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Abstract

In hydrology, there are several sources of uncertainty, one of them is associated with the

rainfall. And, understand it may help in aspects such as risk management. Despite this,

there is a lack of e�orts to understand it. The current work explores the link between rainfall

features and hydrological processes in a tropical environment. For this, we use radar, point

data, and hydrological modeling. First, we explore the in
uence of rainfall variations on

hydrological simulations. Then its impact on the basin behavior regarding subsurface 
ow.

Also, we examine the link with convective systems. And under the scoop of the rainfall, we

present a 
ash 
ood case that resumes ours work. Results suggest that watersheds and mo-

dels are sensitive to the rainfall structure. Involving changes in the subsurface 
ow behavior

and model performance. However, we need further work to clarify the role in the hydrology

of the rainfall and its structure.
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1 Introduction

Understand hydrological processes and conceive good quality simulations both for gauge and
ungauged basins is still a challenge (SIVAPALAN et al., 2003; Bl•oschl, 2006). There is a lack
of information and understanding of process related to sub-surface (Delrieu et al., 2009) and
rainfall (Berne and Krajewski, 2013b). We do know that an essential portion of the process
took place in the soil (Klaus and McDonnell, 2013), and not only over the surface. Also,
the critical role of the rainfall is known by the community (Carpenter et al., 2001; Cole and
Moore, 2009; Berne and Krajewski, 2013b). Historically rainfall has been recorded by rain
gauge stations, with a good representation of the quantity, but a void in spatial terms (Yil-
maz et al., 2005). Rain gauge stations require interpolation methods to obtain continuous
rainfall �elds, interpolations usually do not represent well spatial patterns and could lead
to errors on the simulations (Teegavarapu et al., 2012; Otieno et al., 2014c). Nowadays we
have meteorological radars in di�erent regions of the world, with the possibility to record
rainfall variability at detailed scale (Barge et al., 1979; Ducrocq et al., 2014; Berne and
Krajewski, 2013b). Despite this, the use of radars in hydrology seems to be limited (Berne
and Krajewski, 2013b), and some questions that could be solved appears to be still in the air.

Hydrological simulations that use radar data tend to be successful (�S�alek et al., 2006; Younis
et al., 2008), and show the relevance of its usage in hydrology. Achievements may be due
to better information about rainfall spationtemporal variability. Nevertheless, in some cases
this advantage is blurry, for example, the DMIP (Distributed Model Intercomparison Pro-
ject) shows lumped models to overcome distributed models using radar data (Smith et al.,
2012). In this case, the main potential of both: radars and distributed models, is wasted due
to the use of a coarse radar resolution (4km) (Berne and Krajewski, 2013b). Despite this,
comparison exercises like DMIP are valuable, but process scale must be taken into account.
On the other hand, it is hard to compare results and information derived from models, also,
insights obtained by the usage of radar data are di�cult to organize in a way helpful to
understand the principal role of the rainfall variations.

Radars are not useful only to obtain better hydrological simulations, its information leads to
a better understanding on how storms systems evolve (Houze et al., 2015b). Some questions
must address at how this rainfall variations a�ect the basin response in di�erent scales and
how would be estimated the uncertainty derived from rainfall. The exist work done about
this aspects, for example, Cole and Moore (2009) evaluates radar performance at hydrologi-
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cal simulations in two British basins and Ayalew et al. (2014a) shows how are the variations
at di�erent scales. Despite this, understanding in these directions is still limited. Radars have
shown to be valuable in the case of poor gauge basins (Ducrocq et al., 2014) where usually

ash 
oods happen (Rozalis et al., 2010). About 
ash 
oods, literature reports multiple
success cases where the use of radar data let to a good representation of events (Creutin and
Borga, 2003b;�S�alek et al., 2006; Ruiz-Villanueva et al., 2012). But although the usage of
radar data, we still do not know why hydrological models tend to misbehave under certain
circumstances.

Radar data could help to improve hydrological parsimony, but possibly it will rise unresolved
questions related to the process. Under the idea that almost all watersheds �t in the same
model, in the last decades, this problem was approached by the use of robust calibration
schemes (?Franc�es et al., 2007b). In recent years this approach evolve into the opposite
idea: the model must �t the watershed (Fenicia et al., 2011). Flexible models emerged (van
Esse et al., 2013) with an associated improvement on the processes understanding. Results
show that not always addition of complex solutions lead to better outcomes and that not all
equations must be non-linear. In this direction, there is a considerable advance but all those
exercises still do not explore all the potential that radar data could have.

It is possible that the meteorologist have given more importance to radars, and in recent
years they have won more knowledge in this area. Thanks to the use of radar data, the beha-
vior of the rain and storm systems have been evaluated in di�erent regions (Houze et al.,
2017; Rasmussen et al., 2016b; Rasmussen and Houze Jr., 2016b; Zuluaga and Houze, 2015).
Also it have been classi�ed into di�erent categories (Steiner et al., 1995; Rasmussen and
Houze Jr., 2016a) (such as convective and stratiform systems) and the life cycle of the cate-
gories has been analyzed and determined (Chen and Houze, 1997; Rasmussen and Houze Jr.,
2016b). There is work that connects the formation and intensi�cation of convective systems
due to orographic conditions (Barros et al., 2000; Roe, 2005; Garreaud and Fuenzalida, 2007;
Froidevaux and Martius, 2016). Signi�cant work explains mesoscale and local behavior (Yu
and Smull, 2000; Schumacher and Johnson, 2005; Kingsmill et al., 2016). Despite the scale
di�erences, acquired knowledge could be linked with more information about the rainfall
role in hydrology.

In a classic approach, storms are usually separated by their intensity and duration. We know
that a convective storm tends to present high intensities in a short duration, while strati-
form storms exhibit the opposite behavior. Radar data shows that di�erences between both
are depeer. For example, convective systems tend to cover less area, present more varia-
bility, move and evolve faster. On the other hand, stratiform systems are more extensive,
slower and tend to be more homogeneous. In the �eld of hydrology, the references to those
characteristics are poor and tend to be qualitative. It seems that the rainfall structure in-



3


uence is implicit in the models, but there is no explicit approximation or understanding to
its role. Although works in this direction are limited, there are relevant works that relate
the shape of the storm with the hydrological response (Emmanuel et al., 2015b), but again,
with an implicit approximation to the di�erences between convective and stratiform systems.

The understanding of convective systems becomes essential in the �eld of 
ash 
oods. There
are many references to convective systems in this area, despite most of them are descriptive
(Coustau et al., 2012; Llasat et al., 2016), in some cases show the shape of the systems and
their spatial distributions (Rozalis et al., 2010). There is a link between watershed and con-
vective areas, however, there is a lack of exploratory work in this direction. From a practical
point of view, we still cannot determine the risk associated with a storm event, nor using
radar data or models. This lack is so thick that the literature is full of work that tries to
capture this variability in an operational stage (Coustau et al., 2012; Brocca et al., 2013;
Alvarez-Garreton et al., 2014), and the number of successful cases remains limited (Younis
et al., 2008; Al�eri et al., 2014). Authors like Al�eri et al. (2014), suggest that operational
results are worse for basins with areas under 300km2. With lack of information and resources,
the problem becomes wider in mountainous tropical catchments, with higher vulnerability.

The high scale variability, both spatial and temporal, imposes challenges concerning hydro-
logical processes understanding and prediction (Gupta et al., 1996). Some of this challenges
have been successfully addressed (Mantilla et al., 2011; Ayalew et al., 2014a) and the case
of storm systems and their structure is not an exception. The area of the word watersheds
oscillates between 0.1km2 and 7Mkm 2 (Amazon basin), stratiform systems areas are bet-
ween some hundred and thousands of square kilometers, and local convective systems areas
are usually below hundred of square kilometers (Houze Jr, 2004). A stratiform system is
likely to cover a large part of a basin order 6-7, while a convective system probably only
overspreads small to medium basins (orders 3 to 5). Described relations possibly are part of
the explanation of associated characteristics to 
ash 
ood basins. But again, there are not
exercises that classify rainfall and observe how it a�ects the response of the watershed, and
also, we do not know how convective and stratiform contributions are linked to the hydrology
at di�erent scales as presented in Figure1-1.

At this point there are relevant questions that are important to take into account:

1 Which is the threshold scale for real a�ections of convective rainfall?. Apparently, over
certain area the watershed is capable to soften the impulse associated to a convective
system. And in addition, the probability of occurrence of a wide convective system is
low at mountainous regions.

2 It is important to notice that convective systems tend to be highly variable at their
inside. Convective variability go beyond the hill scale? Or it is inside of the hill?.
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Figure 1-1 : Graphical explanation of possible relations between system types and basin
scale. Convective systems tend to cover less area, at the same time are associated
with high intensities. Stratiform systems cover wide areas at low intensities. We
suspect that mentioned behaviors are linked to the scale of the basin. We can
analyze interactions by the use of virtual tracers in numerical models.

And from this point, the inner structure of convective cells may give insights about a
proper work scale for hydrology. There are multiple methods to divide the basin, such
as hydrological units (Beven and Freer, 2001), pixels (Abbott et al., 1986; Franc�es et al.,
2007a), irregular networks (Ivanov et al., 2004) or hills (Paniconi et al., 2003). Authors
have multiple points of view respect to the discretization of the basin, arguing that one
or the other approximation may be more suitable. In all cases, those approximations
regard to data taken at a certain scale, and therefore they will present limitations. In
function of the storm, a good approximation is the one that respects the topology of
the network and the variability associated with the structure of convective cells. Not
necessary the one with more complexity.

3 From historic radar data, it is possible to establish associations between convective
systems and watershed responses at multiple scales? This relation does exist?. And if
yes, this connection could present changes in function of some basin properties such as
the topography or land use?.



1.1 Justi�cation and objectives 5

4 What is the role of the antecedent stored water in function of the type of storm system
that occurs in a watershed?. Some works point out that an essential portion of the
hydrograph is associated with old water (Kubota and Sivapalan, 1995; Klaus and
McDonnell, 2013; Rusjan and Miko�s, 2015). This process does not have signi�cant
implications regarding water balance, but it does in terms of an operational scheme
specially at a event scale. Lousy estimation of antecedent conditions usually leads to
poor model performance (Berthet et al., 2009; Tramblay et al., 2012a).

5 In a practical point of view, is it possible to have a parsimonious and operational
radar-model system that can simulate 
ash 
ood events in mountainous regions such
as the Colombian Andes?. Is it possible with the �eld information limitations we deal
nowadays?. It is possible to think that the success of this kind of systems depends
more on an understanding of the scale relations of the rain and the watersheds, than
the complexity of the used models.

The answer to some of the mentioned questions requires much more information, time and
work. As mentioned before, the hydrograph of a watershed relies on multiple aspects, some
of them variant in time and space (as the rainfall). Others like the soil properties are variant
too, and also are di�cult to measure. For this reason, the present work aims to give more
comprehension on the hydrology understood by the scope of radar data. We are concern that
there is much work to be done, in the next pages the reader will �nd �rst approximations to
some of the mentioned questions and described concerns.

1.1. Justi�cation and objectives

According to the described questions and concerns, the �eld of hydrology must give more
usage to the data obtained by radars. This usage includes issues related to the process that
links the watershed and rainfall structure. Information collected can help to get a better un-
derstanding of the processes, even some problems that calibrations left unsolved, and also can
improve practical aspects such as operational early warning systems. Presented work aims at
some of this concerns, for what we use radar, rain gauge data and detailed digital elevation
models (DEM) of the region, Figure4-1 presents the area of analysis and basins. Work also
includes the usage of a calibrated hydrological distributed model, methodologies for rainfall
classi�cation and data interpolation. Although we use a calibrated distributed model, ca-
libration is in the background. We apply essay and error calibration to the Aburr�a Valley
basin, the case of Salgar, included here,was left uncalibrated. Instead, the focus is on the
process that happens in the watersheds, and in the role associated with the rainfall structure.

In general terms the present works seek to understand the role present between rainfall
structure and the hydrological response of the basin. How it a�ects tropical small to medium
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catchments, some of them prone to the occurrence of 
ash 
oods.

Speci�c objectives

Compare spatial and temporal behavior of radar and interpolated data at a tropical
region where extreme events are characterized by the occurrence of convective cells.

Evaluate the role of rainfall structure over the hydrological response across scales in a
medium tropical catchment.

Via virtual 
uxes separation, explore how rainfall structure a�ects the production of
runo� in a medium tropical catchment. In this aspect, we also evaluate relationships
between rainfall structure and 
uxes separation at the hydrograph.

Make a characterization of local convective systems. Measure area distribution, shapes,
and evaluate how is their inside variability.

Explore relationships between mountainous basins of di�erent scales and the likelihood
of convective cores occurrence.

Present a case where the evaluated aspect is involved.

1.2. Document description

Each chapter is the result of independent work due to data availability in regard of goals,
despite this, chapters relate to the primary objectives described above. In di�erent ways,
they seek to answer some of the speci�ed questions. First, we explore the structure of the
rainfall and how it a�ects the hydrological behavior at di�erent scales. Then, in function
of the rainfall structure, we analyze soil processes at the Aburr�a Valley basin. After this,
the question is inverted, and we examine how is the spatial distribution of local convective
systems, and if they are related to properties of the basins. Finally, we represent a 
ash 
ood
case with limited data; this case reunites aspects evaluated at chapters 1 to 3. Overall work
address di�erent questions with one point in common, which is, the numerical evidence of a
connection between convective systems and complex hydrological response at the phenomena
of 
ash 
oods.

As mentioned,Chapter 2 evaluates the rainfall structure in space and time. For this case
we include a novel QPE (Quantitative Precipitation Estimation) method to estimate sur-
face rainfall from radar re
ectivity based on disdrometer data. Radar QPE were compared
against interpolated �elds. We interpolation using IDW (Inverse distance weighted) and
TIN (Triangular irregular network) methods. First, we compare space and time di�erences
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between rainfall �elds and determine the main di�erences between them. Second, the per-
formance and behavior of a conceptual hydrological distributed model are compared using
the three rainfall �elds. Results highlight the value of radar data and also suggest that small
basins are more sensitive to changes in rainfall structure.

Chapter 2 explores the role of rainfall features in the production of runo� and sub-super�cial

ow. We put virtual 
ow tracers in the model that follow runo� and sub-super�cial water
from element to element until it reaches streams. We use radar data to evaluate 
uxes separa-
tion for 84 events and detailed four cases. A sensitivity analysis was carried out to determine
the stability of the separation. Results suggest that the separation method is almost not
biased by the calibration. Rainfall plays an essential role in the way that the basin separates

uxes, but it seems that other factors must be taken into account, such as antecedent storage
separation (old water, new water).

In Chapter 3 the question is done from another direction. Based on radar data, in a ra-
dius of 90km and from data between 2014 and 2016, convective systems are separated and
characterized. We compare system features with basins ranging from order 3 to 6. Convecti-
ve storms present a well-de�ned localization, area, and re
ectivity distribution. Topography
seems to plays a crucial role in some zones of the region. The role is evidenced too in the case
of the basins at di�erent scales. It depends on: elevation di�erence, area and preferential as-
pect. Results from this analysis give insights in aspects such as risk management. With radar
historic data and topography it is possible to determine the regions of increased vulnerability.

Summarized in one case,Chapter 4 explores ideas presented in Chapters 1 to 3. The case
of the 
ash 
ood that happens at the municipality of Salgar, Antioquia is evaluated. In a
scenario of limited data, hydrological and hydraulics process are simulated and observed in
detail. We use the meteorological radar of SIATA (Sistema de Alerta Temprana de Medell��n
y el Valle de Aburr�a), and topography data obtained by the ALOS-PALSAR sensor. We
evaluate space-time variations of the basin state conditions and 
uxes separation. Similar
to work done with the 
uxes, we separate convective and stratiform systems into the basin.
Also, a hydraulic model for 
ash 
oods in limited data situations is proposed and validated.
For this case, we determine the main role associated with convective events located in certain
regions. And how rainfall structure interacts with the soil moisture conditions. There is a
success to re-create a 
ash 
ood scenario with an uncalibrated model.

1.3. Study Area and Data Used

The work is developed in the area located inside a radius of 90km of the meteorological radar
of SIATA (Figure 4-1). Chapters 2, 2 are focused on the Aburr�a Valley watershed presented
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Figure 1-2 : Region of analysis general description, the �gure presents the localization of
Aburr�a Valley and Salgar basins, also the localization of the meteorological
radar, and it coverage at a radius of 30 and 90km.

at Figure 4-1. Chapter 3 uses available radar data under the radius of 90km. And Chapter
4 is focused in the Liboriana basin (or Salgar basin).

Rainfall space-time distribution is highly variable in the Antioquia Andean region. Due
to several environmental factors: (i) the double crossing of the intertropical convergence
zone (ITCZ) strongly in
uence the seasonal variability and set a bimodal nature to preci-
pitation time series. The ITCZ produces wet seasons during March-April-May (MAM) and
September-October November (SON) (Poveda et al., 2002,?). (ii) Also, there is a�ection due
to the moist westerly winds of the low-level Choco jet from the Paci�c Ocean. (iii) The
dynamics of mesoscale convective systems over the entire region in phase with the diurnal
cycle (Poveda et al., 2005). (iv) Additionally, high topographic gradients gives particular
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distribution of clouds and in
uence meteorological conditions (analyzed in Chapter 3).

Rainfall is also dominated by both phases of the El Ni~no-Southern Oscillation (ENSO). Co-
lombia presents droughts in the warm ENSO phase and intense storms and 
oods in the cold
phase. According to (Zuluaga and Houze, 2014), the Andean Colombian region is located
inside a zone with high frequency of deep convective cores (local convective precipitation
with height superior to 10 Km) and wide convective cores (regional convective precipitation
with areas greater than 1000km2) related to synoptic and large-scale circulation.

1.3.1. Aburr�a Valley (AV)

Located in the Colombian Andean region, between the central and oriental mountainous
ranges, AV watershed houses the second most important urban area in the country. With
an area of about 1100km2, is considered a medium size basin. We focused the analysis in
the upper half part of the basin, with an area of 472km2. Figure 1-3 presents the analyzed
basin, its river network, urban area, and rain gauge stations. AV counts with a considerable
drainage density, and 8.4 rain gauges perkm2 which is considered good instrumentation
regarding its area (Thorndahl et al., 2017).

It is a characteristic tropical mountainous basin with high slopes (mean value of 26 %), with
some sub-catchments reaching mean slopes of 50 %. There is a signi�cant level di�erence
between the boundary (near 2200 masl) and the outlet (around 1400 masl). Also presents
in-depth weathering soil pro�les in the central region. At the center of the basin, the urban
development occupies 24 % of the area. We are concern that an urban development a�ects
hydrological processes (Buttle et al., 1995). This region is taken into account by the model
by the use of variables that establish semi-impervious zones. Also, obtained results show
that natural process control the basin.

Soil pro�les are shallow at hills and deep at the bottom of the valley. Soils with high conduc-
tivities and storage capacity are in the north-west region of the basin (Figures1-4- a and
b). Soils are composed of sand and silt with a little percentage of clay. Saturated hydraulic
conductivity oscillates between 10 and 125mm=h. There is a signi�cant sub-surface partici-
pation at the hydrograph due to high conductivities.

AV present in mean 40 convective events per year, increasing its vulnerability. Additionally
because of its nature, convective events occur in relative small areas covering only individual
portions of the basin. Therefore, there is a requirement of a high density rain gauge network
(Thorndahl et al., 2017) or the presence of a meteorological radar (Thorndahl et al., 2017;
Einfalt et al., 2004; Krajewski and Smith, 2002) that can register an event in detail.
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Figure 1-3 : Aburr�a Valley basin and rain gauge stations localization.

1.3.2. Liboriana Basin (Salgar)

Liboriana is a small tropical basin (56km2) that starts at the Cerro Plateado mountain.
Located in the occidental mountain range of Colombia (Figure4-1). At its outlet, Liboriana
joins with the Barroso river; both rivers drain to the Cauca river (the second major river in
Colombia). This basin houses the urban area of the Salgar municipality, nowadays known
for the damaging 
ash 
ood that took place in May of 2015.

1.3.3. Data Used

The data used for this work consists of the stream
ow levels station of AV basin, the rain
gauge network of SIATA, and the rainfall data derived from a band C meteorological radar.
SIATA made all the data acquisition.

The meteorological radar is a polarimetric Doppler band C radar located in the north-western
hill of the watershed (see Figure4-1). The radar present a transmission potency of 350kW
with an operational frequency between 5200 and 5700MHz , the beam width reach near 1o,
the maximum operational range oscillates between 500 and 200km, with an optimum ope-
rational range at distances below 120km with an inclination of 1o. The radar acquires data
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Figure 1-4 : Physical parameters maps implemented in the model. a) Maximum capillary
storage Hc[mm] computed from equation (2), b) Soil vertical hydraulic con-
ductivity K s[mm=h], representing the imprevious urban zone with values near
0 and c) Kubota and Sivapalan coe�cient from equation (1), higher values of
this coe�cient corresponds to cells that have faster sub-super�cial response to
the network.

at a 5 min time step. According to the characteristic, radar products could be transformed
for the hydrological model with a � x of about 128m.

According to the radar data, about 70 % of the events occur in the rural area of the basin.
Despite this 30 stations are located inside the urban area (55 %) and 24 in the rural zone
(45 %). Distribution of its localization is explained mainly by the di�culties associated with
data transmission and maintenance in rural areas. The location of the super�cial level sta-
tion is at the outlet of the analyzed basin, it register data at a resolution of 1min . At the
location point, river section hydraulic details have been obtained and updated monthly to
reduce uncertainties on stream
ow estimations via calibration curve.

1.3.4. Hydrological Model

For the hydrological analysis, we use a self-developed modi�ed version of the SHIA model
(V�elez, 2001). Equations governing processes could be changed according to the modeler
needs. A maximum gravitational (Hg, S3) and capillary (Hu, S1) storage capacity are consi-
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dered, and an associated return 
ux betweenS3 and runo� storage (S2). The model has the
option to work with di�erent rainfall �elds; this includes interpolated and radar �elds. Model
has been developed inFortran 90 and Python2.7 , and is attached to the Watershed Mo-
delling Framework (WMF ) located in a https://github.com/nicolas998/WMF repository.

Hg and Hu are calculated by the use of equations (1-1) and (1-2) (Aristiz�abal et al., 2015;
V�elez, 2001). Both equations are approximated by de�ned soil properties at local previous
studies. Also for assumed lineal horizontal speeds the balance equation (5-4) is used.

Hg = Z(� s � � fc ) (1-1)

Hc = Z(� fc � � wp) (1-2)

A i;x;t =
Sx;t

� xx + vx;t � t
(1-3)

At equations (1-1) and (1-2)Z represent soil depth,� s, � fc , � wp the volumetric water con-
tent of soil at saturation, �eld capacity and permanent wilting point, respectively. To feed
equation (1-1) and (1-2)Z map is estimated from slope map, using theZ and slope relations
described by Osorio (2008). Volumetric moisture contents maps are obtained from textural
classi�cation (POMCA, 2007) using Saxton and Rawls (2006) SPAW software. SPAW is also
used to estimateK s (R3). K p (R4) is considered two magnitude orders belowK s. K pp (R5)
is assumed zero (losses).

Non-linear equations in lateral 
ux could give a better representation of processes at high
resolutions (Beven, 1981). Being more explicit in runo� processes, and sub super�cial 
ow
processes (Beven, 1981; KIRKBY and CHORLEY, 1967). A non-linear approximation to
runo� ( E2) is presented in equation (5-2). It is a modi�cation of manning's formula for 
ux
in gullies, in the equation according to (Foster G.R., 1984), the values of" and e1 are 0.5 and
0.64 respectively. Equation (5-3) presents the non-linear approximation for sub super�cial

ow ( E3), it is an adaptation of Kubota and Sivapalan (1995) formula. In whichks is the
saturated hydraulic conductivity, andb is dependent on the soil type, assumed equal to 2.Ag

is the equivalent cross-section area to the maximum gravitational storage (Hg). We obtain
speed at channels By the use of the GKW (Geomorphological kinematic wave) (V�elez, 2001;
Franc�es et al., 2007b).

v2 =
"
n

S1=2
0 A2(t)(2=3)e1 (1-4)
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v3 =
K sS2

o

(b+ 1) Ab
g
A3(t)b (1-5)

In resume, each horizontal 
ux can be assumed linear or non-linear. Speed is constant for the
linear case (0.01 to 1m=s). Non-linear case is limited to potential relations (equation (5-1)).

vtank (t) = �A (t)� (1-6)

Figure 1-5 presents the general scheme of model tanks and hydrological 
uxes pathways
which model takes into account. For a detail model description, please see V�elez (2001);
Franc�es et al. (2007a).

Figure 1-5 : Hydrological model scheme, blue arrows indicate 
ux exchange between tanks,
return 
ux from tank 3 to 2 when Hx;g is denoted with an inverse arrow from
3 to 2.

Virtual Tracers

We add two virtual tracers to the model. Described as virtual due to their model depen-
dency. One is a 
ux tracer that separates the stream
ow into runo� and sub super�cial

ow. It follows runo� and sub-super�cial 
ow from cell to cell, at the hills, and at stream-

ow. The other is a rainfall type tracer that separates stream
ow into its convective and
stratiform rainfall portions, in this case, the identi�cation and separation are done from the
rainfall inputs. Results from tracers are recorded at the outlet of the basin and each hydrolo-
gical reach; this let us get an idea of how the interactions of 
uxes vary across di�erent scales.
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Runo� and Sub-super�cial Separation
With the 
ux separation, we pretend to get more insights about the role of the soil and
get an idea of how is the relation between the runo� and sub super�cial 
ow. Texture
and composition of the soil could play di�erent roles in an event. It could work as
a porous medium in which the water travels fast, making the sub-super�cial 
ow an
important part of the hydrograph. On the other hand, depending on the conditions
the soil could lead to hortonian or saturation runo� generation.

The 
ux separation module operates over tanks 2 (runo� storage) and 3 (sub-super�cial
storage). The model marks the water once it reaches any of those two tanks, the per-
centages of participation are taken into account when water goes into the channel (tank
5). Separation scheme assumes that the channel storage 
ows homogeneously, this im-
plies that 
uxes participation is constant until a new in
ow comes into the channel.
We put an example of how the separation works: suppose tank �ve has 100[mm] in cell
i (S5;i ), 60mm correspond to runo�, 35 to sub super�cial and 5 to base
ow. If at time
t + � t the outgoing 
ow is E i; 5 = 95[mm], outgoing runo� and sub super�cial 
ow will
be respectivelyErun i; 5 = 0;6E i; 5 and Esubi; 5 = 0;35E i; 5.

Convective and Stratiform Tracers

Both spatial and temporal rainfall variability in
uence the hydrograph formation. Stra-
tiform rain cells cover essential areas and are related to long duration hydrographs with
low peak 
ow. In the other hand, convective rainfall cells cover less space and are re-
lated to short duration hydrographs with high peak 
ows. Stratiform rainfall recharge
watershed soils, and convective increase runo� production. In the literature, these as-
sociations have been more qualitative than quantitative.

By the use of the methodology proposed by Steiner et al. (1995), we classi�ed rainfall
before the usage of the rainfall tracer. The model reads rainfall classi�cation binaries
at each time step, rainfall for a cell is convective or stratiform. This assumption could
lead to estimation errors at basins composed by coarse cells (high values of �x), this
because at elements with major areas there are more chances of a mixture between con-
vective and stratiform rain. In the present study � x oscillates between 12.7 and 30m,
which implies small areas that make possible the described assumption. Once in the
model, rain type separation follows the methodology proposed for 
ux type separation.
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1,2Nicol�as Vel�asquez, 1,2Soraya Castillo, 1,2Mar��a A. Ochoa , 1,2Carlos D. Hoyos.

Abstract. The task of river discharge simulation using hydrological models strongly de-
pends on the quality and spatiotemporal representativeness of precipitation during storm
events. Distributed hydrological models work with evolving rainfall �elds. All precipitation
measurement strategies have their strengths and weaknesses that translate into the discharge
simulation uncertainties. In general, rainfall measurements from a dense and well-maintained
rain gauge network provide an acceptable estimation of the total volume for each rainfall
event. However, interpolation introduces uncertainty to the simulation. On the other hand,
rainfall derived from radar re
ectivity achieve a better spatial structure representation, but
with higher magnitude uncertainty.

In order to assess the impact of both rainfall measurement types on hydrological simulations.
This paper proposes a numerical modeling experiment that includes QPE (Quantitative Pre-
cipitation Estimation) and interpolation �elds. It is based on the simulation and assessment
of simulated peak 
ow of 84 storms. The hydrological simulations are carried out using ra-
dar QPE and two di�erent interpolation methods (IDW and TIN). Results show signi�cant
rainfall di�erences between radar QPE and the interpolated �elds. Evidence a poor repre-
sentation of storms in the interpolated �elds which tend to miss the precise location of the
intense precipitation cores and to generate rainfall in some areas of the catchment arti�-
cially. Regarding stream
ow modeling, the potential improvement achieved with the radar
QPE usage depends on the density of the rain gauge network and its distribution relative
to the precipitation events. The results show a better model skill using radar QPE than the
interpolated �elds. Additionally, results using interpolated �elds are profoundly a�ected by
the dominant rainfall type and the basin scale.

1Geosciences and Environment Department, National University of Colombia - Medell��n headquater
2Sistema de Alerta Temprana del Valle de Aburr�a (SIATA)



16
2 Comparison of rainfall inputs on hydrograph simulation: radar vs. TIN and IDW

interpolations, a study case in a tropical catchment.

2.1. Introduction

Nowadays is well known the important role played by the rainfall variability and uncertain-
ties on the hydrograph formation (Berne and Krajewski, 2013a; Emmanuel et al., 2015a).
Emmanuel et al. (2015a) shows how the similarity between the rainfall structure and the
width function of the basin lead to di�erences in the hydrograph. Rainfall structure varies in
space and time, although some authors suggest time variations to be more important than
spatial ones (Notaro et al., 2013; Ochoa-Rodriguez et al., 2015; Krajewski, 1991). Recent
studies have also partitioned rainfall spatiotemporal variability contribution to urban 
ow,
and shown that spatial rainfall variability does matter, especially for high return periods
(Peleg et al., 2017).

There is quantitative evidence of hydrological simulations sensitivity to rainfall spatial va-
riability (Zhang and Han, 2017; Peleg et al., 2017). In
uence could vary according to the
temporal and spatial scale within the basin, related to higher changes at a storm event scale
and for small watersheds (Younis et al., 2008; Terranova and Gariano, 2014; Ayalew et al.,
2014b,a; Thorndahl et al., 2017). The size of the basin is directly related to the resolution
needed for rainfall �elds (and therefore to its variability), for higher concentration times, va-
riability has lesser impact (Thorndahl et al., 2017). Additionally, the type of the storm has
a signi�cant e�ect (Ochoa-Rodriguez et al., 2015). Also, there exist substantial di�erences
for convective and stratiform formations (Berne et al., 2004; van de Beek et al., 2012) that
should be studied and taken into account according to the typical storm types of the region.

Despite some approaches (Ra�eeinasab et al., 2015; Koren et al., 2003) suggest that errors
at interpolated �elds can be corrected or propagated depending on the catchment scale and
temporal resolution. A good rainfall representation improves models performance. We high-
light this need in tropical and mountainous basins where storms events tend to be convective.

Before the use of radar data, interpolated rainfall �elds from rain gauges stations have been
widely used to represent rainfall spatial variability (Zhang and Han, 2017; Otieno et al.,
2014a). Several methods are common such as Thiessen Polygons (Otieno et al., 2014a; Rue-
lland et al., 2008), Nearest Neighbour (Arnold et al., 2012; Szcze�sniak and Piniewski, 2015),
Inverse Distance Weighted (Henn et al., 2017; Szcze�sniak and Piniewski, 2015; Otieno et al.,
2014a; Ruelland et al., 2008) and Triangle Irregular Networks (TIN) (Velasquez et al., 2011;
Woolhiser et al., 1990).

Interpolation methods relate stations using variability, the similarity of environmental condi-
tions, etc., aspects that are in
uenced by the closeness, therefore, an a�erent area is related
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to each gauge; the higher the density of stations network, the more reliable the �nal map.
Some deterministic interpolation methodologies such as IDW and TIN, are more straightfor-
ward than stochastic ones (di Piazza et al., 2011), but all them present similar performance
when applied (Ly et al., 2011; di Piazza et al., 2011). There is evidence that none of them
ensures better hydrological performance (Mendez and Calvo-Valverde, 2016) and are related
to severe limitations for hydrological purposes. Performance of interpolated �elds is mainly
a�ected by the density of rainfall stations located in the basin. Especially for complicated
interpolation methods which tend to increase uncertainty e�ects (Nalder and Wein, 1998;
Velasquez et al., 2011; Otieno et al., 2014a). It suggests that in watersheds with a good
rain stations density straightforward methods such as IDW or Thiessen overcome complex
interpolation methods such as Kriging and can compete with radar-derived data.

Rainfall network density and interpolation method in
uence hydrological model performan-
ce. Mendez and Calvo-Valverde (2016) reported that at hourly scale deterministic methods
outperform stochastic ones. On the other hand, (Niemi et al., 2017) details the importance of
the usage of rainfall stations data to improve hydrological simulations and expose limitations
relative to rain gauges and radar data usage in smalls watersheds. Despite the limitations
and the extended existence of meteorological radars, in general still exists a typical usage
of rainfall interpolation methods in hydrological simulation (Ruelland et al., 2008; Ciabatta
et al., 2016). Di�erent cases show that these methodologies seem to complement and over-
pass results obtained by the solely radar usage (Niemi et al., 2017; Berne et al., 2004). In
broad terms, land rainfall measurements tend to present a reasonable estimation of the total
rainfall, but lack in understands rainfall spatial distribution (Ciabatta et al., 2016).

Opposite to rain gauges point measurements, the spatial continuity of radar scans o�ers
more precise information at high spatial resolution (Thorndahl et al., 2017; Cristiano et al.,
2016). It makes feasible and diminishes uncertainty to deal with the increasing complexity
of hydrological responses (Thorndahl et al., 2017). A high resolution represents more un-
derstanding of complex local processes such as debris 
ows, 
ash-
oods(Marra et al., 2014a;
Younis et al., 2008), shallow landslides (Chiang and Chang, 2009; Crosta and Frattini, 2003)
and urban hydrology (Thorndahl et al., 2017; Cristiano et al., 2016; Berne and Krajewski,
2013a). Due to uncertainties in conversion from re
ectivity and vertical process among at-
mosphere, there still limitations in the implementation of radar rainfall (Marra et al., 2014a;
Aghakouchak et al., 2010; Ciach et al., 2007; Jordan et al., 2003).

Taking into account that both radar and rain gauges data present strengths and weaknesses
some authors suggest merging methodologies (Chen et al., 2016; Wang et al., 2015a; Sinclair
and Pegram, 2005). It is usually unreachable at an operational scale (Wang et al., 2015a)
due to its high degree of complexity and computational demand.
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To gain knowledge in this direction, we present: (i) the usage of a novel method to convert
radar re
ectivity into rainfall �elds based on the usage of disdrometers. (ii) A spatial and
temporal behavioral comparison of di�erent storms observed by the radar and by two in-
terpolation methods (IDW and TIN). (iii) An analysis of the performance and peak 
ow
behavior obtained by a hydrological model under the usage of this three rainfall sources. We
want to establish a link between rainfall spatiotemporal structure and associated hydrologi-
cal changes at multiple scales.

The article is structured as follows: �rst, we present a description of the analyzed watershed
and used data, that describe geomorphological and climatological conditions of the basin.
Then we de�ne the proposed methodology to evaluate the rainfall behavior and its in
uence
on the hydrological response, in the same section we show a short description of the main
factors from the used model. Finally, the results are discussed.

2.2. Study Area and Data Used

We compare �elds on the AV (Aburr�a Valley basin) at the Aula Ambiental level gauge. At
this point, basin reach 472km2 and a mean stream
ow value of 15m3=s. The data needed
for accomplishing the objective are (i) scans from SIATA (Sistema de Alerta Temprana de
Medell��n y el Valle de Aburr�a) meteorological radar, (ii) rain gauge network and (iii)level-
gauge data on AV basin. We analyze data between 2013 and 2014.

2.2.1. Radar ZR Conversion

Classical Z-R conversions and empirical equations could lead to important errors in rainfall
tropical estimations (Wang et al., 2015b). According to literature, it is crucial to develop
regional or local Z-R relations in function of the radar technology and rain gauge data (Tee-
gavarapu et al., 2012). In contrast with one direction radars, polarimetric radars let explore
uncertainties and increase quality in Z-R conversions (Ryzhkov et al., 2005; Palmer et al.,
2011) To transform re
ectivity data, it uses a multi-phase method already calibrated an
validated; this methodology involves disdrometers data besides rain gauge information. The
usage of disdrometers is remarkable because they allow us to observe the re
ectivity of rain-
fall ion surface, which means knowing a point view of radar right on land.

The �rst step consisted in a statistical non-parametric comparison between radar and dis-
drometer re
ectivity; we compare re
ectivity percentiles 25, 50, and 75 between both. The
second phase relates disdrometer re
ectivity and measured rainfall intensity with the same
statistics. Finally, we compare disdrometer rain against rain gauge measurements. The des-



2.2 Study Area and Data Used 19

cribed method works operationally by applying two transformations to the re
ectivity. The
disdrometer and a rain gauge obtain observations in the same point of the watershed. The
technique presents three rainfall estimations: low, medium and high, due to the conversion
method uncertainty. Thanks to the good results in operational implementations in SIATA,
for this work the medium transformation is assumed to be correct. Future work is needed to
determine the reliability of the method for all the region, and explore uncertainty issues of
the conversion.

2.2.2. Rainfall Interpolation Methods

IDW

Inverse Distance Weighted (IDW) is widely used to interpolate rain �elds at di�erent scales
(Otieno et al., 2014b; Tuo et al., 2016), from storm events (scale of minutes) (Nikolopoulos
et al., 2015) to rainfall climatic behavior (months to years) (Tuo et al., 2016). Its perfor-
mance in this �eld is compared with complex interpolation methods such as Kriging (Stow,
2002; Nikolopoulos et al., 2015; Szcze�sniak and Piniewski, 2015), mixed radar data (Niemi
et al., 2017; Paschalis et al., 2014; Ferraris et al., 2003), among others. Results suggest that
IDW is a simple, powerful tool capable of competing with other methodologies and in some
cases out-perform them (Ruelland et al., 2008; Nikolopoulos et al., 2015).

The IDW uses the geo-spatial assumption of increasing similarity between closer points. IDW
calculates the weight of every record in a station via the equation (2-1). At the equation,d
denotes the euclidian distance between the localization of the gaugeLoci and the localization
of the cell Locx . p is a parameter that reduces or increase the relevance of near rain gauge
stations, for this study p is equal to two. Finally, the interpolation is done at each cell in
every time step using equation (2-2). To avoid errors, when a rain gauge is down or reporting
not reliable data, is not taken into account.

Wi =
1

d(Loci ; Locx )p
(2-1)

Rx;t =
P n

i =1 Wi Ri;tP n
i =1 Wi

(2-2)

TIN

Triangle Irregular Network (TIN) is not as popular as the IDW methodology, according to
the literature just a few authors used it in hydrological modeling Similar to IDW, TIN is
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a simple but yet powerful interpolation methodology that tends to generate more coarse
�elds. In an early work (Velasquez et al., 2011) compare the performance of TIN against
IDW reproducing rainfall time series, results suggest TIN tends to out-perform IDW for a
low-density rain gauge network, and the opposite for high densities.

TIN interpolates rainfall at a cell from the three nearest gauges. With those, the methodo-
logy generates a triangle mesh following the Delaunay principle. Each triangle is made up
of stations points in X 1; Y1; Z1; X 2; Y2; Z2 and X 3; Y3; Z3 , and it is assumed to behave as a
three-dimensional plane in which the rain measured at each gauge representsZ i;t . Finally,
the method obtains rainfall at the point located inside the triangle solvingZx;t in a 3x3
determinant.

�
�
�
�
�
�

X 2 � X 1 X 3 � X 3 X x � X 1

Y2 � X 1 Y3 � Y1 Yx � Y1

Z2 � Z1 Z3 � Z1 Zx � Z1

�
�
�
�
�
�

= 0 (2-3)

2.2.3. Experiment

We analyzed 84 recorded storms. Selected events have a peak 
ow higher than 50m3=s. We
examine rainfall spatiotemporal variability and its hydrological implications.

For the temporal variability analysis, we use the mean hietogram for radar and interpolation
methods. It took into account the following characteristics: rainfall accumulation distribution
around peak 
ow time, and comparison of the maximum and mean intensities distribution.

The spatial variability consists of three elements. First a visual analysis of the accumulated
�elds at four selected events. Second, a comparison of the basin covered area by each met-
hodology at increasing rainfall thresholds. And third, a region overlapping analysis between
radar and interpolated �elds with growing rainfall thresholds.

Two calibrations were achieved for this work. The �rst one is a long-term calibration with
temporal resolution of one hour, in order to set the antecedent conditions of the whole basin
which are changing in regard to seasonal periods as well as climatological conditions, for
every event the state conditions of the basin were stored 6 hour before the peak 
ow. The
second is a short-term calibration used for the analysis of the events with a temporal reso-
lution of 5min and setting as initial conditions the one saved for each event, this �ner scale
let the analysis account for details of the hydrograph and the recession that are lost with a
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� t of one hour.

Calibration and validation procedure of the model parameters was achieved by means of
essay and error for the period comprised in January/2013 -December/2014. At a �t of one
hour the model is calibrated to obtain a mean overall good �t determined by theNS criteria.
Taking into account that the mean stream
ow of the AV basin at the outlet is near 13m3:s� 1,
the calibration procedure at a � t of 5 minutes is done over storm events with stream
ow
values equal or greater than 50m3:s� 1. Calibration was made for approximately 10 events for
each year, and validated for the resting 64 events in both years, both procedures taking care
about the good quality of input data. Calibration of events was achieved in order of incresing
Nash-Sutcli�e criteria (NS) and decreasing the percentage di�erence between simulated and
observated peak 
ows (DQpeak).

After the calibration, we analyze two aspects: performance variability between events and
peak 
ow variability at the inner nodes of the watershed.

2.3. Results and Discussion

Results suggest that there exist signi�cant di�erences between rainfall �elds, and a�ect the
model behavior and performance too. IDW �elds tend to be more similar to radar �elds, in
comparison with TIN �elds which tend to produce higher di�erences. We observe the same
results in the hydrological response.

2.3.1. Rainfall Analysis

Temporal Analysis

The Figure 2-1 presents the mean hietograms of the whole basin corresponding to four selec-
ted events. We calculate Nash-Sutcli�e over hietograms, it assumes radar data as observed,
and interpolated as simulated. Eventsa and b correspond to dominant stratiform events,
while c and d to dominant convective events. Associated to this, eventsa and b present
higher duration whereasc and d are more localized in time.

Regarding the temporal distribution of maximum and minimum rainfall intensity, all events
show important di�erences between methods. According to NS criteria, in three of four
events, IDW shows more similarity to radar than TIN.

Event a shows considerable correspondence between rainfall peaks of radar, TIN, and IDW.
Is not the case of eventd, where TIN and IDW overestimate radar rainfall. In all four cases,



22
2 Comparison of rainfall inputs on hydrograph simulation: radar vs. TIN and IDW

interpolations, a study case in a tropical catchment.

Figure 2-1 : Mean rainfall hietograms in the basin obtained from radar (red), IDW (blue)
and TIN (gray) at 4 di�erent events. NS correspond to Nash-Sutcli�e coe�cient
calculated for every event, it assumes radar data as observed and the interpo-
lated information as simulated.a and b correspond to dominant convective
events whilec and d to dominant stratiform events.

TIN and IDW tend to over produce mean rain at speci�c time intervals, ina it happens and
the end, inb and d occur at the beginning, and in eventc occurs during the hietogram peak
and recession. In eventsa and c radar appears in less time, this possibly is explained by the
initial localization of both events. In the other hand, due to low intensities eventsb and d
starts �rst. At low intensities, radar underestimates rainfall. On the other hand, IDW and
TIN methods tend to overproduce rain.

Previous analysis is speci�c to four events, despite this, we could get an idea of the temporal
dynamics and oscillations attached to each type of rain �eld, and the essential temporal
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di�erences between them.

Figure 2-2 presents the median rainfall accumulated by each method around the registered
maximum stream
ow peak. The Figure also shows the con�dence bands constructed from
percentiles 25 and 75 in each time step. In this, we set as zero the peak 
ow occurrence
time (black dotted line). According to this Figure, TIN tends to accumulate more rain and
presents an anticipated response respect to IDW and radar. In the other hand, IDW and
radar exhibit similar magnitude and time. In IDW and radar, the beginning and end of
high rainfall rates coincide at� 3 and 0 hours, respectively. Inside this portion of time, IDW
reaches slightly higher intensities, additionally, IDW presents more rain accumulation at the
end of the events (from 0 to 5 hours). Radar bands start close near the -4 hours and become
more extensive with the time.

Figure 2-2 : Statistics of hietogram accumulation evolution around the peak stream
ow in
the evaluated events, thick line represent the mean value at each time step, and
the bands correspond to the percentiles of 25 and 75.

Figure 2-3 shows the probability density function (pdf) and cumulative density function
(cdf) of mean (I med) and maximum intensity (I max ) obtained from the 84 events and the th-
ree types of rain �elds. Intensities are obtained over the mean rainfall hietogram in the basin
for all events. According to Figure2-3a, the high values ofI max are presented by TIN follo-
wed by IDW and radar. It is similar to what happens with time distribution of accumulated
rain in Figure 2-2. Although radar presents the lowerI med too, is slightly more common for
radar to observe maximum events than for TIN and IDW. We can deduce it from the tails
of the distribution that are heavier for IDW and TIN than for radar. Compared to radar,
rain gauge measures could explain IDW and TIN high values ofI max . Also, radar to rainfall
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method only applies under certain re
ectivity values.

Figure 2-3 : PDF showing the distribution of the a) maximum intensity associated to radar
(red), IDW (blue) and TIN (gray) rainfall �elds, and b) mean intensity.

Figure 2-3-b shows that the I max values correspond to TIN, followed by radar and IDW.
Radar and IDW are similar, with slight di�erences related to the highest values, more com-
mon at radar. On the other hand, similar to Figures2-2 and 2-3-a, TIN presents an over-
estimation of the mean intensity pdf. This behavior can be related to the exaggeration of
magnitude in the surface that the method generates. Spatial distribution of intensities di�-
cultly represents the spatial variability of the rainfall.

According to the results presented in Figure2-2, 2-3 a and b, IDW �elds tends to behave
more similar to radar �elds than TIN, with the expected di�erences from spatial limitations
and assumptions to interpolate. On the other hand, TIN accumulates more water during
events and exhibit higher values forI max and I med.
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Spatial Analysis

Figure 2-4 presents the accumulated rain �elds for four events aforementioned. Columns
correspond to radar, TIN and IDW �elds, respectively, and in the same order of Figure2-1
rows correspond to events. There exist signi�cant di�erences between the three types of rain
�elds. In contrast to IDW and TIN, radar �elds exhibit more rain accumulation in smaller
areas; TIN presents essential gaps of no rain in the cumulative �elds and a signi�cant lack of
spatial correspondence with radar. IDW do not present gaps, in eventsa and c seems to have
a better spatial matching with radar. Interpolated �elds are slightly better when systems
are more homogeneous among the whole basin, as the cases of eventsa and b. But, this is
not generalized behavior because of the speci�c location of rain gauges respect to the system.

The rain gauge localization and the rain structure (convective or stratiform) in
uence the
correspondence between accumulated rain �elds. IDW and TIN make a represent better
stratiform events with more accumulation.

We compare two spatial features over the accumulated �elds. In the �rst case, we calculate
di�erences in the spatial coverage. In the second, we compare IDW and TIN with radar for
increased accumulation thresholds. In both cases, the �eld corresponds to the sum of an event.

Figure 2-5 presents the percentage of basin area covered by the rain �elds of three methods
at increasing rainfall thresholds. The thick line corresponds to the median area covered at
each limit while the con�dence bands correspond to the 25 and 75 percentiles of the obtai-
ned distribution at each step. At low rain values, IDW covers almost the 100 % of the area
which exhibits the nature of the interpolation method. But after 17mm of accumulation,
IDW covered area is lower than radar and higher than TIN, it suggests the limitation of
the interpolation method to observe the higher rain intensities. On other hand, TIN �elds
cover a little more than 60 % of the basin at low thresholds. Opposite to IDW, TIN cover
the less area at all thresholds. There is a moderate coverage in radar for low threshold;
between TIN and IDW. It covers slightly more than 80 % of basin area. Radar coverage
overpass IDW for higher thresholds. Di�erent from interpolation methods, radar covers a
percentage di�erent to zero at highs rain accumulations (rain higher than 30 mm). Radar
do observe those high-intensity cores that stations do not register. At this point, we know
that interpolation methods suppose two main limitations: (i)they tend to over or sub estima-
te the area covered by the rainfall, and (ii) do not reproduce the existence of convective cores.

Radar records re
ectivity about 1km over the surface, for this reason, there could exist a
displacement for rainfall in the surface (Villarini and Krajewski, 2010; Lack and Fox, 2007,
2005). Despite this, we assume radar data as observed, and compare IDW and TIN against it.
Figure 2-6 shows the comparison of the calculated percentage of rain that match radar loca-
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Figure 2-4 : Accumulated rainfall �elds obtained for 4 events, they are organized from left
to right as radar, TIN and IDW. All events correspond to year 2013. a) May-5,
b) Oct-10, c) Nov-6 and d) Dec-8. Maps contain the rain gauges location.
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lization marked as matching percentage. In this case, we also analyze overlap, underestimate
and overestimate at increasing thresholds. While threshold increases, IDW and TIN match
area decrease. For a limit of 30mm, the matching area tends to zero. IDW exhibit higher
matching, at the same time, in the interval of 5� 15mm, it generates more rain accumulation.

Figure 2-5 : Evolution of the percentage of basin area covered by the three types of �elds
at di�erent precipitation thresholds.

Figure 2-6 : Evolution of the percentage of matching and unmatching area between radar
vs IDW (blue) and radar vs TIN (gray). Continuous lines represents matching
area, dashed lines unmatching area, and doted-dashed lines the sum of both.
Bands correspond to interquantile range of 25-75.

Figure 2-7 shows an analysis of the watershed aggregation process. It uses the 85 events and
accumulates rainfall at each reach of the basin. All three methods collect rain di�erently,
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small reaches (less than 100Km 2) present signi�cant variability. Due to its measure techni-
que, radar accumulation tends to be erratic in small basins. On the other hand, with a linear
increment, IDW is closer to radar than TIN.

Figure 2-7 : Percentile 50 of the distribution of accumulated rainfall by hydrological reach
over the 84 evaluated events. Red points correspond to radar, blue to IDW and
gray to TIN.

2.3.2. Model Performance

The three types of rainfall �elds where implemented in the hydrological model. Table2-1
presents the calibrated parameter values obtained for the model with each rain method.
Results suggest di�erences between them, with exceptions at the in�ltration and percolation
rates (k�

s). In the case of radar and IDW data,k�
s is multiplied by 50 and for TIN by 10. Also,

sub-super�cial speed (v�
sub) is 1.5 for radar and IDW. Radar and IDW share spatiotemporal

aspects that the calibration seems to link.

Two performance criteria were analyzed, Nash-Sutcli�e (E) and the percentage di�erence
between the observed and the simulated peak stream-
ow (DQpeak). Figure 2-8 presents
the cdf of the results obtained forE (continuous lines) and theDQpeak (dashed lines) for
each rainfall type.E di�erences suggest a better performance obtained by radar data usage,
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Table 2-1 : Calibration parameters obtained for radar, IDW and TIN �elds.

Parameter Expression Radar TIN IDW
Evaporation Evp� = Evp � c1 0.1 0.05 0.05
In�ltration K �

s = K sc2 50 10 50
Percolation K �

p = K �
pc3 1.0 0.07 1.0

Loses K �
pp = K ppc4 0 0 0

Runo� v�
run = vrun c5 12 10 12

Sub-super�cial v�
sub = vsubc6 1.5 10 1.5

Subterranean v�
sut = vsut c7 0.01 0.01 0.01

Stream
ow v�
str = vstr c8 0.99 0.99 0.99

Max Gravitational H �
g = Hgc9 1.0 1.0 1.0

Max Capillary H �
c = Hcc10 1.0 1.0 1.0

Figure 2-8 : General Nash (continuous lines) andDQpeak (dashed lines)performance obtai-
ned using radar (red), IDW (blue) and TIN(gray) �elds in the hydrological
model.

followed by IDW and TIN. DQpeak exhibit similar behavior.

It is important to note that this results are obtained at the outlet of the basin and do not
necessarily represent the performance of the three �eld types at other scales. It is necessary
a spatiotemporal analysis at multiple scales. In this case of a basin with intermediate size
such as AV basin (472km2), results suggest that a well-suited radar conversion results in
increased modeling performance.

Figure 2-9 presents the results at four selected events that correspond to the ones of Figure
2-4. IDW and TIN tend to underestimate peak 
ow values. Radar gives the best performan-
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Figure 2-9 : Obtained results at two events using radar (red), IDW (blue) and TIN(gray),
dashed blue line represents observed stream
ow.

ce for the four events, followed by IDW and TIN. Related with the temporal distribution
(Figure 2-1), radar exhibits lower values ofDQpeak. Events a and c exhibit good performan-
ce in the three cases. Simultaneously, same events have the best spatial coincidence between
methods and the highest maximum intensity in hietograms.

All four cases exhibit the important link between the temporal variations and the catchment
response. In case ofa, radar rainfall starts about one hour before TIN and IDW rainfall;
good model performance is related to the previous rain accumulation. In casesb and d,
temporal errors in TIN and IDW trigger the hydrological response before the observed one.

According to Figures2-9, and2-8, the usage of radar �elds results in a higher model perfor-
mance. At this point, there is a link between model performance and a good measure of the
rainfall. Errors in rainfall interpolation and conversion, tend to lose relevance during signi-
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�cative storms with more accumulation. High intensities and low to medium accumulations
are present at convective storms, while low intensities and high accumulations are characte-
ristic of stratiform formations (Jr and Houze, 2012; Rasmussen et al., 2014b). Interpolation
methods tend to increase performance at stratiform formations, which is already suggested
by Shen et al. (2010). Nevertheless, for risk assessment, convective systems are more relevant.

Simulation Analysis

We analyze stream
ow variability at multiple scales. Figure2-10 presents the 25, 50 and
75 percentiles for the simulated 84 events peak 
ow among the accumulated area in each
reach. TIN tends to overestimate peaks in areas between 25 and 250km2, while IDW tends
to sub-estimate. TIN overestimations could be linked to results presented at Figures2-2,
2-3a and b.

Similar to the results found in subsection 2.3.1, IDW and radar similarities are extrapolated
to peak 
ow simulations. Despite the underestimations of IDW (Figure2-10), there are
signi�cant similarities between them. Spatial behavior among increasing areas is similar to
the one presented in (Figure2-7).

IDW and TIN present a threshold area of 250km2, over which both methodologies under
estimate radar peak 
ows. According to Figure2-4 TIN and IDW does not represent well
convective cores with high intensities. Both results suggest that interpolation methodologies
present a lack of maximum intensities that are related to strong runo� process (Terranova
and Gariano, 2014; Morin et al., 2006). A possible explanation of the threshold could be in
Figure 2-7, for higher reach areas TIN underestimate rain accumulation and IDW exhibits
a linear behavior for all the areas, this fact could a�ect the model calibration and simulated
peak 
ows.

Hydrological response variations at di�erent scales is a complex topic that requires more
analysis (Ayalew et al., 2014a). Figure2-11 relates simulation and rainfall analysis for radar
and IDW. It presents the simulated peak 
ow di�erences vs. the accumulated precipitation
di�erences (colors in logarithmic scale) between radar and IDW. Accumulated rainfall di�e-
rences tend to increase with the area, while peak di�erences decrease. Peak di�erences are
signi�cant and disperse at small reaches. Results suggest that 
ow accumulation in the basin
scatter rainfall errors.
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Figure 2-10 : Statistics in the peak 
ow scaling changes in all the internal hydrological nodes
of the basin, using the three types of rainfall �elds.

2.4. Conclusions

Interpolated and radar rainfall �elds where analyzed and evaluated into a hydrological model
in a tropical catchment, characterized by the occurrence of convective rainfall. We analyze a
medium size catchment of 472km2 by taking 84 rainfall events between 2013 and 2014. The
analysis use data of a band C radar and the interpolation methods use precipitation of 54
rain gauge. Rainfall �elds behavior is analyzed separating its temporal and spatial di�eren-
ces. Results suggest a better overlapping between radar and IDW; TIN tends to overestimate
intensities and underestimate rainfall areas.

Hydrological analysis evaluates two aspects; model performance using the three mentioned
types of �elds and peak 
ow di�erences. Radar �elds increase model performance, followed
by IDW and TIN. Each kind of �eld represents peak 
ow changes at di�erent scales.

The temporal analysis suggests essential di�erences between radar and interpolated �elds,
that deform the spatial rainfall distribution. With high di�erences, TIN interpolation tends
to over-estimateI med and I max . The overall temporal analysis is done evaluating NS perfor-
mance coe�cient in the mean hietogram. We calculate NS assuming radar data as observed.
Results suggest more di�erences with TIN, also, that at higher intensities di�erences with
radar tend to reduce.

In the spatial analysis, the di�erences increase for high intensities. In this cases, convective
cells determine rain properties, which are not well represented by interpolation methods.
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Figure 2-11 : Analysis of rainfall and peak 
ow di�erence at di�erent scales. Scatter plot
correspond to reach area (km2) vs. peak 
ow di�erence between radar and
IDW, colored by accumulated rainfall di�erence at the same reach. The gray
band corresponds to the 10-90 percentiles of the accumulated rainfall di�e-
rences. Blue line and band corresponds to the 50, 10 and 90 percentiles of the
accumulated di�erence divided by the reach area (relative di�erence).

According to the obtained results, with a good radar ZR transformation it is possible to get
an adequate model performance. From 84 evaluated events, the model using radar achie-
ve to obtain NS values above 0.25 on the 70 % andNS > 0;5 on the 50 % (Figure2-8 ).
DQmax exhibits a similar performance; radar presents the 70 % of the events with di�erences
below 24 %. On the other hand, TIN and IDW only achieve to present the 40 % below the
DQmax = 24 %. Results in the performance suggest that a good understanding of the rain-
fall spatiotemporal variations are crucial regarding hydrological simulation at medium scales.

Depending on watershed properties, hydrological modeling increases its performance from
the use of radar data. Besides of rainfall di�erences and the model performance, a critical
analysis is done taking into account scaling through the watershed. We record rainfall ac-
cumulation, and peak 
ows at each reach of the basin. Results suggest that for increasing
areas, di�erences in rainfall accumulation tend to grow and peak 
ow di�erences to decrease.
According to results, a good rainfall structure understanding gain more importance in small
watersheds, where small rain di�erences imply essential hydrological estimation errors.
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Abstract. Subsurface 
ow is a signi�cant component of storm events. It increases its parti-
cipation in the late recession stages, depending on rainfall characteristics, basin morphology,
soil type and depth, and antecedent storage. This work, in particular, aims to analyze the
role of rainfall features in the contribution of subsurface 
ow to the hydrological response
of a basin. To separate subsurface 
ow, we use a distributed hydrological model and an
analytical model (the BRM model (Stewart, 2014a)).

The hydrological model is used to simulate 84 storm events that occurred between 2013 and
2014 over a mountainous basin located within the Colombian Andean region. The precipi-
tation input for the hydrological model is a distributed estimation from radar scans. We
present a detailed analysis of 4 events; it suggests that some aspects of the rain strongly
in
uenced subsurface 
ow. We also analyze other 84 cases. Results imply that subsurface

ow increase with the total rainfall. On the other hand, after prolonged dry periods, the
discharge shows the increased contribution from the surface 
ow. This 
ow is also dominant
when the intensity increase. Despite the relevance of the results, more research must be done
in the same direction to take into account variables such as the storm structure and antece-
dent storage.
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3.1. Introduction

The stream
ow in a watershed could be thought as the result of the integration of di�erent
sources: surface runo�, sub-super�cial 
ow and base-
ow (Linsley, 1958; Hall, 1968; Hew-
lett, 1961; Tallaksen, 1995). A better understanding of the interaction among all stream
ow
sources during a storm event is critical in to improve our knowledge of water resources, soil
erosion processes, stream geochemistry dynamics, 
ood management, and environmental re-
gulations.

The identi�cation and quanti�cation of each 
ow source are essential for the understanding
of hydrological processes (Sophocleous, 2002). During the calibration, identifying each one
of the principal components of the stream
ow could be helpful for a better model physical
approximation and a more realistic calibration exercise (Liang et al., 2014; Ferket et al.,
2010). Regarding natural hazards, improving knowledge about the hydrological role of soil
water dynamics in a watershed is paramount to understand and simulate the occurrence of
forest and bush �res, mass movements, 
oods, droughts and others extreme events (Brocca
et al., 2012).

In classical hydrology, 
uxes through the soil were considered secondary in comparison to
the hydrological processes at surface (Hewlett and Hibbert, 1966; Linsley, 1958). Nowadays
there is evidence that the sub-super�cial 
ow could be part of the stream
ow recession
(Stewart, 2015b; Zabaleta and Antig•uedad, 2013; Ward et al., 2011) and it could reach an
essential portion of the peak discharge (Pinder and Jones, 1969; Rice and Hornberger, 1998;
Zabaleta and Antig•uedad, 2013). Additionally, existing evidence of the relation between the
sub-super�cial 
ow and the amount of water stored in the basin (Sklash and Farvolden,
1979; Kubota and Sivapalan, 1995; Klaus and McDonnell, 2013; Dralle et al., 2016). Howe-
ver, it has been di�cult to acquire experimental or model evidence that quanti�es the role
of sub-super�cial 
ow, and basin storage during discharge (Joerin et al., 2002; Dralle et al.,
2016). According to He et al. (2016) sub-super�cial 
ow and base-
ow, consist of about
65 % of the hydrograph, increasing its participation at late stages of the recession curve. A
better understanding of the recession curve could lead to the identi�cation of better 
uxes
separation methods (Stewart, 2014a,b).

Several authors study the recession curve to analyze the 
uctuation of the sub-super�cial

ow (Tetzla� and Soulsby, 2008; Biswal and Marani, 2014b; Stewart, 2015a), and some of
them take into account morphological aspects of the watershed such as the area, the draina-
ge network, and its hill slopes. Chen and Krajewski (2015) shows that the behavior of the
base-
ow has a link with the accumulated area, varying more at small scales and becoming
linear at bigger areas (above 100km2). Similar results are shown by Fenicia et al. (2005);
Tetzla� and Soulsby (2008), also, Clark et al. (2010) shows that the area-recession become



3.1 Introduction 37

non-linear in small catchments, with varying areas between (0.1 ha to 40ha). Additional to
it, Biswal and Marani (2014; 2014b; 2015) and Patnaik et al. (2015) studied the link between
the recession curve and the structure of the drainage network with remarkable results.

Di�erent authors have outlined several contrasting approaches to address the problem of
stream-
ow separation. According to Stewart (2015a), there are three types of base-
ow se-
paration methods: empirical, analytical and chemical (tracers). Evidence suggests that tracer
methods have best results, at the same time are expensive and limited (Tetzla� and Soulsby,
2008). There is no consensus about the performance of analytical and empirical methods.
This because the di�culties to measure base-
ow at storm events. Empirical methods lack
relation with hydrological physics and tend to be subjective (He et al., 2016). Literature
shows that these empirical methods tend to work, but some consider their use to be arbi-
trary (Tallaksen, 1995; He et al., 2016; Eckhardt, 2008).

Some of the more popular stream-
ow separation schemes are empirical methodologies such
as recursive digital �lters (RDF) (Eckhardt, 2005b; Arnold et al., 1995; Arnold and Allen,
1999; Nathan, R.J., McMahon, 1990). Despite their results, these methods do not take into
account hydrological processes (Li et al., 2013). For example, Partington et al. (2012) compa-
red four RDF methods against a physically-based model; results showed similar performance.

There exist in the literature di�erent works that overcome the 
uxes separation problem by
using physical-based or conceptual models. Models can be of hydrological-hydraulic nature
(Gan and Luo, 2013) or hydrogeological tools, such as the HydroGeoSphere model (HGS)
(Werner et al., 2009; Partington et al., 2012). Physically-based models require more resources
and information, but they take into account involved processes. However, they still depend
on the parameters and the quality of the data.

In addition to the problems related to the separation process, there is a lack of work that con-
nects separation with rainfall features. We only know that rainfall could detonate hortonian
and saturation runo�. But there is no much information about the amount of sub-super�cial

ow. There is only qualitative work that relates 
uxes separation. For example, Shope (2016)
conclude that convective rainfall tends to increase variability at the sub-super�cial 
ow se-
paration.

There are di�erent approaches to achieve base 
ow, and inter-
ow separation in hydrographs
(Eckhardt, 2005a; Stewart, 2015a; He et al., 2016). In this paper, we analyze 
uxes separation
taking into account spatiotemporal precipitation features. For this, over 84 events, we applied
a proposed separation method in a tropical catchment (taking place between 2013 and 2014).
Also, we analyze four events in detail.
The present work assumes that spatiotemporal rainfall variability has an essential e�ect on
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hydrological processes. It could a�ect the production of runo� and sub-super�cial 
ow. This
idea has been presented early by Kirkby and Chorley (1967), and recently by Bell et al.
(2009); Beven (2012). In this case, and by the use of several events, we want to establish a
numerical relationship.

This paper uses a modi�cation made into the TETIS hydrological conceptual model (V�elez,
2001; Franc�es et al., 2007a) to separate the stream
ow into three 
ows: runo�, sub-super�cial

ow, and base-
ow. We modify the model to use non-linear relations. The model takes into
account antecedent conditions by the use of results from a previous long-term simulation.
Results are compared with an already validated methodology, the Bump and Rise base-
ow
separation method (Stewart, 2015b). Then, the variability of the separation is compared to
the structure of the storm, taking into account its duration, intensity, and spatial location
inside the basin.

3.2. Methodology and Data

The application of the methodology is made at the Aburr�a Valley (AV) basin, located in
the northwestern Colombian Andes, precisely at the central mountain range, in the state
of Antioquia. Data consists of radar and stream
ow records with a temporal resolution of
(5min ). We analyze 84 events that correspond to those referenced in Chapter 3. Peak 
ow
and rainfall features tend to be chaotic for the selected events (Figure3-1). Antecedent
storage and rain-soil interaction could explain mentioned behavior.

We apply two separation methodologies, one physical and other analytical. A modi�ed ver-
sion of TETIS model (V�elez, 2001) do the physical separation. The BRM (Bump and raise
method) (Stewart, 2014a, 2015a) make the analytical separation. For a more detailed expla-
nation of hydrological model modi�cations, study area and data used, see Chapter 1. We
calibrate and validate the hydrological model by the use of the Nash-Sutcli�e (NS) e�ciency
criteria which range from�1 and 1.

3.2.1. Bump and Rise Method

We use the BRM method to have a validation point. This technique belongs to the RDF
family and is designed to emulate results obtained by tracers. BRM simulates quick respon-
se (bump) and the long response (the rise). For this, it uses two parameters:f and k. f
correspond to the hydrograph bump size andk to the base
ow contribution. We obtain the
parameters from stream
ow records. As there are no tracers available, we calibrate parame-
ters through a Monte Carlo optimization process suggested in an early paper version of the
BRM (Stewart, 2014a).
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Figure 3-1 : Resume analysis of the behavior of the storms in the Aburr�a Valley Watershed.
X -axis represent maximum stream
ow, �rst Y-axis the maximum intensity
and its distribution. The dot colors (from yellow to blue in ascending order)
represent the mean intensity of the storm event.

BRM relates a theoretical fast recession curve to quick 
ow. From a recession analysis, it
obtains the shape of this curve. Then, BRM adds this curve to the base
ow and obtains the
total stream
ow. Finally, the method compares the obtained stream
ow with the observed
one.
The BRM method proposed is described by the equation (3-1), in whichB t represent the
base
ow, Qt the observed stream
ow, andk and f the parameters of the method. During the
implementation of the method, these two parameters must be calibrated to obtain recession
curves similar to the recession curves shown by multiple hydrographs.

B t =

(
B t � 1 + k + f (Qt � Qt � 1) forQt > B t � 1 + k

Qt for Qt < B t � 1 + k
(3-1)

3.3. Results and Discussion

3.3.1. Implementation and Validation

Calibration procedures achieved for present paper corresponded to the same used and ex-
plained in Chapter 3, with some di�erences in 
uxes separation.
Long-term simulation results suggest that model provides a good �t to hourly stream
ow,
reaching a good description of the records oscillations fromNS criteria. Short-term validation
shows a good �t for the 84 events with a meanNS value of 0;66. Also, some events presented
values ofNS near -2, and others values above 0;8 (see Figure3-2). From Figure 3-2, the
NS cdf shows that 37 % of the events have a poor performance, 28 % medium, and 35 % a
good performance.
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Figure 3-2 : Nash e�ciency probability density function (blue line) and cumulative density
function (red line) for the 84 analyzed events. Red zone represents the events
below 0 in which the performance is considered poor, Green zone represent
events with values between 0 and 0.5 or medium performance, and Blue zone
represent events with Nash values above 0.5 (good performance).

BRM Method

We calibrate BRM by �xing parameter k, while a Monte Carlo sampling seeks for a value of
f between 0 and 1. We apply the method for 132 hydrographs. In each case,k correspond
to the lower standard error. Finally, k is the value of more outcomes. Recession analysis has
in account only hydrographs with one peak. However, some of the storms in the study area
present two or more peak 
ows. These cases have to be taken o�.

Methods comparisson

We compare results obtained by BRM and the hydrological model. For this, we use the
V Pbrm (volume of low 
ow of BRM), and the V Pinf (sub-super�cial volume of the model).
Figure 3-3 show the comparison betweenV Pbrm and V Pinf . V Pbrm oscillates between 0;7
and 1;0 with a mean of 0.85, whileV Pinf between 0;3 and 1;0 with a mean of 0.55. Also,
V Pbrm present less dispersion around its mean value. On the other hand,V Pinf shows more
variations. It could be due to hydrological features during simulation.

Figures3-4 and3-6 correspond to rainfall accumulation and simulations respectively. Figures
correspond to four selected events that we use to discuss. Table3-1 summarize results for the
same four events. Results in Figure3-6 follows the theoretical descriptions of its behavior
(Hewllet and Hibbertt, 1967; Stewart, 2015). Runo� tends to explain the hydrograph rise.
And sub-super�cial 
ow tends to be associated with the recession curve.
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Compared to the BRM, the model method shows less sub-super�cial 
ow volume (accumu-
lated). Also, in 3 out of 4 cases both methods are similar during the recession curve. Besides,
separation made by model presents essential di�erences in the distribution of water among
the hydrograph respect to BRM. There is a variable delay between peaks of sub-super�cial

ow separated from BRM and the model.

Figure 3-3 : Comparison betweenV Pbrm and V Pinf for the evaluated events, dots are co-
lored with the maximum stream
ow value, horizontal histogram correspond to
V Pbrm , vertical histogram to V Pinf

Descriptive analysis

In this apart we make a descriptive analysis of the four events presented at the sensibility
analysis. Figure3-6 exhibit obtained results and mean hietograms of each event. This �gure
shows model and BRM results. Figures3-4 and 3-5 presents accumulated rainfall �elds and
vertical radar pro�les respectively. Figure3-5 shows only pro�les of eventsa,b and c.
Compared with BRM, the model shows more variability in the separation. In the four cases,
BRM obtains and a sub-super�cial 
ow that behaves similarly to the hydrograph (purple
dashed line). On the other hand, the sub-super�cial 
ow of the model changes from event to
event. Rainfall characteristics and Physical aspects of the model could produce this model
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Table 3-1 : Resume characteristics of four select events, main characteristics are described;
maximum intensity, duration, maximum discharge, performance measurements
and runo� and sub-super�cial simulated volume.

Event Date I mean I max D Qomax Qsmax DQ E DV DB V sub Vrun

a 2013-06-27 06:40 2.96 37.8 3.4 1 525.4 566.9 0.07 0.9 0.01 -0.12 0.87 0.63
b 2014-04-25 23:30 15.66 78 6.3 437.8 448.2 0.09 0.85 0.09 -0.27 1.05 0.90
c 2014-03-05 22:20 2.62 18.6 4.5 207.7 232.12 0.11 0.76 0.3 -0.14 0.60 0.36
d 2014-10-17 15:25 0.696 12 1.5 193.60 189.6 0.02 0.89 -0.1 -0.25 0.09 0.28

Figure 3-4 : Total acummulated precipitation for the 4 events shown in Figure3-6. The
white circle surrounding the radar location corresponds to the lost of visibility
due to the proximity to the radar, this area correspond to 4km2, that is about
0;89 % of the total area of the basin.

variations.
From Figures, 3-6 and 3-4, signi�cant accumulations correspond to eventsa and c. Also,
the same events exhibit convective regions enveloped in stratiform formations (Figures3-4
and 3-5). On the other hand, eventsb and d , exhibit less accumulation. And they spatial
distribution is limited to certain regions of the basin. Also, it seems that a relative small
convective system is present at eventb (Figure 3-5b).

Sub-super�cial 
ow seems to overpass runo� at eventsa, b and c, it coincides with the
rainfall behavior. In the three cases, there seems to be a signi�cant stratiform component.
Also, in the three events, there is rainfall outside the urban area. Runo� dominates at event
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Figure 3-5 : Vertical pro�les taken by the meteorological radar for events a) and c) from
Figure 5. a) and b) correspond to the event occurred in june 27 of 2013. c)
and d) correspond to the event occurred in April 25 of 2014. In both cases the
pro�les have a separation of about 30min, the time in every event was selected
trying to show how is the evolution of both storms from the beginning to the
end.

d. In this case, rainfall is localized mostly in the urban area.

Sensibility analysis

We compare model separation against the BRM method. Results suggest variability and
magnitude coherence. Despite this, no observed data let us validate the results. For this
reason, we made a sensibility analysis over the model. In it, we change the in�ltration ca-
libration coe�cient ( K s) between 0.014 and 0.13cm=s. The calibration obtained value was
equal to 0.046. These changes seek to present how is the separation under di�erent circums-
tances. Figure3-7 shows the obtained results at four events.

With some variants at the separation, results suggest that total stream
ow has no relevant
changes that at the outlet of the basin. Separation at eventsa and b shows less oscillations
than in events c and d. Rainfall features such as localization, intensity, and accumulation
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could explain some of the changes. Despite this, it seems that there is no bias due to the
calibration. The separation is consistent at each event, as the dominant 
ux (runo� or sub-
super�cial) prevails.

Figure 3-6 : Results in the BRM and model methods for four selected events. The blue
line corresponds to observed stream
ow, red line to total simulated stream
ow,
dashed (magenta) line represent the BRM sub-super�cial 
ow. The black and
red lines correspond to sub-super�cial and runo� stream
ows separated with
the model.

General analysis

Results from thedescriptive analysis shows that there is a relationship between the rainfall
and the 
uxes separation. Despite the basin semi-impervious urban area. High intensities and
long durations are respectively related to high rates of hortonian runo� or a sub-super�cial

ow. Nevertheless, this link is not simple, since rainfall variability could be high, and also it
depends on factors such as antecedent conditions.

To clarify this relation, we evaluate the separation results for 84 cases. For this, we calculate
the total runo� ( V Prun ) and sub-super�cial (V Psubsup) volume of each event. Results are
compared with Rtot (total rainfall) and I max (max intensity).
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Figure 3-7 : Sensibility analysis of the behavior of the 
uxes separation done by the model as
the in�ltration calibration parameter k�

s changes from 0;014cm=s to 0;13cm=s.

According to Figure 3-8a and 3-8b, Rtot and I max show a relationship with the separation
of 
ows as described by the classical literature. In the case ofRtot (Figure 3-8a) storms with
higher rainfall accumulation tend to increaseV Pinf . I max (Figure 3-8b) show the inverse
relationship, it increaseV Prun and decreaseV Pinf .

In Figure 3-8a the events with shadow correspond to values ofRtot > 22mm. In this case, 9
out of 14 have a greater participation in the sub-super�cial 
ow. In Figure3-8b, the events
with shadow correspond toI max > 55mm=h, in this case, 11 out of 17 correspond to events
with major runo� participation. Results con�rm that rainfall a�ects 
uxes variations; howe-
ver, there are more variables involved.

For more comprehension we analyzeV Prun and V Prun at increasing thresholds ofRtot and
I max . The analysis only takes into account events that surpass successive increments of
Rtot and I max . At each increment we calculate: mean value,P10, and P90 of the mean sub-
super�cial (Vsub) and runo� volumes (Vrun ). Figure 3-9a show the results forI max and Figure
3-9b for Rtot . In the case ofI max , Vinf surpassVrun until I max is equal to 47mm=h (value
similar to the basin mean conductivity). In the case ofRtot , Vinf overpassVrun . Also, Rtot

make Vinf to increase andVrun to decrease. It is important to note that for both cases the
dispersions ofVinf and Vrun are high.
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Figure 3-8 : Percentage of total volume that goes by runo� (V Prun ) and as sub-super�cial

ow ( V Psub) compared with a) the total rain occurred during the event and b)
the maximum intensity reported in the hietogram aggregated for the basin. In
a) gray dots correspond to events with an accumulation greater than 20mm, in
b) correspond to events with a maximum intensity greater than 55mm=h.

In both cases, there is evidence of the link between the total rainfall and the intensity of the

uxes separation. But it is clear that these two variables are not enough to explain how the
separation works. We think that there is an in
uence too of antecedent conditions and other
rainfall features that we do not analyze.
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Figure 3-9 : Mean volume of sub-super�cial 
ow (blue lines) and runo� (green lines) esti-
mated with the events that have a maximum intensity less or equal than an
increasing threshold (a), and total rainfall less or equal than an increasing thres-
hold (b). Blue shadow correspond to the standard deviation of sub-super�cial
volume and green shadow to the standard deviation of runo� volume.

3.4. Conclusions

In this paper, we present a separation 
ux exercise by the use of two methods. One is the BRM
method (Stewart, 2015a), and the other is a hydrological model. With both methodologies,
we separate runo� and sub-super�cial 
ow at 84 events and analyze four cases in detail.
Also, we compare results against rainfall features. Results are summarized as follow:

a) Model separation and limitations : Based on a hydrological model, we present a
novel method for 
ow separation. Despite the lack of validation data, two there are
two relevant features: 1. According to the structure of the hietogram the sub-super�cial

ow trends to explain the recession curve (Figure3-6b and c), 2. The results obtai-
ned show a relationship with the results obtained using the BRM method (Figure3-3).
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By the use of a conceptual hydrological model, the separation takes into account essen-
tial physical aspects that BRM do not include. In this case, results suggest that total
rainfall and maximum intensity in
uence the separation. Future work must analyze
characteristics such as clear convective and stratiform separation. Also, include more
events and spatial scales.

b) Participation of sub-super�cial 
ow : As the results shown from (Zabaleta and An-
tig•uedad, 2013) and (Stewart, 2015a), the sub-super�cial 
ow has a critical participa-
tion in the construction of the hydrograph. Our results showed that the sub-super�cial
dominates in the 66 % of the analyzed events. In some cases, it represents almost the
100 % of the hydrograph.

According to our results, the sub-super�cial 
ow participation has a vital variation
from event to event. Rainfall features in
uence over these di�erences. But there are
other aspects such as the antecedent conditions (Zabaleta and Antig•uedad, 2013). In
the future, we want to explore the role of the precedent soil moisture.

c) Rainfall role : In this work, we explore the in
uence of the maximum intensity and
the total rainfall that occur in each storm. Both properties show an essential relation
with the oscillations observed in the 
ows separations. High values of total rain are
related to hydrographs dominated by the sub-super�cial 
ow and low hortonian runo�
generation. High intensities generate hortonian runo� generation and low rates of wa-
ter recharge in the watershed.

We found a threshold intensity for separation (47mm=h). Soil properties in
uence this
threshold. It must change in function of the watershed and its characteristics such as
soil and geomorphology.

d) Role of the old water : The work explores relations between the 
uxes separation
and two crucial properties of the hietogram. We think that analysis with the precedent
soil moisture is necessary.

The results presented in this work corroborate the fundamental role of rainfall structure.
We made a numerical quanti�cation of the function that two parameters of the rainfall have
over the composition of the hydrograph. More exploration is required since there is evidence
that these relations are chaotic. In a near future, a better understanding of this relationships
could lead to better hydrological model parametrizations and better simulations.
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4 Exploring the tropical convective
systems formation induced by the
topography structure

1,2Nicol�as Vel�asquez, 1,2Carlos D. Hoyos.

Abstract. This study evaluates the in
uence of the orography and its structure over the
localization of local convective systems in a portion of the Colombian central Andes. It as-
sumes the orography and its properties as a chain of basins and sub-basins. At mesoscale,
orography has a relevant in
uence over convective systems, but there is a lack of work at lo-
cal scale. We identify convective systems, characterized them, and eventually compare them
against basins ranging from order 3 to 6. The comparison is made based on the overlap-
ped area of convective systems and watersheds. From radar images, we identify convective
systems. And obtain basins from a detailed elevation model of 40m. Convective systems
exhibit localization and area variations (from less than 2km2 to greater than 1000Km 2).
Also, results con�rm that there is a preferred localization of convective storms occurrence.
And in some regions, convection seems to be profoundly in
uenced by the interaction of the
direction of surface winds and the aspect of some basins, this at multiple scales.

4.1. Introduction

Convective systems are usually associated with high rainfall intensities and thus to the oc-
currence of hydrological extremes. Accord to the literature, this systems tend to unleash

ash 
oods (Maddox et al., 1978; Roy Bhowmik et al., 2008; Braud et al., 2014; Llasat et al.,
2016), likely to produce damage and human losses (Doswell et al., 1996; Garrote et al., 2016).
At mesoscale, convective systems cover areas that round 600Km 2 (Romatschke and Houze,
2011a), but at a local scale, this areas are smaller. For this reason, important hydrologi-
cal a�ection is limited to small catchments (1000Km 2) (Llasat et al., 2016; Ayalew et al.,
2014a), and 
ash 
ood reports are refer to catchments with small areas (Rozalis et al., 2010;

1Geosciences and Environment Department, National University of Colombia - Medell��n headquater
2Sistema de Alerta Temprana del Valle de Aburr�a (SIATA)
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Ruiz-Villanueva et al., 2012, 2013a,b). Qualitatively, the in
uence of these systems over the
hydrological systems is well-known (, eds.; Ruiz-Villanueva et al., 2012; Camarasa-Belmonte,
2016), although more quantitative work is required (Berne and Krajewski, 2013b). Also, kno-
wing that the orographic in
uence exists at di�erent scales (Barros et al., 2004a; Xie et al.,
2006b; Anders et al., 2006a), there lacks a link between convective systems and the structure
of the catchments.

There are several works done that clarify the in
uence of the topography over convective
rainfall generation (Houze, 2001; Garreaud and Rutllant, 2003; Jr and Houze, 2012; Houze
et al., 2015c). Results exhibit plenty evidence of the topographical in
uence (Barros et al.,
2000; Roe, 2005; Garreaud and Fuenzalida, 2007; Froidevaux and Martius, 2016), with in-
creased in
uence at higher elevations (Barros and Lang, 2003; Gultepe, 2015). Also, there is
evidence of the in
uence associated with the aspect of the mountains and their orientation
respect to the wind direction (Lilly, 1978; Lin et al., 2001; Anders et al., 2006b; Gultepe,
2015). However an important segment of the mentioned work is done over the Himalayas
(Barros and Lang, 2003; Barros et al., 2004b; Xie et al., 2006a; Romatschke and Houze,
2011b; Rasmussen and Houze, 2012), over the US (Smith et al., 2005; Kingsmill et al., 2016)
or on the southern Andean region (Barrett et al., 2009a,b; Garreaud and Fuenzalida, 2007;
Rasmussen and Houze Jr., 2016b). There is a lack of work over regions such as the Alps or the
central Andes. This places usually report 
ash 
oods (Borga et al., 2007; Marra et al., 2014b).

With high rates of annual rainfall, storm events with high intensities (Poveda, 2004; Poveda
et al., 2005) and steep slopes, the Colombian Andes are between the described mountainous
regions. Also, the leading develops of the country happen in this area. Due to this, there are
problems associated with the occurrence of 
ash 
oods or landslides. But despite this, in the
literature, there is a lack of work that explores the relations between convective systems and
topography in the region. In the future, it may evaluate the causes of convective production
at local scale, and the e�ects that those convective cores have on the hydrology. The work
done in the region is limited to mesoscale (Zuluaga and Houze, 2015; Rasmussen et al., 2016a;
Rasmussen and Houze Jr., 2016a), but tends to be focused on the south Andean region.

At the Andean region, a signi�cant portion of the work has been done at mesoscale using
TRMM information (Romatschke et al., 2010; Romatschke and Houze, 2011b; Mohr et al.,
2014; Rasmussen et al., 2016b), with relevant results. Unfortunately, hydrological processes
and 
ash 
oods tend to happen on a detailed scale. Although, using local radars, there is
work that shows the relevance of the orographic conditions (Yu and Smull, 2000; Schuma-
cher and Johnson, 2005; Kingsmill et al., 2016). Nevertheless, the work at local scale is still
limited compared with the investigation done at mesoscale. Due to this, the �eld of detailed
orographic interactions continues to be poor.
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In the present work, we make a characterization of the local convective systems that happen
in the central Andean region of Colombia (Figure4-1). Also, we explored the spatiotemporal
occurrence of those cores and compared it with the structure of 18 select basins. We did the
analysis based on the images taken by the meteorological radar of the Sistema de Alertas
Tempranas de Medell��n y el Valle de Aburr�a (SIATA) between 2014 and 2016. This evalua-
tion aims to characterize convective systems in the region, also try to establish a link between
them and the structure of the terrain, understood by basins and sub-basins at di�erent scales.

The presentation of this paper will adopt the following outline. Section 4.2 describes the re-
gion of analysis and the data used for the investigation. Section 4.3 explains the procedures
done to work with the radar images and the basins. Results and discussion are presented in
section 4.4. Finally, conclusions summarize the �ndings and future work.

4.2. Data and information

Meteorological radar data and topographic data where used during the elaboration of the
present work. We use radar information of SIATA. Topography data correspond to the hi-
resolution product of ALOS-PALSAR (https://vertex.daac.asf.alaska.edu/ ), with a
resolution of about 12.7m in the region of analysis.

4.2.1. Radar data

The polarimetric Doppler band C radar is located in the occidental central hill of the waters-
hed (see Figure4-1). It has a transmission potency of 350kW with an operational frequency
that varies between 5200 and 5700MHz . The beam width reaches near 1o, and the maxi-
mum operational range oscillates between 500 and 200Km , with an optimum operational
range at distances below 120Km at an inclination of 1o. The radar acquires the data at a
time step of 5min . When reprojected, radar data get a �x of about 128 meters.

Analysis of radar data is limited to a speci�c space domain and period. Radar information is
taken from 2012 until today, despite this, for the present study we use information between
2014 and 2016. The described temporal limitation is explained mainly by poor data quality.
Spatially, we focus the analysis at a maximum radius of 90km, this due to re
ectivity errors
due to the bright band.
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