsomraden dir
svarstiden understiger 24 h. Data med sadan tidsupplosning dr ofta begrénsade eller obefintliga,
i synnerhet i ldginkomstldnder. Denna avhandling behandlar problem relaterade till brist eller
avsaknad av hydrometeorologiska data med hog tidsupplésning och undersdker metoder for att
maximera vérdet av befintliga data for 6versvdmningsprognoser.

Genom att variera starttiden pa dygnsdata (dygnsdefinitionen), visades att definitionen hade
stor inverkan pa modellkalibrering och avrinningssimulering, och dédrigenom péverkade reg-
ionaliserings- och dversvamningsberidkningar. En metod utvecklades for att empiriskt hantera
modellparametrars beroende av indatas tidsupplosning. Modellparametrarna verkade vara obe-
roende av indatas tidsupplosning nir modellens berdkningstidssteg var tillrdckligt litet. S& om
drivdata med inomdygnsupplosning kan sdkerstéllas, dr det mojligt att forutsdga dversvam-
ningar i omraden med smé svarstider p&4 grundval av modellparametrar som kalibrerats mot
tidsserier av dygnsdata. En ny kalibreringsmetod baserad pa endast ett fatal stora flodestoppar
kunde forbéttra dversvamningsprognoser jamfort med en situation dir flodesdata helt saknades.
Tva flodestoppar kan réicka for kalibrering men noggrannheten forbéttras och osékerheten mins-
kar om fler toppar finns tillgdngliga. Anvéndning av flodestoppar dver ett troskelvirde som ofta
overskrids kan vara lika anvéndbart for kalibrering som anvindning av extrema, séllan fore-
kommande hogfloden. Precisionen av nederbordsprognoserna paverkade starkt den prediktiva
formagan hos en modell for hoga floden kalibrerad med en begransad mingd vattenforingsdata.
I jamforelse mellan felen i volym och varaktighet pa regnprognosen, s& hade den forra storre
inverkan pa modellens resultat.

De beskrivna metoderna var anvindbara for hogflodesprognoser och kan foérvéntas under-
stodja bedomningen av Gversvimningsrisker och hanteringen av dversvdmningar i omraden
med begrinsade data. Allméngiltigheten av resultaten behdver provas med andra modeller och
for andra avrinningsomréden.

Nyckelord: databrist, flodestoppsbaserad kalibrering, hogflode, informationsvérde, klimatolo-
giskt dygn, nederbords-avrinningsmodell, modelltidssteg, regionalisering, regnprognos, tids-
upplosning, vattenforingsdygn, dversvimning.
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Resumen

Reynolds Puga, J. E. 2019. Prondsticos de inundaciones en cuencas hidrogréficas con escasez de
datos. Maximizando el valor de datos hidro-meteoroldgicos limitados. Digital Comprehensive
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Las inundaciones son una amenaza para la sociedad que pueden causar grandes dafios socio-
econdmicos y pérdida de vidas humanas en muchos lugares del mundo. En cuencas con tiempo
de concentracion inferior a 24 h se necesitan modelos que pronostiquen inundaciones con una
resolucion temporal superior al dia. Datos hidro-meteorologicos a esas resoluciones suelen no
estar disponibles o no existen, especialmente en paises en desarrollo. Esta tesis cubre temas
relacionados con la escasez de datos de alta resolucion temporal y explora distintos métodos en
los que el valor de los datos existentes se maximiza para mejorar la prediccion de inundaciones.

Al variar la hora de inicio del dia en las observaciones se demostrd que la definicion del dia
tuvo un gran impacto en la calibracion del modelo y en las simulaciones de caudal, lo cual
puede tener un efecto en la regionalizacion de parametros hidrolégicos. Se desarrollé un método
para gestionar empiricamente la dependencia de los parametros con respecto a la resolucion
temporal de los datos. Los valores de los parametros se volvieron independientes de la
resolucion temporal de los datos cuando el intervalo de tiempo del modelo fue configurado en
pasos suficientemente pequefios. Como resultado, si se pudiesen obtener datos de entrada en
resoluciones temporales sub-diarias, seria posible hacer pronésticos de inundacion en cuencas
con tiempo de concentracion menor a un dia utilizando parametros calibrados con series de
tiempo de datos diarios. Se desarrolld un método de calibraciéon basado en unos cuantos
hidrogramas de crecidas para hacer prondsticos de inundaciones mas robustos en comparacion
con el escenario de no tener ninguna observacion. Dos hidrogramas de crecidas mostraron ser
suficientes para calibrar el modelo, pero las predicciones podrian ser mas precisas y con menos
incertidumbre si se pudiese disponer de datos de un mayor numero de eventos. El uso de
crecidas por encima de un umbral con una alta probabilidad de ocurrencia resulto ser igual de
util para la calibracion del modelo que el uso de eventos mas extremos, que ocurren con menor
frecuencia. La precision de los prondsticos de lluvia impact6 altamente el rendimiento de un
modelo de inundacion previamente calibrado contra un nimero limitado de crecidas. Entre los
errores de volumen y duracion en los prondsticos de lluvia, el primero tuvo el mayor impacto
en los resultados del modelo.

Los métodos descritos en esta tesis demostraron ser utiles para predecir inundaciones y se
espera que contribuyan a una mejor evaluacion del riesgo de inundaciones en regiones con
escasez de datos. Se requieren estudios adicionales que utilicen mas modelos y cuencas para
probar la generalidad de estos resultados.

Palabras claves: inundaciones, falta de datos, valor de informacion, modelos lluvia escorrentia,
regionalizacion, pronosticos de lluvia, definicion del dia, resolucion temporal, paso de tiempo.
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Introduction

“What is not started will never get finished”
—Johann Wolfgang von Goethe

Floods can cause detrimental consequences on society, economy and environ-
ment in many parts of the world. On average, about 21 million people world-
wide are affected by river floods each year (Luo et al., 2015). The effects of
floods are notably severe in developing or low-income countries because of
their vulnerability to the occurrence of these phenomena.

Central America is one of the regions in the world most exposed and vulnera-
ble to climatological risks (Dilley et al., 2005; Mucke et al., 2017; UNESCO,
2012). Floods caused by the occurrence of extreme rainfall are the natural dis-
asters that most often occur and that have affected more the Central American
region (Marengo ef al., 2014, UNESCO, 2012). The occurrence of large-scale
events in Central America usually causes large amounts of economic and hu-
man life losses (e.g., when Hurricane Mitch hit the region back in 1998, close
to 11,000 people died because of flooding, about 2.7 million lost their homes
and flood damages were estimated to be over 6 billion USD) (Lott ef al.,
1999). Moreover, the region is impacted every year by small-medium scale
flood events, that together cause more damage than large-scale events
(UNESCO, 2012).

During the last 60 years, climate trends in Central America have not shown a
significant increase in total amount of rainfall, but the number of events with
high rainfall intensities have increased (Marengo et al., 2014). This has re-
sulted in the occurrence of more floods and an increase of flood economic
losses, and this trend is expected to continue (WMO, 2011). Although the
latter has raised awareness on society to be better prepared for the occurrence
of these phenomena, socio-economic development (i.e., population growth,
urbanisation, expansion on floodplain areas), limited quantity and quality of
observational hydro-meteorological data (Reynolds, 2012; Westerberg et al.,
2010), economic constraints, or passive participation of local authorities in
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flood-forecasting systems have left the region lacking of resilience, anticipa-
tion and adaptive capacities to cope with these extreme events and therefore,
making the region more vulnerable to the phenomena (Marengo et al., 2014,
UNESCO, 2012).

Lack of hydro-meteorological data for model calibration has always been an
issue for predicting floods in ungauged basins. In Central America, as in many
other regions, where floods occur frequently and basins are small-medium
sized (~100—1000 km?) with concentration times smaller than 24 h, there is a
demand for flood-forecast models at sub-daily temporal resolutions. Any ap-
plication of those models relies on the availability of long-time series of sub-
daily observational data, which are commonly rare. Modelling with data at the
temporal resolution needed is not always an option, which leaves hydrologists
with no other option than to make use of the best data available, if any, to
improve the understanding and representation of hydrological processes of
such complex hydrological systems. In addition, the lack of quality of the data
available in Central America has been one of the main reasons for the limited
number of studies or publications made in the region, which has made it more
complicated for researchers or practitioners to come up with conclusive state-
ments that could help in good planning (Fuentes-Andino, 2017, Marengo et
al., 2014, Quesada-Montano, 2017, Reynolds, 2012).

Reliable and accurate prediction of floods in data-scarce basins using hydro-
logical models is a challenging task. Commonly, their parameters cannot be
directly estimated from measurements or basin characteristics and, thus, some
calibration is needed to reduce errors in predictions. Data needs in hydrologi-
cal models are scale dependent (e.g., the higher the temporal and spatial reso-
lutions of the predictions needed, the higher are the data requirements)
(McGlynn et al., 2013). As technology, modelling has grown and large data
sets over large spatial scales have become available for hydrological applica-
tions (e.g., remote sensing), whereas the number of conventional stations has
declined in recent years (Stokstad, 1999). This happened even though the
value of hydrological data, in terms of benefits, is considered higher than the
cost of collecting them (Cordery & Cloke, 1992). If limited observational data
are or become available in data-scarce basins, then exploring methods to as-
sess how valuable such data could be for meaningful predictions of floods
becomes relevant. Ultimately, the available data and developed methods
should allow effective responses based on reliable flood-risk predictions.

Another problem that arises when predicting floods in fast-response basins is
that peak discharges tend to occur as a result of a localised rainfall event and
times to peak may be too short for raising adequate warnings based on real-
time rainfall observations (Ferraris ef al., 2002). In these conditions, the only
option is to raise warnings of potential flooding based on rainfall forecasts.
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Although new technologies and methods have emerged for improving the ac-
curacy of rainfall forecasts, rainfall forecasts are still the main source of un-
certainty in flood forecasting, which limits the usability of hydrological mod-
els in real-time applications (Kobold, 2007). Given the current-state-of-art on
the accuracy of rainfall forecasts, only flood warnings are feasible and further
studies in such area are needed to improve their prediction skills.

This thesis covers issues related to the scarcity and lack of high temporal-
resolution hydro-meteorological data and explores methods where the value
of existing data is maximised to improve flood prediction. The present study
is mainly focused in the Central American region and includes four studies,
which were carried out at the local scale.

Aim of this thesis

The overall goal of this thesis was to enhance water resources and flood man-
agement in data-scarce basins with sub-daily responses by maximising the
value of limited hydro-meteorological data.

In more details, the aims of the thesis were divided into two main parts:
a. Improving the understanding of the effects of data-related uncertain-
ties on hydrological models (Papers I, II and IV).
b. Developing methods to improve the robustness of runoff- and flood-
model calibration using limited hydro-meteorological data (Papers
IL, IIT and 1V).
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Background

Flood concepts

Floods are defined as a rising of a body of water that covers an area of land
that is normally dry. In general, there are three major flood types: river flood-
ing, coastal flooding and urban flooding (Maskey, 2004). This thesis is limited
to river flooding, which is characterised by rapid or slow rises of water above
their bank levels and subsequently inundating the land around it.

The time it takes for floods to build up varies from site to site. In relation to
the latter, floods in snow-free basins can be classified as flash floods, short-
rainfall floods and long-rainfall floods (Maskey, 2004; Sikorska et al., 2015).
Flash floods are common in mountainous areas during the rainy season and
are characterised by a rapid and massive increase of water volume, often com-
bined with debris flow. They are often caused by rains of short durations (less
than half a day) and with intensities that exceed the infiltration capacity of
soils. Flash floods occur quickly and build up within a few hours after the
occurrence of rainfall, leaving communities with little time to respond and
imposing a major challenge to hydrologists to alert for the occurrence of these
events (Maskey, 2004, WMO, 2011). Short-rainfall floods are caused by rains
with high intensities that last a maximum of one day. Long-rainfall floods are
characterised by slow water level rise and by gradual inundation of floodplain.
The latter type is generally caused by continuous (lasting several days) and
low intensity rainfall events that eventually fill soil-storage capacity (Sikorska
etal.,2015).

Flood risk planning and management

Floodplain areas of many rivers worldwide have been considerably modified
because of many global issues (e.g., population and economic growth, degra-
dation of ecosystem services). Usual impacts of urban developments include
the reduction of the response time of basins and the increase of water volume
and peak runoff (Rosbjerg et al., 2013). This together with climate variability
and climate change have increased flood risks. The World Meteorological Or-
ganization (WMO) defines risk as the probability of detrimental consequences
to human lives, environment, loss of life, property and resources caused by
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interactions between natural or human hazards and vulnerable conditions
(WMO, 2011). The characterisation of flood risks deals with many sources of
uncertainty, of which socio-economic issues are expected to be the largest one
in the future (WMO, 2011).

Adequate warnings allow people to protect themselves and their property from
the harmful effects of floods. Flood risk management systems (FRMS)
emerged as a response to the increase of floods and to satisfy community-
safety and property-protection expectations (WMO, 2011). These systems are
based on the execution of systematic actions in a cycle of preparedness, re-
sponse, recovery and mitigation (WMO, 2011). Flood risk identification, risk
analysis, risk assessment and risk reduction through appropriate policies and
practices are developed within flood risk management systems as a combined
effort between decision makers and experts (Schanze et al., 2006).

The implementation of any flood risk plan requires knowledge of water levels
or flood peaks. Two types of flood predictions are required. One is the predic-
tion of floods in terms of magnitude and timing at a particular location, to-
gether with its inundation extent during its occurrence (i.e., flood water level).
This type of prediction is often required in short-term flood preparedness sys-
tems to raise timely flood warnings. The second one is the prediction of a high
water level or peak discharge likely to occur in the future (i.e., improving
knowledge of the frequency of occurrence of floods of different magnitudes)
(Beven, 2001, Rosbjerg et al., 2013).

In the design and planning processes of flood risk management plans, deci-
sions are made on a level of uncertainty and some risk of failure is accepted
(i.e., balance between cost and losses because of budget limitations) (WMO,
2011). Additionally, flood protection measures are typically designed to deal
with certain flooding limits. However, the capacity of these protections may
be exceeded for the most extreme events (Beven, 2001). Since these measures
cannot protect society completely from flooding, flood forecasting becomes
an essential part of flood management (WMO, 2011). The role of flood fore-
casting is different for each case, and it would be expected that the temporal
and spatial resolutions of meteorological and hydrological forecasts fit the
conditions of the place of interest.

Modelling techniques for flood prediction

One issue that arises in predicting floods is when the natural time delay in a
basin is not sufficiently long to assure enough lead time for responses to be
put in place (Beven, 2009, WMO, 2011). Sufficient lead time is location spe-
cific, varies from minutes to hours or days and depends on the basin’s size,
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river length, river-bed slope and location within a region or country
(Romanowicz et al., 2006; WMO, 2011). The magnitude of flood peaks is
relative to the interplay between rainfall durations and the mean response time
of the basin (Rosbjerg et al., 2013). The largest floods are often triggered by
storms with durations equal or longer than the basin’s response time. Usually,
small basins have short concentration times, whereas large basins have long
concentration times. Because of the latter, flood forecasting modelling in
small basins is primarily made using rainfall-runoff models, together with ra-
dar rainfall, telemetering rainfall data or rainfall forecasts, whereas in large
basins, this usually involves rainfall-runoff and hydraulic models. This thesis
is limited to flood predictions using rainfall-runoff models in small basins with
sub-daily responses.

Three types of models are usually referred in the literature regarding their
mathematical representation of hydrological processes: physical, empirical
and conceptual models (Xu, 2002). Physically-based models represent hydro-
logical processes more realistically based on laws of continuity, energy and
momentum. Empirical models have little physical significance and are gener-
ally developed using input and output data taken simultaneously. Conceptual
models are based on physical laws but in a highly simplified way (Xu, 2002).
Spatial variability of the parameters depends on how the model is spatially
setup: lumped, semi-distributed or distributed.

The choice of the model structure depends on many factors: modelling pur-
pose (e.g., requirements of stakeholders), the degree of model complexity in
relation to the data available, resource constraints and modeller’s experience
(Parajka et al., 2013, WMO, 2011). Complex models, such as those physi-
cally-based and distributed, usually require large amounts of hydro-meteoro-
logical data, which are commonly not available in data-scarce conditions. Fur-
thermore, the use of only runoff data for calibration of distributed models
could be highly misleading for identifying model parameters (Bloschl et al.,
2008). In principle, parameters in physically-based models should be measur-
able. However, this may not be possible because of heterogeneity of the basin
characteristics and processes complexity. Complex models usually have a
large number of parameters to calibrate which could lead to calibration prob-
lems (e.g., overparameterisation, long simulation periods, especially at short
temporal resolutions) (Beven, 2001). On the other hand, simple models (e.g.,
lumped and conceptual) often require little input data, have a considerably
lower number of parameters, lower computational demands and have shown
to provide as good modelling results for predicting discharge as more complex
models (Beven, 2001; Bormann et al., 2009; Franchini & Pacciani, 1991). Ad-
ditionally, it is very unlikely that better results will be obtained using distrib-
uted instead of lumped models if the available data to represent the natural
spatial variability of the basins are limited.
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Physically-based distributed models are usually used in research to gain a bet-
ter understanding of hydrologic phenomena, whereas conceptual-lumped
models are more widely used for practical applications, water-resources plan-
ning and management. A typical conceptual hydrological model used to pre-
dict discharge in a lumped or semi-distributed way is the HBV model
(Bergstrom, 1976; Lindstrom et al., 1997), which has been applied success-
fully in many basins with different climatological conditions (Haggstrom et
al., 1990; Seibert, 1999; Papers I-1V). One model, the HBV-light version
with its standard model structure set up in a spatially lumped way, was used
in all the papers included in this thesis (model available at
http://www.geo.uzh.ch/en/units/h2k/Services/HBV-Model.html).

Rainfall-runoff modelling has to deal with many sources of uncertainty related
to the data, model and parameters. Therefore, it is advised that rainfall-runoff
predictions should be presented within an uncertainty estimation framework
given all these sources of errors (Beven & Binley, 1992). This was the case in
Papers II, IIT and IV.

Flood modelling using rainfall-runoff models can be made event- or continu-
ous-based. Event-based models simulate individual flood events in response
to storms over basins. On the other hand, continuous-based models simulate
flood response and moisture content continuously in time, taking into account
all the precipitation that falls over the basins and the movement of water
through them until it reaches their outlet (WMO, 2011).

Predicting floods in data-scarce basins

The main issue for predicting flood hydrograph in data-scarce basins is the
lack of observational discharge data for the selection and calibration of an ad-
equate model for prediction. After a suitable model has been chosen, model
parameters need to be estimated. In conceptual models as the one used herein,
parameters cannot be estimated a priori from measurements (from field exper-
iments or remote sensing) because these are rather more empirical than phys-
ical representations (Parajka et al., 2013).

If basins are ungauged, one approach to overcome this limitation is parameter
regionalisation through statistical or process-based methods (e.g., transferring
the calibrated parameters from gauged to ungauged basins) (Bloschl et al.,
2013). If some observational data are available, these are often at a daily res-
olution. Two approaches have been proposed to bridge the gap between the
daily temporal resolution of the data and the timescale at which fast-flow pro-
cesses occur. One approach is to use daily-calibrated parameters to simulate
runoff at sub-daily resolutions. This approach is applicable when a time series

19



of sub-daily input data is or can be made available to force the model (Paper
II). However, if basin responses occur at timescales finer than daily, it is worth
noting that the starting time of the day of the data could affect model calibra-
tion (Paper I) and result in inaccuracies of daily parameters (Littlewood &
Croke, 2008) and poor model performance (Bastola & Murphy, 2013). The
second approach consists of scaling model parameters when transferring them
across temporal resolutions (Bastola & Murphy, 2013; Ficchi et al., 2016;
Finnerty et al., 1997; Nalbantis, 1995; Ostrowski et al., 2010; Wang et al.,
2009).

If time and resources were available, it could be argued that the best approach
would be to perform field measurements, preferably including time periods
representative of the processes occurring in the basins to be modelled (Seibert
& Beven, 2009; Tada & Beven, 2012, Papers III and IV). In such data-limited
conditions, it becomes relevant on estimating how valuable a small amount of
data could be (Papers III and IV) and how sensitive flood predictions are to
errors in rainfall forecasts (Paper 1V).

20



Research gaps and opportunities

Predicting floods in data-scarce basins is limited by the availability of good
and sufficiently long time series of sub-daily rainfall and discharge observa-
tions for model calibration. However, this limitation also gives opportunities
for improving knowledge and flood-management practices. For instance, if
the solution is to transfer parameters across temporal resolutions without scal-
ing, for example from daily to hourly, one question that arises before going
through this procedure is whether the starting time of the day — referred here
as the definition of the day — of the daily records affects parameter estimates
and runoff prediction. Although the effects on rainfall-runoff models caused
by several uncertainties related to hydro-meteorological data have been
widely investigated (Andréassian ez al., 2001; Gan et al., 1997; Jie et al., 2018;
Xu et al., 2013), those caused from the definition of the day have received
little interest (Jian et al., 2017; Vincent et al., 2009; Westerberg et al., 2014).
The answer to this question could have consequences for regionalisation and
flood forecasting. This was investigated in one study (Paper I) where model
performances obtained using different definitions of the climatological and
discharge days were compared.

Equally important, flood managers may wonder whether the transferability of
parameters across temporal resolutions result in a significant decrease in
model performance. Parameters calibrated at different temporal resolutions
have been shown to vary considerably, to be dependent on the temporal reso-
lution of data (Bastola & Murphy, 2013; Kavetski et al., 2011; Littlewood,
2007; Littlewood & Croke, 2008; Ostrowski et al., 2010) and to be influenced
by the rainfall intensity-duration relationship (Wang et al., 2009). Causes of
these dependencies have been attributed to the loss of information of the phys-
ical processes as the data are averaged over coarser temporal resolutions
(Littlewood & Croke, 2008, 2013, Ostrowski et al., 2010). A study on the
impact of temporal resolution of data on parameter inference by Kavetski et
al. (2011) shows that false strong parameter temporal-resolution trends
emerge when unreliable modelling time-stepping schemes or numerical meth-
ods are implemented to solve model equations. They argue that using robust
numerical methods and heteroscedastic residual-error models stabilises and
reduces the strength of model-parameter dependencies on the temporal reso-
lution of data. A study in line with the latter authors (Paper II), tested the
hypothesis that temporal-resolution dependencies of the parameters of a
bucket-type hydrological model may be neglected when a common numerical
resolution or modelling time-step is implemented.

Lack of resources for the establishment and maintenance of permanent dis-

charge stations has been one of the reasons for the interest of researchers and
practitioners on knowing how valuable small amounts of data might be for
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model calibration. Several studies on parameter and performance variability
caused by the length or quantity of the calibration data have reported good
modelling predictions (Anctil et al., 2004; Brath et al., 2004; McIntyre &
Wheater, 2004; Melsen & Teuling, 2014; Seibert & Beven, 2009; Sorooshian
et al., 1983; Tada & Beven, 2012; Yapo et al., 1996). Results of these studies
diverge from site to site and are difficult to generalise as a unique solution for
data-scarce conditions. This topic was further investigated in two studies (Pa-
pers I1I and IV).

In the first (Paper III), it was hypothesised that adequate model calibration in
a data-scarce environment is possible when hydrographs of only a few events
are available, and assessed the value of such events in terms of quantity and
information content. The second study (Paper 1V) also deals with flood-
model calibration based on limited discharge data, as in the former, and tested
the hypothesis whether event hydrographs above a threshold with a high fre-
quency of occurrence can be useful in calibration to provide reliable flood
predictions. Furthermore, this study assessed the importance of rainfall-fore-
cast errors for meaningful predictions of floods in such data-limited condi-
tions. The motivation of the latter study was to contribute in knowledge on
how errors in the rainfall forecasts affect flood predictions.

Overall, all studies included in this thesis are interesting from a research and
practical perspective, and contribute to the ultimate goal of enhancing water-
resources and flood management in basins with sub-daily responses and data-
limited conditions.
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Study area

Two basins were selected to carry out the investigations included in this thesis,
one in Panama and one in the United Kingdom. The selection of these basins
was based on their characteristics and their data availability for each study. In
this regard, the tropical Boqueron River basin (Fig. 1), located in Panama
(Central America), was selected because it had data at a high temporal resolu-
tion adequate for performing the analysis in all the papers included in this
thesis (Papers I-IV) and because it represents a typical basin in Central
America that frequently suffers the effects of floods. Similarly, the headwater
region of the temperate Wye River basin (Fig. 2), located in mid-Wales, was
selected because it has been the subject of many water-resources studies and
because it also had data at a high temporal resolution adequate to explore on
the transferability of model parameters across temporal resolutions (Paper
II). Both basins have similar features (e.g., sub-daily lag-times, drainage areas
under 100 km?) and different seasonalities.

Boqueron River basin

The climate of Central America is highly variable in time and space. Rainfall
in the region depends on: (1) the annual movement of the inter-tropical con-
vergence zone; (2) the presence of northeast trade winds; (3) the mountainous
terrain (Georgakakos et al., 1999); and (4) the ENSO phenomenon
(Ropelewski & Halpert, 1987). Rainfall is generally convective and oro-
graphic, and occurs mostly in the form of heavy downpours resulting from
thunderstorms. Most of the rain falls between May and December, whereas
the other months are relatively dry. The tropical Boqueron River basin was
the study area in Papers I-IV. Forests predominantly covered the 91 km? ba-
sin, and its elevation ranges from 100 to 980 m a.s.l. (USGS, 2016). The basin
has 1-3 h lag times (i.e., time difference between the peak precipitation and
the peak discharge). The 1997-2011 mean annual rainfall in the basin is 3,800
mm y™' and runoff 2,728 mm y'.

Areal precipitation was estimated by Thiessen polygons from four stations of

hourly rainfall data, available within and close to the basin for 1997-2011.
Rainfall forecasts were needed in Paper IV but these were not available for
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the basin. Instead, several rainfall-forecast scenarios were generated based on
real-time observations but with volume and duration errors added.

The stage at the Peluca station was recorded continuously in a nonstationary
river-cross section using a float inside a stilling well and stored every 15
minutes. Stage-discharge ratings at this station were made at least once a month
and rating-curve updates were made in case of change. Hourly maximum-an-
nual discharge for 27 years (1985-2011) and 15 years of continuous discharge
data (1997-2011) were available. Daily pan evaporation data for the period
1985-2010 from the Tocumen station, located 36 km southeast of the basin,
were used to estimate long-term daily mean values of potential evaporation. The
hydro-meteorological data of this basin were quality-controlled in Paper II.

N Description
" Peluca gauging station
W+ E A Meteorological stations
S w== Boqueron River

s Large water bodies

Bogueron River basin elevation (m)
Value

A

o 1 2 3 4 S

L

__‘_- km
Map Source: USGS Hydrosheds DEM 90m x 90m

Figure 1. Location of Boqueron River basin in Panama. This basin was the study area
in Papers I-IV.
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Wye River basin

The headwater region of the temperate Wye River basin at Cefn Brwyn was
the second basin used in Paper II. The 10.6 km? basin is one of the Plynlimon
research basins operated by the Center for Ecology and Hydrology (United
Kingdom), and is predominantly covered by open moorland for grazing sheep.
It is a flashy basin with 1-3 h lag times. Its elevation ranges from 341 to 735
ma.s.l. (CEH, 2016) and it is characterised by rolling hills. Most of the rainfall
falls in the autumn and early winter months (October—January), while the late
spring and early summer months are considerably drier. The mean annual rain-
fall is 2,490 mm y™' and runoff 2,170 mm y™' (NERC, 2003).

Precipitation was measured by two hourly meteorological stations, stage was
gauged at a 3-bay Crump profile weir and calculated discharge was stored
every 15 min. The rainfall-runoff data of the Wye River basin at Cefn Brwyn
were made available online at http://tdwg.catchment.org/datasets.html. The
data were at the 1-h temporal resolution, covered a 2-year period (1 Jan 1987—
1 Jan 1989) and were not quality-controlled for their use because they were
considered to have a high quality. Long-term monthly MORECS potential
evaporation estimates for South Britain for the period 1961—-1990, available
from Kay & Davies (2008), were used as a reference for the basin but cor-
rected for differences in altitude based on a methodology by Finch & Hall
(2001).

Description
Stream gauging stations
A Meteorological stations
—  Wrye River
Wye River basin elevation (m)
Value

750
I 615
480
340

THE UNITED
KINDGOM

o 0.5 1
! - r—
|

. Cefir Broeyn
Statian

Map Source: CEH Centre for Ecology
& Hydrology database.
DEM 15m x 15 m

Figure 2. Location of the Wye River basin in Wales. This basin was one of the study
areas in Paper II.
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Methods

“Research is what I'm doing
when I don’t know what I'm doing!”
—Wernher von Braun
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Modelling implications of day definition

The aim of Paper I was to assess how different definitions of the climatolog-
ical and discharge days affected a rainfall-runoff model. This was done in four
steps. First, 1-h rainfall and runoff data were aggregated to 12 different sets of
daily values (i.e., different 24-h intervals). A first daily time series resulted
from aggregating the 1-h data for the time interval 00—00, a second for the
02—02 interval, and consecutively every two hours until 22—22. Second, each
of the 12 daily rainfall time series was disaggregated uniformly into 1-h time
series to drive the model and generate 1-h runoff. Third, 1-h runoff simulations
were aggregated to daily steps based on the 24-h interval for each of the 12
daily runoff time series. This resulted in 144 model set-ups (i.e., 12 daily rain-
fall time series, one for each climatological-day definition, for each of the 12
daily runoff time series). Fourth, an optimisation procedure based on a genetic
algorithm (GA) was applied to each model set-up and their model perfor-
mance was compared.

The differential equations in the HBV-light version are solved numerically
using the explicit Euler and operator-splitting schemes (adding or subtracting
fluxes in a distinct order). These simple methods can be numerically unstable
and can return unreliable numerical solutions when used with a daily model-
ling time step. However, these schemes are expected to return numerical so-
lutions approximate to the true or exact solution when the modelling time-step
is sufficiently small. To avoid numerical artefacts, daily runoff was simulated
with a 1-h modelling time step, for practical purposes, regardless of the daily
input data.
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Transferability of model parameters across temporal
resolutions

The motivation of Paper II was to explore the possibilities of simulating sub-
daily runoff where data at these resolutions are not available for calibration.
Here, it was hypothesised that model-parameter dependencies caused by the
temporal resolution of the data and by numerical issues might be neglected
when a common numerical resolution or modelling time-step is implemented.

After the hourly precipitation and runoff datasets of the two basins chosen for
this study were aggregated to 3-, 6-, 12- and 24-hourly time series, the exist-
ence of model-parameter dependencies on the temporal resolution of data was
studied in two steps. First, by comparing the distribution of parameter values
calibrated from Monte Carlo (MC) simulations of 1-, 3-, 6-, 12- and 24-hourly
runoff using the explicit Euler method while simulating in modelling time-
steps of 1 h. Second, a cross-temporal-resolution comparison of model perfor-
mance was made, where calibrated parameter sets were used to simulate run-
off at the other four temporal resolutions for which they were not calibrated.
Similarly as in Paper I, runoff was simulated with a 1-h modelling time step,
regardless of the temporal resolution of the input data, to avoid numerical ar-
tefacts.

29



Flood-model calibration based on limited discharge data

For the scenario of no discharge data available for calibration, knowing how
valuable a small amount of data might be for such a purpose is critical
knowledge. Two studies were carried out to address the latter question, which
could help to improve the robustness in flood-model calibration (Papers I11
and IV).

In one study (Paper III), the model was calibrated on the basis of single and
multiple events and then tested in validation to assess their ability to predict
floods. In this study, it was hypothesised that adequate model calibration in a
data-scarce environment is possible when hydrographs of only a few events
are available. More specifically, this study aimed to answer how many high-
flow events are needed in calibration to achieve an adequate flood prediction.
Furthermore, the information content of individual extreme events was com-
pared to determine how informative they were in calibration.

A subsequent study (Paper 1V), focussed on the question of whether hydro-
graphs above a threshold with a high frequency of occurrence can be useful in
flood-model calibration and forecasting. Here, rainfall inputs in forecasting
were assumed to have a quality as good as that of real-time observations. In
addition, the effects of rainfall-forecast errors on a flood model calibrated on
limited discharge data were assessed.

Two thresholds values were used to select the events for calibration: (1) the
median annual flood, which is an extreme value with a low frequency of oc-
currence (489 m® s or 19. 4 mm h', return period of 2.33 years) (Papers I11
and IV) and (2) a more relaxed threshold (125 m® s™ or 5 mm h™', return period
of 1.01 years), which has a higher frequency of occurrence than the former.
The first threshold is at the 50™ percentile of the maximum-annual discharge
data set, whereas the second is at the 1* percentile of the same data set and it
is about four times smaller than the former. Ten events were found above the
first extreme threshold, whereas 107 were found above the threshold with a
higher frequency of occurrence.

Prediction performance in calibration was assessed for the different scenarios
of data availability based on a joint objective function, (6), which comprised
three goodness-of-fit measures: (1) mean volume error of the events, F1(6O),
(2) mean root mean square error (RMSE) of the events, F>(60), and (3) mean
peak flow error of the events, F3(0). F1(O) relates to relative volume error
(VEe), F2(O) to Nash-Sutcliffe efficiency (Refr), and F3(O) to relative peak-flow
error (Pg).
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Calibration based on single and multiple events

In Paper 111, it was assumed that the number of event hydrographs available
for calibration (M,) varied from one to five. The model was calibrated for all
possible event combinations for a given value of M,. Calibrated parameters
were subsequently used in validation to simulate floods and their predictive
ability was assessed. Each event combination had its own number of behav-
ioural parameter sets that resulted in specific model performances in valida-
tion. The median of those performances, referred here as median model per-
formance, was computed for each event combination. Finally, median model
performances achieved in validation were compared for different values of
M,. Here, median value of accuracy for every value of M, is referred as the
median of the median model performance values.

To assess the value of individual extreme events in terms of their information
content, Paper III compared median model performances in validation based
on the types of events used in calibration for each value of M,. First, the ten
calibration events were classified into three types based on their characteris-
tics. Then, all possible event combinations for a given M, were classified into
three larger groups according to its event-type combination (Fig. 3).

Using a fixed number of multiple events in calibration, Paper IV explored if
hydrographs above a threshold with a high frequency of occurrence can be
useful in flood-model calibration and forecasting. Two sets of event combina-
tions were generated based on events above thresholds with a high and a low
frequency of occurrence. The HBV model was calibrated for both sets of event
combinations and their flood predictive ability was tested in forecasting using
a rainfall forecast with a quality as good as that of real-time field measure-
ments. Median model performances in the validation of the two sets of event
combinations were compared.

Median model performances in the validation period for Papers III and IV
were compared to an upper and lower benchmark to show the value of the
calibration data in comparison to when no data were available (Seibert ef al.,
2018). The upper benchmark represented the best model performance that
could be achieved with the data of the study basin, whereas the lower bench-
mark represented what could be achieved if only information of parameter
value ranges was available. The model was run continuously assuming the
input-data time series were available and that discharge data from only M,
events were available for calibration.
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Figure 3. Classification of calibration setups, based on their event-type combination,
to groups representing the information content of each type of event when M, equals
(a) two, (b) three, (c) four, and (d) five. For every M, value, each circle represents the
information content of one type of event and the serial numbers inside them indicate

the event-type combinations of the calibration setups included in each group (Paper
).
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Effects on flood predictions caused by rainfall-forecast errors

Paper 1V also aimed at assessing the effects of rainfall-forecast errors on
flood models calibrated on a few event hydrographs. The event combinations
used in calibration were those with the events above the threshold with a small
return period (i.e., 1.01 years) and the predictive ability of the calibrated pa-
rameters was further tested using several rainfall-forecast scenarios as input
to the model. The rainfall forecasts were based on real-time observations but
included duration and volume errors. Nine volume-error percentages were
considered, each of them with nine duration-error percentages, which resulted
in 81 rainfall-forecast scenarios with different degrees of uncertainty. The cen-
tre of mass of each rainfall event was used as a reference to increase and re-
duce their duration in both directions. The median value of accuracy obtained
for all the rainfall-forecast scenarios was compared to assess the effects on
flood predictions caused by uncertainties on rainfall forecasts.
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Results

“We are not rich by what we possess
but what we can do without.”
— Immanuel Kant
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Modelling implications of the day definition

The definitions of both the climatological and discharge days had a large im-
pact on the maximum model performance (Fig. 4). Model performance varied
greatly along both axes of the climatic and discharge day definition, and
changed gradually, shifting parallel to the main diagonal (Figures 4 and 5a).
The highest efficiencies were found when the 24-h runoff interval lagged the
24-h rainfall interval by 2—4 h. For those cases, the model had sufficient water
in storage before the largest runoff peaks had occurred, which facilitated the
model to fit the observations.

Furthermore, efficiencies varied considerably along the diagonals (Fig. 5).
The rainfall interval that had the greatest performance variability was 06-06.
Model performance varied greatly for most of the 24-h runoff intervals, except
for the intervals between 06-06 and 12—12.

Model performance for specific 24-h intervals could be explained by explor-
ing the hourly distribution of rainfall and runoff during calibration. It was gen-
erally difficult to achieve high model performance when the climatological-
day definition split the most extreme rainfall events. However, model perfor-
mance varied less for some 24-h runoff intervals because the extreme runoff
events were split into two, which made it less problematic to fit the observa-
tions.

If the definition of the climatological day is adequate, then model performance
varies less regardless of the definition of the discharge day. The latter was
confirmed by using hourly rainfall data as input to simulate daily runoff with
different starting times of the day. This eliminated the effects caused by the
definition of the climatological day, and as a result, those effects caused by
the definition of the discharge day were almost non-existent. Hydrographs
from an extreme event illustrated the behaviour of simulations with different
day definitions (Fig. 6).
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Figure 4. Two- and three-dimensional views of maximum Nash-Sutcliffe efficiencies
(Resr) achieved by automatic calibration (Paper I). The main diagonal (black line)
refers to model set-ups with the same day definitions for both climatological and dis-
charge data. The green star represents the best model set-up, whereas the red star rep-
resents the worst.

37



- 0.950
(a)
20-20 =
L al
16-16+ 0.900
12-12} - 0.850
08-08 - 092 _
- =t T 0.800
_ - 09 =
g 04-04 s
i) - » (088 =
E % 2 O.?S%
= 00-00 — - 0.86 ,g 0-00 04-04 08-08 12-12 16-16 20-20
-] I— | ! ' £ 24-h Rainfall Interval
-
€ 50-20- .‘_ 084 o 0050
3 3 e 082 § |
16-1 f
Bzl 08 -,,E |
i A 0.900/
12-12 it 078 = :
08-08- 0.8501 =
04-04r 0 0.800
00-00 T
L (R T (R SOt L 0.750.
00-00 04-04 08-08 12-12 16-16 20-20 %D-GU 04-04 08-08 12-12 16-16 20-20
24-h Rainfall Interval 24-h Runoff Interval
—8— Diagonal 00-22 (Main) —— Diagonal 06-04 —a— Diagonal 12-10 —=— Diagonal 18-16
--»-Diagonal 02-00 === Diagonal 08-06 - -Diagonal 14-12 ~-=-Diagonal 2018
@« Diagonal 04-02 +=a«+ Diagonal 10-08 @ Diagonal 16-14 ++= Diagonal 22-20
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Transferability of model parameters across temporal
resolutions

Temporal-resolution dependencies of model parameters were almost non-ex-
istent since the value distribution of the parameters for the two basins was
relatively constant across the temporal resolutions. Only a slight shift was seen
when moving from sub-daily to daily on the routing-routine parameter (i.e.,
Puaxsas) (Fig. 7). Outliers were found for some parameters (Pperc, PaLpHA,
Pxi and Puaxgas), but the percentages of them at every resolution were less
than 2.2%, and they had a negligible impact on the simulated discharge
bounds.

Using the parameters calibrated at the daily to simulate sub-daily runoff gave
a small decrease in Nash-Sutcliffe (R.x) efficiency values (Fig. 8). However,
the 50" and 99" percentile Resr values showed a small variation for all simu-
lated temporal resolutions. Similarly, the use of parameters calibrated at the
3-, 6-, 12- and 24-h resolutions to simulate 1-h runoff gave some decrease in
Rerr, but similar 50™ and 99" percentile efficiencies were found irrespective of
the temporal-resolution at which the parameters were calibrated.
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Figure 7. Boxplots of behavioural parameter values calibrated at different temporal
resolutions for the Boqueron and Wye River basins (Paper II).
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Flood-model calibration based on limited discharge data

Calibration based on single and multiple events

In Paper 111, the hypothesis that adequate model calibration in a data-scarce
environment is possible was tested assuming that only a few event hydro-
graphs were available for calibration. The median model performances ob-
tained in validation were compared for every value of M, to answer how many
events are required for model calibration (Fig. 9).

The results for the joint measure F(O) (Fig. 9a—b) showed that when only one
extreme event was used in calibration, flood predictions improved in compar-
ison to the scenario of no data available (i.e., all values were above the lower
benchmark). Having at least two events available seemed sufficient in terms
of the median value of accuracy for F(60), since it did not always improve for
M, values greater than two. However, the uncertainty ranges of F(6) reduced
considerably for a greater number of events. The latter was clearly seen when
moving from the scenario of having only one event available to the scenario
of having four events. For M, values higher than four, no performance im-
provement was seen.

Furthermore, median model performances in validation were compared for
each value of M, based on the types of events used in calibration to assess how
informative individual extreme events are (Paper III). Similarly, flood pre-
dictions improved when at least one event was available for calibration re-
gardless of the event type (Fig. 10a). When M,, = 3, uncertainty ranges for all
objective functions, except for F1(6O), were relatively similar for the three
types of events but with different median values of accuracy (Fig. 10i-1). For
M, >3, median values of accuracy and uncertainty ranges were relatively sim-
ilar for any type of event used in calibration (Fig. 10m-t). These results sug-
gest that when less than three events are available, the type of event matters
in calibration, whereas for a greater number of events, the type of event influ-
ences prediction performance less and becomes less important.

Based on the previous findings, two sets of event combinations of three event
hydrographs above thresholds with different frequency of occurrence were
generated, calibrated and tested in forecasting to assess if hydrographs above
a threshold with a small return period can be useful in calibration and for pre-
dicting floods (Paper IV). Model-performance results obtained for the two
sets of event combinations (Fig. 11) showed relatively similar predictability
of floods. Regardless of the frequency of occurrence of the thresholds, having
three events hydrographs improved predictability in comparison to the sce-
nario of no data available at all. This was because model performance of all
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the measures, except for Vi, was typically above the lower benchmarks. On
average, about 3% of the events combinations based on the threshold with a
low frequency of occurrence returned model performances below the lower
benchmarks, whereas this number increased to 12% for the event combina-
tions based on the threshold with a small return period. Nevertheless, the dif-
ferences between model performance of the two sets seem to be acceptably

small.
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Figure 9. Boxplots of median performance in validation for different scenarios of data
availability (Paper III). The blue dashed lines represent the upper benchmarks,
whereas the blue solid lines represent the lower benchmarks; (b) and (f) are zoom-ins
of (a) and (e), respectively. Upper and lower benchmarks of F(6) would be the equiv-
alent of relative volume errors equal to 13% and 15% respectively; upper and lower
benchmarks of F>(6) would be the equivalent of Nash-Sutcliffe efficiencies equal to
0.90 and 0.45 respectively; whereas upper and lower benchmarks of F3(6) would be
the equivalent of relative error of peak flow equal to 22% and 56% respectively.
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equal to 0.90 and 0.45 respectively; whereas upper and lower benchmarks of F3(6)
would be the equivalent of relative error of peak flow equal to 22% and 56% respec-
tively.
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Effects on flood predictions caused by rainfall-forecast errors

Several rainfall forecast scenarios were used to test the predictive ability of a
model calibrated on event combinations of three event hydrographs above the
threshold with a high frequency of occurrence (return period of 1.01 years).
For this, the median value of accuracy obtained for each forecast scenario was
compared to investigate the effects on flood predictions caused by errors in
rainfall forecasts. Model-performance results in terms of flood-peak errors and
Nash-Sutcliffe efficiencies (Figures 12 and 13) show that the accuracy of the
rainfall forecasts strongly influenced the predictive ability of the model. Be-
tween volume and duration errors, flood predictions were highly sensitive to
the former since model performance varied greater along the vector with only
rainfall-volume errors than along the vector with only duration errors. Model
performance concerning time-to-peak errors was only sensitive to rainfall-du-
ration errors, whereas model performance regarding flood-volume errors was
only sensitive to rainfall-volume errors.
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Figure 12. Two- and three-dimensional views of the median value of accuracy of
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flood error of 0% corresponds to a perfect fit and values increase with decreasing
performances. The black solid line represents the vector of rainfall forecasts with only
rainfall-volume errors, whereas the black dotted line represents the vector with only
rainfall-duration errors.

48



100 ————

75

50
9
T 25
=]
=
=
=
= »
2
g
=v'-“ -13
=253 0.7
-38 06 T
B‘
£
05 5
-50 =
=30 -38 =25 =13 0 25 50 75 100 T
o
Volume error (%) 0.4 s
2]
03 @
-
z
02 =
_ 08 i
T
z 0
£ 06~
]
g
0.4-
£
5
202
£
=
Z 0.

0 -
% 75 2
* 100 A-s(] -38

Figure 13. Two- and three-dimensional views of the median value of accuracy of
Nash-Sutcliffe (R.fr) efficiencies for several rainfall-forecast scenarios (Paper IV). A
Resr value of 1 corresponds to a perfect fit. An efficiency of 0 means that simulation is
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< 0) means that the observed mean is a better predictor than the model. The black
solid line represents the vector of rainfall forecasts with only rainfall-volume errors,
whereas the black dotted line represents the vector with only rainfall-duration errors.
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Discussion

It always seems impossible until it’s done”
—Nelson Mandela

The purpose of this thesis was to enhance water resources and flood manage-
ment in data-scarce basins by maximising the value of limited hydro-meteor-
ological data. This was done in several steps by improving the understanding
of the effects on hydrological models caused by data-related uncertainties and
by developing methods to improve the robustness of runoff- and flood-model
calibration.

Hydro-meteorological data at sub-daily resolutions have increasingly become
available (Girons Lopez & Seibert, 2016) but daily data are still most com-
mon. These data often come from hydro-meteorological offices with limited
information on quality and uncertainties. The definitions of the climatological
and discharge days are seldom available or presented when data are used for
hydrological modelling.

Results in Paper I showed that the definition of the climatological and dis-
charge days had large implications on model calibration and runoff simula-
tion. Model performance was more dependent on the definition of the clima-
tological day than on the definition of the discharge day. When a storm over-
lapped two daily observations because of the climatological-day definition,
rainfall intensities were reduced and accurate hydrograph predictions were
then only possible if most of the rainfall event had entered the hydrological
system before the occurrence of the largest discharge peaks. It was assumed
that the main reason for performance differences was the effect of how storm
water (1-h observations) was assigned to one or more daily rainfall values. If
the climatological day is poorly defined, the way continuous runoff records
are assigned to daily runoff values will determine how well a model fits ob-
servations.

The definitions of the climatological and discharge days are a data-related un-
certainty. Given that uncertainty of the data considerably affects models in
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calibration, it was assumed that the definitions of the climatological and dis-
charge days of the data are as important and influential in hydrological mod-
elling as other widely investigated sources of uncertainty. In daily modelling
applications, the effects of the definition of day are likely to be more pro-
nounced if basin responses occur at time scales finer than daily and should
therefore be presented.

The need of flood-forecasting models at sub-daily temporal resolutions and
the lack of data at these resolutions for calibration motivate exploring methods
where parameter sets calibrated at low temporal resolutions can be used to
simulate runoff at high temporal resolutions. Results of Paper II showed that
model-parameter dependencies on the temporal resolution of data were almost
non-existent when the explicit Euler method was run with a modelling time-
step of 1 h. This means that parameters calibrated at one temporal resolution
could be used at other without time scaling. This result supports the argument
that robust numerical integration reduces parameter temporal-resolution de-
pendence (Kavetski et al., 2011; Santos et al., 2018).

In the literature, it is argued that model parameters become temporal-resolu-
tion independent when the temporal resolution of the rainfall-runoff data used
for calibration approaches zero (Littlewood & Croke, 2008), whereas the re-
sults in Paper II support the idea that parameters become independent of the
temporal resolution of data when the modelling time-step is sufficiently small
but larger than zero. By separating modelling time-step from the temporal res-
olution of the data, it was possible to study data temporal-resolution depend-
encies free from numerical errors that could otherwise corrupt sensitivity anal-
yses, model calibration, result interpretation and model uncertainty analyses
(Kavetski & Clark, 2011; Kavetski et al., 2011; Michel et al., 2003).

The cross-temporal-resolution comparison in Paper II showed a performance
decrease of R.sr when parameter sets calibrated at lower temporal resolutions
than 1 h were used to model at this temporal resolution. The latter could have
been because parameter information content was too limited at lower temporal
resolutions than 1 h. When parameter sets calibrated at the daily were used to
simulate runoff at sub-daily resolutions, R decreased only slightly in com-
parison to when parameter sets calibrated at those temporal resolutions were
used. This slight decrease in performance may have been caused by the low
sensitivity of the routing parameter at the daily.

Knowing the value of small amounts of data for model calibration is essential
in data-scarce conditions. Paper III hypothesised that adequate model cali-
bration in a data-scarce environment is possible when hydrographs of only a
few events are available. Results of Paper III suggest that continuous obser-
vations from at least two events may be sufficient to calibrate a model for
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flood prediction. While increasing the number of calibration events leads to
an increased performance and reduced uncertainty, the effect seems to level
off already after four calibration events. This strengthens the argument that
calibration-data needs rely on the information content in the observations ra-
ther than on the pure number of individual observations. Moreover, continu-
ous measurements of individual events may provide sufficient information for
constraining model parameters (Seibert & McDonnell, 2013), meaning that
fewer calibration data might be necessary if data are taken in an event-based
way (Mclntyre & Wheater, 2004).

Individual extreme events can contain a lot of information but it depends on
the scenario of data availability, how informative they are. When the number
of events used for calibration was equal or greater than three, it seemed that
the information content of individual events became relatively equal and less
influential in the predictions, regardless of the characteristics and magnitude
of them (Paper III). By calibrating the model using multiple events at once,
it is assumed that parameter sets chosen as behavioural include sufficient in-
formation to predict different types of events and not just one type as it hap-
pened when one or two events were used.

Overall, results in Paper III showed that using few event hydrographs in cal-
ibration improves flood predictions in comparison to the scenario of no dis-
charge data. However, this study was based on the assumption that the dis-
charge time series of floods were recorded and available for calibration. In
practice, measuring those events is difficult because their probability of oc-
currence is low and it is not known in advance when they will occur. Paper
IV explored the use of event hydrographs above a threshold with a high fre-
quency of occurrence for flood-model calibration. The events used in calibra-
tion in Paper IV were based on two thresholds with different frequency of
occurrence. Results showed relatively similar flood-prediction skills for both
thresholds, although the threshold with the smallest return period resulted in a
larger number of event combinations that were slightly less informative than
the scenario without data. Still, close to the 90% of event combinations based
on the latter events were found to be equal or more informative than when no
data were available and therefore, showed to be useful for flood-model cali-
bration and forecasting. Data needs are expected to be relative to the complex-
ity of the basins, climate and models, as well as by the dominant flood types
for each case. The basin used for Paper III and IV was a small tropical basin
with a fast response dominated by rainfall floods which could explain the
small data needed for improving the prediction of floods compared to the sce-
nario of no data. Although data requirements may vary for other regions with
different climatological conditions, results of the latter studies are promising
for real time flood-forecasting applications in data-scarce and budget-limited
conditions.
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Errors in rainfall forecasts are the main source of uncertainty in flood fore-
casting. This limits the usability of hydrological models in operational appli-
cations (Kobold, 2007). Paper IV assessed the effects on flood predictions
caused by rainfall-forecast errors in data-limited conditions. Results showed
that flood predictions were sensitive to both volume and duration errors of the
rainfall forecast. Errors of one seemed to compensate for the errors of the other
since good modelling performances could be found for large errors of both.
At the same time, the interplay between the two errors was found too complex.
The sensitivity analysis results are expected to be useful for improving the
accuracy of rainfall forecasts with a focus on rainfall-runoff models and, ulti-
mately, for obtaining meaningful flood forecasts.
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Conclusions

This thesis deals with issues related to the scarcity and lack of high temporal-
resolution hydro-meteorological data for flood-forecasting applications and
explores methods to address these limitations. More specifically, the main
contributions are:
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II

III

v

The assessment of the effects caused by the definition of the day
on hydrological models. Paper I showed that the definition of
the climatological and discharge days had large implications on
model calibration, runoff simulation and might influence re-
gionalisation and flood-forecasting applications.

A methodology to treat empirically model-parameter depend-
encies on the temporal resolution of data using a bucket-type
hydrological model. Results in Paper II showed that parame-
ters become independent of the temporal resolution of data
when the modelling time-step is sufficiently small. This implies
that if sub-daily forcing data can be secured, flood forecasting
in basins with sub-daily concentration times may be possible
with model-parameter values calibrated from time series of
daily data.

A methodology for improving the robustness of flood-model
calibration using limited discharge data. Paper III showed that
by using few event hydrographs in calibration, the predictability
of floods improved in comparison to the scenario of no data
available. Two event hydrographs may be sufficient for calibra-
tion, but accuracy and reduction in uncertainty may improve if
more events can be made available. Moreover, it was shown that
the information content of individual events was relatively
equal when three or more events were used in calibration. Pa-
per IV showed that using events above a threshold with a small
return period in calibration may be as useful for predicting
floods as using only extreme events with a low frequency of
occurrence.

The assessment of the effects of rainfall-forecast errors on a
flood model calibrated in data-scarce conditions. Results of Pa-
per IV showed that flood predictions were sensitive to volume
and duration errors of the rainfall forecasts, but the former had



the larger impact on model performance. Calibrating a model
with a limited number of events proved to be also useful for
predicting floods given uncertain rainfall forecasts.

Limited hydro-meteorological data offer opportunities for predicting floods in
data-scarce conditions by improving knowledge and methodology of flood-
management practices. By maximising the value of such data, the methods
presented in this thesis proved to be useful for predicting floods and are ex-
pected to enhance water-resources and flood management, and ultimately, re-
duce the detrimental effects of floods, in terms of economic and human life
losses, in data-poor regions.

Finally, it must be emphasised that the methods proposed in this thesis were
limited to one—two basins and one model. The generality of the results can
only be proven when the methods here included are tested on other models
and basins where other hydrological processes dominate.
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Sammanfattning pa svenska (summary in
Swedish)

Hogflodesprognoser i avrinningsomriaden med bristfillig information.
Maximering av virdet av begrinsade hydrometeorologiska data

Oversviimningar #r ett samhillshot och ibland en naturkatastrof med forluster
av minniskoliv och omfattande materiella skador p4 manga stillen i varlden.
Oversvimningar kan bli speciellt allvarliga i ldginkomstlinder beroende pa
deras sarbarhet och att hoga floden ir vanligt forekommande. Oversvimnings-
prognoser kraver modellsimuleringar av hoga floden med hdgre tidsupplos-
ning dn dygn i avrinningsomraden dér svarstiden understiger 24 h. Anvénd-
ning av sddana modeller beror pa tillgang av inomdygnsdata, nadgot som det
ofta &r brist pa eller som saknas helt. Det ér inte alltid mojligt att modellera pa
traditionellt sétt med den tidsuppldsning som krévs, ndgot som tvingar hydro-
loger att gora det basta mojliga av de data som finns. Bristen pa hydrometeo-
rologiska data forsvéarar oversvdmningsberdkningar med hydrologiska mo-
deller, men ar samtidigt en drivkraft for att forbattra kunskapsldget och hante-
ringen av oversvimningsrisker.

Det dvergripande mélet med denna avhandling var att forbéttra forvaltningen
av vattenresurser och hanteringen av hoga floden i avrinningsomraden med
begriansad hydrologisk information och med svarstider mindre 4n dygn. Malet
har uppnatts genom att forverkliga tva delmal: (1) forbéttra forstaelsen av da-
tarelaterade osékerheter i hydrologisk modellering (uppsatserna I, II och 1V),
(2) utveckla metoder for att gora kalibreringen av avrinnings- och hogflodes-
modeller mer robust ndr hydrometeorologiska data &r begridnsande (uppsat-
serna I, I1I och IV). Arbetet har fokuserat pA Mellanamerika och omfattar fyra
studier i lokal skala i regionen.

Hydrologiska modeller paverkas av osdkerheter i vdder- och vattenforings-
data. Aven om flera osikerheter har studerats ingéende, har inverkan av olika
starttider pa observationsdygnet (dygnsdefinitionen) néstan helt lyst med sin
franvaro. Avhandlingens forsta uppsats undersokte effekterna av definition-
erna av det klimatologiska dygnet och vattenféringsdygnet pa en nederbords-
avrinningsmodell. Genom att variera dygnsdefinitionerna for vader- och vat-

58



tenforingsdata visades att denna dataosékerhet hade stor paverkan pa modell-
kalibrering och simulering av vattenforing. Darigenom péaverkades regional-
isering och berdkning av hoga floden. Den klimatologiska dygnsdefinitionen
paverkade modellens berdakningsférméga mer &n avrinningens dygnsdefinit-
ion. Regnintensiteten reducerades nér ett regntillfalle ingick i tva dygnsobser-
vationer och noggranna hogflodesberdkningar var bara mdjliga nar merparten
av allt regn hade fallit fore den storsta hogflodestoppen. Huvudorsaken till
skillnaderna i modellens berdkningsformaga berodde pa hur ett givet hogflode
(1-h observationer) fordelades pé en eller flera dygnsregn.

Parametervéarden som kalibrerats mot data med olika tidsupplésning har visat
sig variera pétagligt beroende pa tidsupplosningen. Orsakerna till dessa bero-
enden har hanforts till forlusten av information om fysiska processer nir data
har medelvirdesbildats till en lagre tidsupplosning. [ uppsats Il utvecklades en
metod for att empiriskt hantera tidsberoendet hos en modells parametervirden
pa grundval av datas tidsupplosning. Parametervirderna blev oberoende av
tidsupplésningen hos data ndar modellens numeriska tidssteg vid explicit Eu-
lerintegrering sattes till en timma oavsett tidsupplosning pa indata och kalibre-
ringsdata. Angreppssattets enkelhet mojliggjorde en praktisk och tillrdckligt
robust integrering som begrinsade parameterviardenas beroende av tidsupp-
16sningen hos data. Genom att skilja modellens tidssteg fran tidsupplésningen
hos data var det mgjligt att studera modellens beroende av datas tidsupplds-
ning utan koppling till numeriska fel. Resultatet innebér att, om man kan fa
fram drivdata med inomdygnsupplosning, dr det mojligt att géra hogflodes-
prognoser i avrinningsomraden med svarstider mindre an ett dygn genom att
kalibrera modellen mot tidsserier av dygnsdata. Studien visade i korthet att
parametervirden kalibrerade med lag tidsupplosning kan vara vérdefulla for
att gora hogflodesprognoser med hog tidsuppldsning.

Eftersom det kriaver stora resurser att anldgga vattenforingsstationer kan ett
alternativ vara att i stillet méta vattenforingen vid ett begrénsat antal hogflo-
destoppar. Uppsats 111 provade hypotesen att det &r mdjligt att f4 en godtagbar
kalibrering nir det rader brist pa vattenforingsdata om man kan f tillging till
vattenforingen vid ett fatal hogfloden. Vérdet av sddana data utvérderades ut-
ifrén kvantitet och informationsinnehéll. En ny kalibreringsmetod utvecklades
for att gora hogflodesprognoser mer robusta pa grundval av ett fatal vattenfo-
ringsobservationer vid hogflode jamfort med inga observationer alls. Metoden
anvénde kalibrering vid ett begrénsat antal hogfloden men tog hénsyn till en
tidsserie som omfattade alla tillgdngliga hogfloden for att vélja ut de parame-
tervardesuppséttningar som gav godtagbara (behavioural) resultat. Utvirde-
ringen av hogflodesberdkningar grundade pé utvalda parametervardesuppsatt-
ningar visade att tva hogflodesobservationer kan racka for kalibrering men att
berdkningens noggrannhet 6kar och dess osidkerhet minskar om fler observat-
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ionstillfallen kan goras tillgdngliga. Angreppsséttet forbattrade hogflodespro-
gnoser jamfort med en situation dir vattenforingsdata helt saknades. For fler
an tre observationstillfallen blev prognosen mindre beroende av de enskilda
observationernas informationsvirde, d.v.s. flodestopparnas karaktéristik och
storlek paverkade prognosen i begransad omfattning.

Flodestopparna som anvindes for kalibrering i uppsats III var de hogsta till-
gingliga. Forekomsten av sddana toppar &r svéra att forutse och det ar darfor
mindre troligt att man lyckas méta vattenforingen i falt just nér de hogsta top-
parna intréffar. Uppsats IV provade kalibreringsmetoden fran uppsats III vid
hogfloden storre dn ett troskelvdrde som ofta dverskrids. Sddana hogfloden
visade sig vara lika anvindbara for kalibrering som de allra hogsta, och séllan
forekommande hogflodestopparna. Resultaten i uppsatserna I1I och IV tyder
pa att ett begrinsat antal flodestoppar, observerade med hog tidsupplsning,
racker for modellkalibrering da de innehéller tillrdckligt med information for
att avgransa parametervirdesrummet. En begridnsad observationsméngd vi-
sade sig ocksa virdefull for att forstd avrinningsomradets gensvar for att for-
battra hogflodesprognoser i avrinningsomraden med begransade data.

Hydrologiska modeller kopplade till regnprognoser kan anvéndas for att varna
for hoga floden i avrinningsomrédden med korta svarstider. Samtidigt paverkar
de ofta stora felen i regnprognoser formagan hos hydrologiska modeller att
forutsdga hoga floden tillrackligt bra. I uppsats I'V presenteras en kénslighets-
analys som utvirderar paverkan av osékerhet i regnprognoser pé berdkningar
av hoga fldden i en nederbords-avrinningsmodell som kalibrerats mot ett be-
griansat antal hoga flodestoppar. I studien anvindes olika scenarier for regn-
tillfillen grundade pé verkliga regnobservationer men déir olika volyms- och
varaktighetsfel lagts till. Regnen anvéndes som drivdata till en modell for att
berdkna hoga floden. Resultaten visade att hogflodesprognoserna var kénsliga
for bada sortens fel 1 regnprognoserna, men att volymfelen hade storst paver-
kan pa modellresultaten. Volymfel kunde kompensera for varaktighetsfel s&
att bra simuleringsresultat kunde erhallas for stora fel av bada slagen. Sam-
mantaget visade sig modellkalibrering mot ett begransat antal hogflodestill-
fallen vara anvidndbar dven vid prognoser som grundades pa osékra regnpro-
gnoser. Resultaten av kdnslighetsanalysen kan anvindas for att forbattra regn-
prognoser med inriktning mot forbattrade nederbords-vattenforingsmodeller
och ytterst for att f4 bra prognoser for hoga floden och 6versvamningar.

Tillgangen till hydrometeorologiska data ér central for hantering av 6versvim-
ningsrisker. Metoderna som beskrivs i denna avhandling visar vérdet av be-
gransade hydrometeorologiska data och kan vara anvandbara for att forutsaga
hoga floden. Arbetena som presenteras i avhandlingen syftar till att hoja med-
vetenheten om virdet av begriansade hydrometeorologiska data och forvintas
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bidra till en béttre hantering av 6versvamningsrisker vid forvaltning av vat-
tenresurser och ytterst att begridnsa oversvamningsskador vid hdga floden i
omraden dér tillgdngen pa vattenforingsdata dr begrinsad eller dir data helt
saknas.

Slutligen maste sdgas att metoderna som presenteras i avhandlingen bara har
provats och utvecklats i en eller tvd avrinningsomraden och med hjélp av en
hydrologisk modell. Resultatens allméingiltighet kan bara sikerstillas om me-
toderna provas med andra modeller och i avrinningsomraden dir andra hyd-
rologiska processer dominerar jamfort med dem i Mellanamerika.
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Resumen en espafiol (summary in Spanish)

Prondsticos de inundaciones en cuencas hidrograficas con escasez de
datos. Maximizando el valor de datos hidro-meteoroldgicos limitados.

Las inundaciones son una amenaza para la sociedad que puede resultar en
pérdida de vidas humanas y en grandes dafos materiales en muchos lugares
del mundo. Las inundaciones pueden ser particularmente graves en paises de
bajos ingresos debido a su vulnerabilidad a la ocurrencia de estos fenomenos
naturales. En cuencas hidrograficas con tiempo de concentracion inferior a 24
h se necesitan modelos que pronostiquen inundaciones con una resolucion
temporal superior al dia. El uso de dichos modelos depende de la
disponibilidad de datos hidro-meteorolégicos a escalas sub-diarias, que a
menudo no estan disponibles o no existen. Modelar con datos a la resolucion
temporal requerida no siempre es posible, lo que deja a los hidrologos solo
con la opcion de aprovechar al maximo los datos disponibles. La falta de datos
hidro-meteorologicos complica los prondsticos de inundacion con modelos
hidroldgicos, pero al mismo tiempo ofrece oportunidades para mejorar el
conocimiento cientifico y la gestion del riesgo de inundaciones.

El objetivo general de esta tesis fue mejorar la gestion de los recursos hidricos
y del riesgo de inundaciones en cuencas con informacion hidrologica limitada
y tiempo de concentracion inferior a 24 horas. Dicho objetivo se logro
mediante la ejecucion de dos sub-objetivos: (1) mejorar la comprension del
impacto en el modelado hidrolégico causado por incertidumbres relacionadas
a los datos (ensayos I, Il y IV), (2) desarrollar métodos para mejorar la
robustez en la calibracion de modelos de escorrentia y en modelos de
inundacion cuando los datos hidro-meteoroldgicos son limitados (ensayos II,
IIT y IV). La tesis se centra en América Central e incluye cuatro estudios
ejecutados en la escala local.

Los modelos hidrolégicos se ven afectados por incertidumbres relacionados a
los datos del clima y de caudal. Aunque los efectos causados por varias de
estas incertidumbres han sido estudiados a profundidad, el impacto causado
por la hora de inicio del dia en las observaciones (la definicion del dia) ha
recibido poco interés. El primer ensayo de la tesis investigd los efectos
causados por la definicion del dia de los datos del clima y de caudal en un
modelo de lluvia escorrentia. Al variar la definicion del dia de los datos se
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demostro que esta incertidumbre relacionada a los datos tuvo un gran impacto
en la calibracioén del modelo y en las simulaciones de caudal. Esto podria tener
consecuencias en la regionalizacion de parametros hidrologicos. La definicion
del dia en los datos climatologicos tuvo un mayor efecto en el desempefio del
modelo que la definicion del dia en los datos de caudal. La intensidad de la
lluvia disminuyé cuando una tormenta traslapaba dos observaciones diarias, y
solo fue posible obtener predicciones precisas del hidrograma si la mayor
parte de la lluvia ya habia entrado al modelo para cuando ocurria el pico mas
alto de caudal. La razén principal de las diferencias en el desempeiio del
modelo fue causada por como se distribuy¢ la lluvia horaria observada en uno
o mas valores diarios.

En la literatura, los valores de los parametros calibrados en diferentes
resoluciones temporales se han mostrado que varian considerablemente y que
dependen de la resolucion temporal de los datos. Las causas de estas
dependencias se han atribuido a la pérdida de informacion de los procesos
fisicos a medida que los datos se agregan o promedian en resoluciones
temporales mas bajas que en las cuales estas ocurren. En el ensayo II, un
método se desarrolld para gestionar empiricamente la dependencia de los
parametros con respecto a la resolucion temporal de los datos. Los valores de
los parametros se volvieron independientes de la resolucion temporal de los
datos cuando la soluciéon numérica del modelo, el método explicito, se
configuré en pasos de tiempo de una hora, independientemente de la
resolucion temporal de los datos de entrada y de calibracion. La simplicidad
del método produjo una integracion practica y suficientemente robusta, que
redujo la dependencia de los parametros con respecto a la resolucion temporal
de los datos. Al distinguir el paso de tiempo del modelo de la resolucion
temporal de los datos, fue posible estudiar la dependencia de los parametros
con respecto a la resolucion temporal de los datos sin vincularlos a errores
numéricos. Como resultado, si se pudiesen obtener datos de entrada en
resoluciones temporales sub-diarias, seria posible hacer prondsticos de
inundacion en cuencas con tiempo de concentracion menor a un dia usando
parametros calibrados con series de tiempo de datos diarios. El estudio
demostré que los parametros calibrados en resoluciones temporales bajas
podrian ser de valor para predecir inundaciones en resoluciones temporales
mas altas.

Dado que el establecimiento y mantenimiento de una estacion de caudal
permanente requiere de grandes recursos, una solucion alternativa podria ser
medir el caudal en un numero limitado de crecidas. El ensayo III puso a prueba
la hipdtesis de que es posible obtener una calibracion aceptable en condiciones
de escasez de datos cuando se dispone de unos cuantos hidrogramas de
crecidas. El valor de dichos datos se evalu6 en términos de cantidad y
contenido de informacion. Se desarrolldé un nuevo método de calibracion
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basado en pocos datos de caudal para hacer pronésticos de inundaciones mas
robustos en comparacion con el escenario de ninguna observacion en absoluto.
La calibracion del método fue en funcion de cada evento, pero tomd en
consideracion los datos de todos los eventos disponibles como uno sola serie
de tiempo para seleccionar los conjuntos de parametros que dieron resultados
aceptables. La evaluacion de los pronosticos de inundacion mostré que dos
hidrogramas de crecidas podrian ser suficiente para calibrar un modelo, pero
la precision de las predicciones aumenta y sus incertidumbres disminuyen si
se pueden disponer de datos de un mayor numero de eventos. La técnica
mejord los prondsticos de inundacion en comparacion con el escenario sin
datos de caudal. Cuando se disponia de tres o mas hidrogramas de crecidas
para calibrar el modelo, el contenido de informacion de cada evento individual
mostré ser menos importante e influyente en las predicciones,
independientemente de las caracteristicas y magnitud de los eventos.

Los datos de los hidrogramas utilizados para calibrar el modelo en el ensayo
IIT fueron los eventos mas extremos, lo que significa que son dificiles de
predecir y de medir en tipicas mediciones de campo. El ensayo IV puso a
prueba el método de calibracion del ensayo III utilizando hidrogramas de
crecidas por encima de un umbral con una alta probabilidad de ocurrencia.
Los hidrogramas de tales eventos demostraron ser igualmente utiles para la
calibracion del modelo que los de los eventos mas extremos, que ocurren con
menor frecuencia. Los resultados encontrados en los ensayos Il y IV sugieren
que se pueden necesitar menos datos de calibracion si los mismos son captados
con una resolucion temporal alta y si se registran en forma de eventos, ya que
parecen proporcionar suficiente informacion para definir los valores de los
parametros. Adicionalmente, una cantidad limitada de datos de crecidas
demostrd ser de valor para entender mejor la relacion lluvia-escorrentia en
cuencas de rapida respuesta y para mejorar los pronosticos de inundacion en
areas con escasez de datos.

Los modelos hidrologicos vinculados a prondsticos de lluvia pueden
proporcionar advertencias de crecidas en cuencas con tiempo de
concentracion corto. Sin embargo, errores en los pronoésticos de lluvia pueden
ser grandes y pueden afectar la capacidad de los modelos hidrologicos para
simular las inundaciones con precision. En el ensayo IV, se llevod a cabo un
analisis de sensibilidad para evaluar los efectos de la incertidumbre en los
pronosticos de lluvia en un modelo de inundacién que ya estaba calibrado
contra un numero limitado de crecidas. Diferentes escenarios de prondsticos
de lluvia se utilizaron como datos de entrada al modelo para predecir
inundaciones. Estos prondsticos fueron generados en funcidon de las
observaciones de lluvia real, pero se agregaron diferentes errores de volumen
y duracion. Los resultados mostraron que los prondsticos de inundacion
fueron sensibles a ambos tipos de errores en los pronosticos de lluvia, pero los
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errores de volumen tuvieron el mayor impacto en los resultados del modelo.
Los errores de uno parecen compensar los errores del otro, ya que se pudieron
encontrar buenos resultados de modelado para errores grandes de ambos. En
general, se encontrd que un modelo calibrado contra un numero limitado de
hidrogramas de crecidas podria ser util aun si se utiliza con prondsticos de
lluvia inciertos. Los resultados del analisis de sensibilidad se pueden utilizar
para mejorar los prondsticos de lluvia con un enfoque en modelos de lluvia
escorrentia y, en ultima instancia, para obtener buenos prondsticos de
inundaciones.

El acceso a datos hidro-meteorologicos es fundamental para la gestion del
riesgo de inundaciones. Los métodos descritos en esta tesis muestran el valor
de datos hidro-meteorolégicos limitados, los cuales pueden ser tutiles para
predecir inundaciones. El trabajo presentado en la tesis tiene como objetivo
crear conciencia sobre el valor de los datos hidro-meteorologicos limitados,
espera contribuir a una mejor evaluacion del riesgo de inundacién en apoyo a
la gestion del recurso hidrico, y tltima instancia, espera pueda ser de uso para
limitar los dafios perjudiciales por las crecidas de rios en areas donde la
disponibilidad de datos es limitada o hace falta.

Finalmente, hay que decir que los métodos presentados en esta tesis se han
desarrollado y probado en una o dos cuencas hidrograficas, y en un modelo
hidroloégico. La generalidad de los resultados solo se puede garantizar si los
métodos se prueban con otros modelos y cuencas hidrograficas donde
dominan otros procesos hidrolégicos en comparacion con los de
Centroamérica.
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