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Abstract.

Extreme rainfall events can produce different flood responses depending on how rainfall is organized across a catchment and
how this organization interacts with the drainage system. This study examines the spatial and temporal characteristics of four
high-magnitude rainfall events and their associated flood responses in the Medellin River—Aula Ambiental catchment in the
Valle de Aburrd, Colombia. The analysis combines weather radar observations, measurements from a dense network of rain
gauges, and high-frequency river level and discharge records. The events were characterized according to rainfall magnitude,
spatial distribution, temporal evolution, displacement, and location within the catchment. These characteristics were then
examined in relation to rainfall distribution across areas with contrasting degrees of urbanization and to the timing of rainfall

relative to the observed river response.

The results indicate that the spatial organization and movement of rainfall can play an important role in shaping the magnitude
and timing of the hydrological response. Events with rainfall concentrated along the drainage network or over highly urbanized
areas produced a more spatially synchronized contribution to the river response, whereas rainfall occurring in less urbanized
or less hydraulically connected parts of the catchment contributed differently to the observed response. The analysis also shows
that the area contributing to the flood peak can vary substantially among events, highlighting the dynamic nature of rainfall—

catchment interactions.

The findings suggest that rainfall accumulation alone may not fully describe the potential hydrological response of a high-
magnitude event. The location, movement, and spatial organization of rainfall provide additional information for interpreting
flood response in urbanizing catchments. Future research could investigate these relationships using larger event samples and
synthetic rainfall generation, while incorporating distributed travel times and a wider range of rainfall spatial configurations

to further examine their implications for flood response.
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1. Introduction

1.1 Spatial and temporal organization of rainfall matters

Extreme rainfall events exhibit pronounced spatial and temporal variability, particularly in mountainous catchments where
precipitation is influenced by elevation, topography, and slope orientation relative to prevailing atmospheric circulation
(Leonard & Whipple, 2021; Poveda et al., 2025; Gomez-Rios et al., 2023). These patterns are hydrologically relevant because
they determine where and when runoff is generated. During extreme events, recurrent or concentrated rainfall can enhance
runoff, erosion, and sediment transport, while increasing hydrological connectivity across mountainous and urbanized
catchments (Solano-Rivera et al., 2019; Velasquez et al., 2020).

This effect is amplified in highly urbanized catchment, where impervious surfaces reduce infiltration and increase the
efficiency of runoff transfer toward drainage networks (Huong & Pathirana, 2013; Semadeni-Davies et al., 2008; Deng et al.,
2025). Consequently, rainfall location relative to impervious areas and drainage pathways can influence not only runoff volume
but also the timing of its downstream propagation. Previous studies have shown that the spatial distribution and movement of
precipitation relative to the drainage network can modify the magnitude and timing of peak discharge (Douinot et al., 2016;
Emmanuel et al., 2015; Ghimire et al., 2021). The rainfall centroid provides a compact representation of storm spatial
organization and its displacement through time (Amengual et al., 2021; Cristiano et al., 2017), while weather radar provides
the spatial and temporal resolution required to characterize these dynamics (Berne & Krajewski, 2013).

1.2 Travel time and hydrological connectivity

The hydrological effect of rainfall organization depends on the connectivity between runoff-generating areas and the drainage
network. Hydrological connectivity controls the efficiency with which water generated over hillslopes is transferred toward
channels and downstream reaches, with some areas acting as preferential runoff pathways that disproportionately influence
flood response (Ali & Roy, 2010; Bracken & Croke, 2007; Jencso et al., 2009). Travel time provides a temporal representation
of this connectivity, describing how long runoff generated at different locations is required to reach the outlet (Michaelides,
K. 2009; Dwivedi, D., 2025; Liu, Y., 2021).

Flow velocity varies throughout drainage networks as a function of slope, geometry, roughness, discharge, and contributing
area, but hydraulic-geometric relationships can be used to estimate spatially distributed velocities and transit times where
detailed hydraulic models are unavailable (McGuire & McDonnell, 2006; Gleason & Smith, 2014). In urban catchments,
engineered drainage systems can further accelerate runoff transfer, making travel times particularly relevant to the rapid
response of steep urban catchments (Reyes-Silva et al., 2020; Walsh et al., 2005, Agonafir C. et al., 2023). Thus, runoff
generated at different locations may reach the outlet at different times, while rainfall occurring at different times and locations
may produce runoff contributions that converge within the same stage of the hydrograph (Dharmarathne, G. et al, 2024;

Ghomash, S. K. et al, 2022).

1.3 Gap: lack of dynamic coupling

Although rainfall organization and hydrological connectivity have been extensively studied, they are commonly analyzed as
separate components of catchment response (Lu, M., 2023; Nikolopoulos, E. 1., 2011; Oswald, C. J., 2023; Sigaroodi, S. K.,
2016). Rainfall studies typically characterize intensity, accumulation, spatial variability, or storm movement, whereas routing
approaches focus on runoff propagation through the drainage network. Consequently, there remains a need to explicitly link
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the evolving spatial organization of rainfall with distributed travel times to determine which portions of a catchment contribute
to a flood peak at a given stage of the hydrograph (Saghafian, B., 2002; Solano-Rivera, V., 2019).

This distinction is important because rainfall accumulation alone does not determine peak-flow magnitude. A storm with
greater accumulation may generate a lower peak if runoff contributions are temporally dispersed, whereas a storm with lower
accumulation may produce a larger peak when rainfall organization and travel times favor the simultaneous arrival of runoff
from spatially distributed areas. The effective contributing area is therefore dynamic, changing throughout the event according
to rainfall location, storm movement, drainage connectivity, and runoff travel times.

1.4 Objective and hypothesis

This study aims at developing a framework to investigate the dynamic coupling between rainfall organization and distributed
travel times in the Medellin River—Aula Ambiental catchment (W 1), a highly urbanized mountainous area in the Aburra Valley,
Colombia. High-resolution weather-radar observations are used to characterize the spatial and temporal organization of rainfall
and storm movement, while a distributed travel-time field represents the spatial variability of runoff propagation through the
drainage network. These components are coupled to identify the portions of the catchment whose runoff contributions become
synchronized with critical stages of the flood hydrograph.

The analysis considers both recurrent spatial rainfall patterns, characterized by a high probability of occurrence, and rainfall
patterns associated with extreme flood events, which may be rare or have low recurrence. Their relationships with impervious
surface coverage and rainfall-centroid dynamics are subsequently evaluated. Analysis evaluates their relationship with
impervious surface coverage and rainfall-centroid dynamics. This dual characterization also allows the identification of two
hydrologically relevant zones: Z1, associated with rainfall concentrations during extreme flood events, and Z2, representing
areas of recurrent rainfall occurrence. Distinguishing these zones provides a spatial basis for evaluating whether areas that
frequently receive rainfall also coincide with sectors that become particularly important during extreme flood response.

We hypothesize that flood response is controlled not only by rainfall magnitude, but by the degree of temporal synchronization
between spatially distributed runoff generation and catchment travel times. Specifically, rainfall events whose location and
movement favor the alignment of runoff contributions from highly connected and impervious areas are expected to produce
larger and more concentrated flood peaks, even when their total rainfall accumulation is lower.

2. Study Region and data

The city of Medellin and the Aburra Valley Metropolitan Area are located in the Central Cordillera of the Colombian Andes,
between approximately 6.0°-6.5°N and 75.3°-75.6°W. The metropolitan area occupies a narrow, highly urbanized valley
where expansion has progressively extended toward the surrounding hillslopes. The valley extends approximately 64 km from
south to north, with a width ranging from 3 km to 18.2 km between opposite drainage divides. Population density is
approximately 359 inhabitants ha™' (AMVA-EAFIT, 2018). The hydrological system is organized around the Medellin River,
which flows predominantly south to north and receives runoff from numerous tributary catchments. The basin covers
approximately 1,251 km? and has an elongated configuration, with a main channel extending approximately 104 km across an
elevation range of 1,300-2,800 m a.s.l. (Fig. 1a).

The combination of steep terrain and extensive urbanization strongly influences the hydrological response. Most tributary
catchments have slopes ranging from 15% to 45% and varying impervious surface coverage, reaching approximately 80% in
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highly urbanized sectors. Imperviousness increases runoff generation and accelerates its transfer to the drainage network, while
urban expansion has modified natural flow pathways through sewers, channels, and hydraulic structures. These conditions
promote rapid runoff propagation toward the valley floor, where limited drainage capacity can increase flood susceptibility.

The climate of the Aburra Valley is characterized by a bimodal rainfall regime with two wet and two relatively dry seasons.
This seasonality is primarily associated with the meridional migration of the Intertropical Convergence Zone (ITCZ), while
local topography and atmospheric circulation modulate convective activity throughout the year (Poveda et al., 2025; Gomez-
Rios et al., 2023; Hoyos, C.D. et al., 2020; Herrera-Mejia and Hoyos, 2019). The main wet seasons occur during March—May
(MAM) and September—November (SON), whereas relatively drier conditions prevail during December—February and June—
August. Annual precipitation ranges from approximately 1,400 to 2,500 mm depending on location and elevation. Rainfall
also exhibits a pronounced diurnal cycle, with peaks generally occurring during the afternoon and early morning and minimum
rainfall between approximately 09:00 and 11:00 local time (Bedoya-Soto et al., 2019). This combination of rainfall variability,
steep terrain, and urbanization provides favorable conditions for rapid hydrological responses and extreme flood events.

Within this setting, the Medellin River—Aula Ambiental catchment (W1) was selected as the main study area because
continuous and reliable streamflow observations have been available since 2012 through the hydrometeorological monitoring
network operated by the Early Warning System of Medellin and the Aburra Valley (Ruiz-Carrascal, D., 2026). Two smaller
urban catchments, Dofla Maria (W2) and La Presidenta (W3), were also considered to evaluate the applicability of the
framework across different spatial scales and degrees of urbanization (Table 1). Impervious surface coverage is approximately
16% in W1, 8% in W2, and 24% in W3, providing contrasting conditions for assessing the influence of rainfall organization
and hydrological connectivity on flood response.

The hydrological relevance of these catchments is further evidenced by the frequency of reported flood events. According to
records from the Early Warning System of Medellin and the Aburra Valley (AMVA-SIATA 2026), 413 flood-related events
associated with catchment W1, W2 and W3 were reported between 2012 and 2025 across the catchments listed in Table 1
(Fig. 1b). Of these, 46 were classified as producing moderate to severe impacts based on observed water depths. The annual
distribution of events (Fig. 1c) broadly follows the regional bimodal rainfall regime, with most events occurring during the
MAM and SON wet seasons. This correspondence highlights the sensitivity of the urban catchments of the Aburra Valley to
extreme precipitation and provides the hydrometeorological context for the analysis.
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Figure 1. Study area and temporal distribution of reported flood events in the Aburra Valley. (a) Location of the
Medellin River—Aula Ambiental (W1), Doiia Maria (W2), and La Presidenta (W3) catchments, together with the
Medellin River, weather radar, rain gauges, and hydrological monitoring stations. The background represents the
digital elevation model. (b) Annual number of reported flood-related events associated with urban drainage between
2012 and 2025 for the three study catchments. (c) Monthly distribution of reported flood-related events, highlighting
the seasonal variability associated with the bimodal rainfall regime of the Aburra Valley.

Table 1. Characteristics of the study subcatchments. The last column shows the number of reported flood events, and the
asterisk indicates events exceeding the 90th percentile of peak level.

Subcatchment Area (km?) Channel Impervious Start of water Number of
slope (%) area (%) level records reports
W1. Medellin River 470 2 16 2012 198 (21%)
W2. Dofla Maria 73 5 8 2020 69 (10%)
W3. La Presidenta 15 17 24 2014 146 (15%)
Total 413 (46%)
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The physical processes governing runoff generation and flood propagation in the Aburra Valley require hydro-meteorological
observations with adequate spatial and temporal resolution. This study focuses on steep, highly urbanized catchments
characterized by rapid hydrological responses; therefore, rainfall and flow observations must adequately resolve the relevant
response timescales. Hydro-meteorological data for the 2012—-2025 period were obtained from the Early Warning System of
Medellin and the Aburra Valley (SIATA), including two complementary sources of rainfall observations: remote sensing from
a C-band weather radar and ground-based measurements from a network of rain gauges (Ruiz-Carrascal et al., 2026). The
radar provides spatially distributed rainfall estimates over the study area at 5-min temporal and approximately 120 m spatial
resolution; its application and processing in the Aburra Valley are described in (Sepulveda Berrio, J., 2015). The rain-gauge
network provides 1-min observations from 93 sensors distributed across the study catchments.

Streamflow and surface-velocity observations, also provided by SIATA, are available at 1-min resolution and comprise three
flow sensors and 12 surface-velocity sensors (Fig. 1a). Fig. 2a—2c show the distribution of peak water levels for the identified
events in catchments W1, W2, and W3, respectively. Fig. 2d presents the available surface-velocity records, with monitoring
stations ordered according to their contributing catchment area. This area-based classification is used in the subsequent analysis
to characterize and parameterize surface-flow velocity across the drainage network.

P90 peak water level (3.0 m) -_ P90 peak water level (3.3 m) - P90 peak water level (2.6 m)
B Frequency of events (W1) 35 B Frequency of events (W2) b 354 Frequency of events (W3)
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Figure 2. Distribution of peak water levels and surface-velocity observations across the study catchments. (a—c)
Histograms of peak water levels for the identified events in W1, W2, and W3, respectively. The red dash-dotted lines
indicate the 90th percentile of peak water level for each catchment, and the shaded bars represent the frequency of
events. (d) Distribution of observed surface velocities across monitoring stations, grouped according to the contributing
catchment area. Green and gray backgrounds represent catchment areas below and above 20 km?, respectively.
Boxplots summarize the observed velocity distributions, while dashed lines and open circles indicate the 50th and 90th
percentiles, respectively. Velocity sensors are identified by their station IDs.
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In addition to hydro-meteorological observations, a digital elevation model derived from NASA ALOS PALSAR data (2023)
was used to characterize catchment topography and drainage pathways. A land-use map from Ruiz-Carrascal et al. (2026) was
used to delineate impervious surfaces within the study catchments. Finally, the regional public utility company (EPM) provided
detailed altimetric and planimetric information, as well as nodes and pipe parameters (e.g., diameter, roughness, altitude,
length) and other relevant data. These data comprise georeferenced elevations, upstream and downstream node locations, and
outfall coordinates connecting the sewer system to the surface drainage network. Together, these datasets provide the spatial
and temporal information required to characterize rainfall organization, estimate distributed travel times, and evaluate their
coupling with the observed hydrological response.

3. Methodology

To identify and characterize the critical zones controlling the hydrological response of the study catchments, a multi-stage
methodological framework was developed. First, extreme hydrometeorological events were identified, considering only those
with complete records from water level sensors, rain gauges, and weather radar. Next, the spatial and temporal characteristics
of each event were analyzed to determine its localization, trajectory, and frequency (Alshammari et al., 2023; Ten Veldhuis et
al., 2018; Zhou et al., 2021). Based on this analysis, travel times (isochrones) were estimated and validated throughout the
drainage network, including both the urban storm sewer system and the natural stream network draining to the catchment
outlet. Finally, the estimated travel times were used to delineate the specific catchment areas contributing to the observed peak
flows during the selected extreme events.

3.1 Identification and characterization of flood events

Events were identified from historical water level records by extracting the timestamp of the peak stage for each high-flow
event. This timestamp was used as the baseline to define the time window for collecting water level and precipitation data,
ensuring a complete record of each event.

The duration of the analysis window was defined based on the catchment’s Time of Concentration (7,), which represents the
time required for runoff generated in the most distant part of the catchment to reach the outlet. This parameter can serve as the
effective time window to capture the representative distribution of rainfall within a catchment (Richard McCuen, 1984;
McCuen, 2009; Michailidi et al., 2018). Empirical equations commonly recommended for urban catchments (Azizian, 2018;
Mehta et al., 2022) were applied to the largest catchment (W1), yielding individual Tc estimates of 315 min (Kirpich, 1940),
256 min (Picking, 2005), and 260 min (Témez, 1987), with an average value of approximately 277 min. Given the similarity
among the estimates, a standardized 5-hour (300-min) rainfall window was established as the operational period for all three
analyzed catchments.

For the general characterization of rainfall events associated with flooding, all events described in Sect. 2 were considered.
However, travel times were estimated using only those events for which the peak water level exceeded the 90th percentile of
the historical record, a threshold selected to isolate hydrologically significant events while retaining a sufficient sample size
for robust travel-time estimation across the three catchments. This selection criterion resulted in a database comprising water-
level hydrographs, representing the hydrological response, together with rainfall hyetographs derived from both the rain-gauge
network and weather radar, representing the hydrological forcing. A total of 21 events were analyzed for W1, 10 for W2, and
15 for W3.

3.2 Characterization of rainfall spatial organization
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The identification of critical hydrological response zones was based on the spatial characterization of rainfall patterns across
the study catchments, using an integrated analysis of weather radar and rain gauge observations. As illustrated in Fig. 3, the
methodology consisted of four sequential steps: (1) characterization of rainfall patterns, (2) generation of rainfall probability
maps, (3) spatial overlay and classification, and (4) threshold selection to delineate the critical hydrological response zones.

For the largest catchment (W1), weather radar observations covering the period 2014-2025 were used to characterize the
spatial distribution of rainfall. Two complementary analyses were performed independently:

3.2.1 Recurrent rainfall

Daily rainfall accumulations from the complete radar record were analyzed to characterize the long-term spatial persistence of
precipitation. For each radar pixel, daily accumulations were summed over the full record (2014-2024) to obtain a single total
accumulated value per pixel. These pixel-wise totals were then converted into percentile values by ranking the accumulation
at each pixel with the corresponding accumulations across the other pixels of the spatial grid, allowing the spatial recurrence
of rainfall to be compared across the catchments. Pixels with higher percentile values represent locations where rainfall most
frequently reaches high accumulations relative to the other pixels in the domain, and therefore define the typical rainfall pattern.

3.2.2 Flood-associated rainfall

The flood events described in Sect. 2 were considered (Table 1). For each event, rainfall accumulations during the 5-hour
period preceding the observed peak water level were calculated for each radar pixel. These event-based accumulations were
then summed over all flood events to obtain a single total accumulated value per pixel. As in the previous analysis, these pixel-
wise totals were subsequently converted into percentile values by ranking the accumulated rainfall at each pixel relative to the
corresponding accumulations across the other pixels of the spatial grid. Pixels with higher percentile values represent locations
where rainfall accumulations are systematically higher relative to the other pixels in the domain during the selected flood-
producing events, and therefore define the typical spatial rainfall pattern associated with these events.

The two percentile maps represent complementary aspects of the rainfall regime. The first describes the long-term spatial
recurrence of precipitation, whereas the second characterizes the spatial distribution of rainfall associated with flood
generation. These maps were subsequently overlaid to classify the catchments according to the joint occurrence of typical and
flood-associated rainfall (Fig. 3).

This classification was performed using percentile thresholds applied independently to both percentile maps. The threshold
percentile values were selected to maximize the hydrological contrast among the resulting zones based on two criteria: (i) the
percentage of impervious surface coverage and (ii) the spatial distribution of storm centroids during flood events. The resulting
classification identifies areas exhibiting different levels of hydrological response, from low-priority zones to critical areas with
a high likelihood of contributing to flood peak generation.

The analysis considers both recurrent spatial rainfall patterns and rainfall associated with extreme flood events, evaluating
their joint occurrence together with impervious surface coverage and rainfall-centroid dynamics. This dual characterization
enables the delineation of two hydrologically relevant zones from the spatial overlay of both rainfall maps: Z1, which
concentrates the highest impervious surface coverage (78%, 125 km?) and centroids of extreme events with peak water levels
below the 95th percentile, and Z2, covering a smaller impervious area (22%, 35 km?) and concentrating centroids of the most
extreme events, with peak water levels exceeding the 95th percentile. Distinguishing these zones provides a spatial basis for
evaluating whether areas that frequently receive rainfall also coincide with sectors that become particularly important during

8
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extreme flood response. The remaining portions of the catchment that do not meet the 60th-percentile threshold for either of
the spatial criteria are assigned a lower priority for subsequent analysis. These areas represent comparatively lower values of
the combined indicators used to delineate the zones Z1 and Z2.

3.2.3 Centroids and trajectories

To characterize the spatial organization and evolution of rainfall during flood events, rainfall centroids were computed at two
temporal scales. A static centroid was calculated from the cumulative rainfall over the 5 hour analysis window, representing
the overall spatial distribution of total accumulated during each event. Dynamic centroids were calculated from progressively
accumulated rainfall at 5 minute intervals, allowing the temporal displacement of the rainfall center of mass to be tracked
throughout the event.

Centroid coordinates were estimated by adapting the formulations proposed by Emmanuel et al. (2015) and Douinot et al.
(2016), with the accumulation interval (4¢) defined according to the temporal scale. For the static centroid, 4z corresponded to
the complete 5 hour analysis window, whereas for the dynamic centroids, rainfall accumulation was updated every 5 minutes,
consistent with the temporal resolution of the rainfall data.

The dynamic centroids were used in this study to characterize the trajectory of rainfall events by tracking the progressive
displacement of the rainfall center of mass throughout each event. The sequence of centroid positions provides a quantitative
representation of storm movement, including its predominant direction and spatial progression across the catchment. In the
context of this study, centroid trajectories were used to characterize the spatial dynamics of extreme rainfall events and to
examine their relationship with catchment response and hydraulic travel times (see Sect. 4.3). This tracking analysis was
restricted to events exceeding the 90th percentile of peak water level, allowing both the detailed kinematic paths and the overall
trajectories of the most hydrologically significant events to be identified (Fig. 2).
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Figure 3. Methodological framework for characterizing rainfall spatial organization and hydrological response. Radar
observations are used to derive spatial percentile maps of recurrent and flood-associated rainfall, which are combined
to classify the catchment according to the joint occurrence of both rainfall patterns. Critical zones are delineated using
thresholds selected from hydrological contrast, impervious surface coverage, and the spatial distribution of storm
centroids. Static and dynamic centroids are then derived from cumulative and 5-min rainfall fields, respectively, and
their trajectories are analyzed to characterize storm movement and its potential influence on the hydrological response.

3.3 Construction and evaluation of drainage-network travel times

To identify the specific catchment areas contributing to peak flow, this study proposes a methodological framework that maps
each temporal increment of the hydrological response to a distinct spatial region within the catchment. This approach enables
the determination of the spatial origin of runoff discharging through the outlet at any given time step. In urbanized catchments,
this connectivity is amplified by storm sewer systems and impervious surfaces, which significantly reduce travel times and
facilitate the rapid concentration of runoff (Dell’ Aira & Meier, 2025; Reyes-Silva et al., 2020, Abedin, S. J. H., 2019).

Consequently, we propose the generation of a comprehensive travel time map that integrates the urban sewer system with the
surface drainage network (comprising both Medellin River and its tributaries). This distributed travel time field serves as the
fundamental analytical framework for diagnostic source-tracking. By coupling this spatial baseline with the kinematics of
specific storm events, it is possible to isolate the exact geographical source areas contributing runoff to the hydrograph at any
given temporal increment.

This procedure incorporates high-resolution official data on drainage infrastructure and a validation strategy utilizing temporal
precipitation records (hyetographs) derived from weather radar and rain gauge networks. Fig. 4 presents the methodological
framework, which is structured into four main phases:

3.3.1 Sewer

Residence times were estimated based on the physical characteristics (length, slope, and diameter) of each pipe segment. Flow
velocity in urban systems is conventionally estimated using Manning’s equation (Chow, 1959). Due to its computational
efficiency and minimal hydraulic data requirements, this approach is widely applied to characterize travel times in stormwater
networks (Rossman & Bernagros, 2019 ; Yen & Asce, 2002). In this study, a simplified formulation of Manning’s equation,
as described by McCuen (2009), Reyes-Silva et al. (2020), and Farina et al. (2023), was used to estimate travel times without
explicitly specifying roughness coefficients. This simplified formulation assumes that slope and pipe geometry provide the
primary controls on flow velocity, while the variability in roughness is not explicitly represented.

Finally, the cumulative residence time from any point in the network to the surface discharge point (Tpqs) was derived by
summing the individual residence times of all pipes in the network (T;,.) belonging to a defined path, as expressed in Eq. (1)
and Eq. (2):

pipe’ “pipe
(1
Tpath = Zévzl Tpipe,i
2
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Where Ly;p is the length of the pipe in meters, Sy,;p is the slope in m/m, Dy, is the diameter in millimeters, and T, is the

residence time per pipe in seconds.
3.3.2 Surface network

The surface drainage network encompasses the hydraulic segments originating at storm sewer outfalls and extending through
the tributary stream network to their confluence with the Medellin River, ultimately terminating at the catchment outlet. Travel
time calculations within this surface drainage network were parameterized using empirical flow-velocity records from 12
monitoring stations located along the tributaries and 6 stations situated along the main stem of the Medellin River.

Extensive research has shown that spatial variations in flow characteristics can be effectively represented through hydraulic-
geometric relationships, whereby velocity, top width, and mean flow depth exhibit systematic changes across the drainage
network as a function of discharge and contributing area (McGuire & McDonnell, 2006; Gleason & Smith, 2014; Jencso et al.,
2009). To account for these variations under high-flow conditions, a reach classification framework based on contributing
drainage area was implemented, using drainage area as a proxy for channel slope and hydraulic capacity.

To characterize velocities under extreme flood conditions, the 90th percentile of the historical velocity record was calculated
for each monitoring station. For tributary stream segments, these high-flow velocities were then regionalized according to the
upstream contributing area at the downstream node of each reach. A critical threshold of 20 km? was established to distinguish
between high-gradient headwater channels (<20 km?) and lower-gradient valley reaches (>20 km?). This empirical threshold
was supported by a scale-dependent analysis that revealed distinct hydrological responses and peak-flow magnitudes across
these drainage-area ranges.

For the segments comprising the Medellin River, where monitoring-station density is considerably higher, velocity values
were regionalized using a spatial proximity approach. Each river reach was assigned the 90th-percentile velocity derived from
the nearest operational monitoring station.

With the regionalized velocity fields defined and segment lengths established, the residence time for each surface watercourse
section (Ty¢reqm ) Was calculated as the ratio of the reach length (Lg¢reqm) to its corresponding high-flow velocity (Vggream), as
expressed in Eq. (3). The total surface drainage residence time (Tpqep—s ) from any given outfall to the catchment outlet was

subsequently determined by summing the transit times of all sequential reaches composing that specific drainage route, as Eq.

(4).

T _ Lstream
stream — 7,
stream
3)
. Y
Tpath—s - Zi:l Tstream,i
“4)

3.3.3 Composite travel time

The comprehensive hydraulic travel time map was compiled by superimposing the independent residence times derived for
the sewer system (Sect. 3.3.1) and the surface drainage network (Sect. 3.3.2). By establishing a rigorous topological alignment
between the discrete routing paths of both networks, the total time from any source node within the catchment to the ultimate
outlet was quantified using Eq. (5):
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Teotar = Tpath + Tpath—s Q)

Where Tio¢q; represents the total hydraulic travel time, Tpq¢p,  is the cumulative urban drainage pipe residence time Eq. (2),

and Tpqep—s  is the cumulative surface drainage network routing and residence time Eq. (4).
3.3.4 Validation.

Based on the multi-network framework described above, a distributed hydraulic travel time field, hereafter referred to as the
hydraulic isochrone map, was generated for catchment W1. This field provides a deterministic approximation of runoff travel
times by coupling the modified Manning formulation for sewer system with empirically derived high-flow velocities across
the surface drainage network. To evaluate the performance of this framework and quantify its associated uncertainty, an
empirical validation protocol was developed by comparing the theoretical routing times with observations derived from
weather radar fields, rain-gauge hyetographs, and high-resolution hydrographs recorded at the catchment outlet.

The hydraulic travel time computed in Sect. 3.3.3 represents the transit time of a runoff parcel from its initial injection node
to the catchment outlet under extreme hydrometeorological conditions. At the catchment scale, this metric can be related to
the concept of basin lag time (T}), traditionally defined as the time interval between the centroid of effective precipitation and
the occurrence of the resulting peak discharge or stage at the outlet (Chow, 1962; Beven, 2012). Rather than being strictly
equivalent, the two metrics provide complementary representations of catchment response: the hydraulic travel time describes
the propagation of individual runoff contributions through the drainage network, whereas basin lag time represents the
integrated temporal response of the catchment to a rainfall event.

This catchment-scale response integrates the transit times associated with multiple components of the hillslope-drainage
continuum, including overland flow, subterranean sewer conveyance, and open-channel routing. By jointly analyzing event-
based radar rainfall fields, rain-gauge observations, and outlet stage records, the accumulated response time associated with
these processes can be empirically constrained. The resulting empirical benchmark was then compared with the theoretical
travel time matrix derived in Sect. 3.3.3.

As a first-order approximation, overland flow transit time was initially assumed to be negligible relative to the internal
drainage-network travel times. This assumption is consistent with the hydrological behavior commonly observed in highly
urbanized catchments, where extensive impervious surfaces, steep local gradients, and dense drainage networks substantially
reduce the length of the hillslope-to-network pathway (Walsh et al., 2005; Fletcher et al., 2013; Butler & Davies, 2024).
Nevertheless, this assumption was not imposed as a fixed condition in the validation procedure. Instead, its potential influence
was incorporated explicitly into the uncertainty analysis.

To assess the robustness of the initial isochrone map, an uncertainty envelope was constructed around the empirically derived
response times. For each discrete time step of the deterministic routing model, the observed event responses were used to
define a range of plausible travel times. The lower bound of this envelope represents a highly efficient or accelerated routing
condition, whereas the upper bound represents a delayed response scenario, thereby allowing for situations in which overland
flow contributions, hillslope storage, or other unrepresented processes may introduce additional travel time. Fig. 4 presents the
schematic architecture of the proposed validation protocol, whose sequential steps are described below.

Step 1: Estimation of event-based lag times via weather radar rainfall: For each selected extreme hydrometeorological event
(Sect. 2), raw weather radar fields were processed to resolve the spatiotemporal distribution of precipitation across the
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catchment domain. To filter out non-representative, low-intensity background noise, a localized grid-cell threshold was
established; for every radar pixel exhibiting a cumulative precipitation depth exceeding 2 mm, a discrete rain hyetograph was
reconstructed at a 5-minute temporal resolution. The temporal centroid of precipitation (T,,.,,) for each individual pixel was
subsequently computed via the mass-moment formulation expressed in Eq. (6).

K, TR
7. —2iz1 TiR 6
cen Zi:l Ri ( )
Where T; denotes the discrete timestamp on the hyetograph, R; represents the corresponding rainfall intensity pulse at time Tj,
and K is the total number of temporal increments within the storm duration.

To deduce the empirical basin lag time (Tjqq4) unique to each spatial grid coordinate, this localized centroid was cross-
referenced against the precise timestamp of the peak water stage (Tpeqr) recorded at the catchment outlet. Lag time was
estimated using the centroid of total rainfall rather than effective rainfall, consistent with the highly urbanized character of the
catchment, where impervious surfaces generate near-instantaneous runoff response with minimal infiltration losses. This
relation follows the classical hydrologic derivation of basin lag time as the temporal distance separating the center of mass of
effective rainfall from the maximum peak of the streamflow hydrograph (Chow, 1962; McCuen, 1984), formulated in Eq. (7).

Tlag = Tpear = Teen (7N

Step 2: Estimation of point-based lag times via the rain gauge network: To supplement the remote-sensing radar fields, data
from 107 active, in-situ rain gauges distributed across the catchment were processed. For each operational gauge registering
precipitation during a target event, a point-level hyetograph was reconstructed at a 5-minute temporal resolution, and its
corresponding rainfall centroid was resolved via the mass-moment formulation defined in Eq. (6). By calculating the temporal
offset between these localized centroids and the corresponding outlet hydrograph peak, empirical point-based lag times were
determined via Eq. (7). This step generated a secondary validation database indexing the specific event timestamp, gauge
coordinate pairs (latitude and longitude), empirical lag time (T}q4), and total cumulative rainfall depth for each ground-based

instrument.

Step 3: Geospatial intercomparison: To evaluate the predictive accuracy of the deterministic isochrone framework, a spatial
comparison was conducted between the modeled network travel times (T;oq;) and the empirically observed lag times (Tjq4).
The geographic coordinates of each observational monitoring point, encompassing both the discrete rain gauge locations and
the centroids of the weather radar grid cells, were coupled with the nearest topological node within the composite hydraulic
network model (Sect. 3.3.3). This geospatial matching enabled a direct, point-to-node pairing of estimated and observed
transport times. The paired dataset was subsequently mapped onto a bivariate scatter plot relative to a 1:1 (Y=X) line of identity,
facilitating a visual and statistical diagnostic of systematic bias, correlation, and structural dispersion.

Step 4: Quantitative performance evaluation and uncertainty quantification: To rigorously assess the alignment of the scatter
fields generated in Step 3, the modeling performance for each evaluated event was quantified using a robust suite of goodness-
of-fit metrics standardly deployed in hydrological model verification. These metrics include Pearson’s correlation coefficient
(R), the root mean square error (RMSE), the Nash—Sutcliffe efficiency (NSE), and the Kling—Gupta efficiency (KGE) (Nash &
Sutcliffe, 1970; Gupta et al., 2009; Knoben et al., 2019; Vrugt, J. A., 2022).

Concurrently, the dispersion of the observational points relative to the 1:1 identity line was analyzed to isolate the predictive
uncertainty embedded within the deterministic travel time estimates. Following frameworks for uncertainty assessment in
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distributed hydrological parameters, this residual error distribution was used to construct a 90% confidence interval around the
computed isochrone fields.

Construction of dr.amage-network Event-Based lag times
travel times

__________________________________________________________________ [Frmimm e e e im el Ermimem =i im

: Sewer system ! Surface drainage . Weather radar | i RAIN gauge i
e i networks i S — R — network ¢
e Do e — : R e eeaegancy
' Composite travel time : : L : i
! i i 5 minutes P stations !

Validation: compare theoretical
and empirical travel times

! Geospatial interconnection

Bias - Correlation - KGE - i

Figure 4. Methodological framework for the construction and validation of drainage-network travel times. Travel times
are estimated separately for the sewer system and surface drainage networks, integrated to generate a hydraulic
isochrone map, and subsequently evaluated using radar and rain-gauge-derived lag times, geospatial comparison,
performance metrics, and uncertainty analysis.

3.4 Spatiotemporal coupling and dynamic contributing areas

For each target event, high-resolution quantitative precipitation estimations derived from weather radar grid cells were spatially
coupled with the drainage network infrastructure. To ensure structural integration, radar grid centers were matched to their
nearest topological node within the composite hydraulic model using a maximum search radius threshold of 300 meters. This
spatial constraint ensures that the precipitation input is rigorously localized within the drainage network domain utilized in the
theoretical transport estimation.

Following this spatial pairing, the temporal centroid of the precipitation hyetograph at each radar grid cell was designated as
the baseline entry timestamp (7,) for network routing. To explicitly bound the predictive uncertainty and temporal variability
inherent in the catchment response, the ultimate arrival time of a runoff parcel at the catchment outlet was evaluated through
three operational routing scenarios: a fast response (7;), an expected response (T5,), and a slow response (73). These routing
conditions were computed via Eq. (8), Eq. (9) and Eq. (10).
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T, =Ty + TVs, (8)
T, =To; + TV, 9
T3, =Ty + TVys, (10)
Where:

e Ty, T,;, and T3; represent the respective timestamps at the outlet associated with the fast, expected, and slow
hydrological responses originating from node i.

e T, is the routing initiation timestamp (the precipitation centroid) at node i.

o TVs;, TVso,;, and TVys ; denote the network travel times extracted from the error distribution at the 5th, 50th, and 95th
percentiles, respectively, for node i.

To determine the geographic origin of streamflow contributions, the observed outlet hydrograph was continuously cross-
referenced against the three space-time matrices derived from Eq. (8), Eq. (9) and Eq. (10). This integration identifies the
specific subsets of nodes contributing to the total outflow discharge at any discrete temporal increment.

Consequently, the stage record or discharge value at any given clock time () is mapped to a dynamic, time-varying contributing
area (Ag,). This contributing matrix comprises all network nodes on the isochrone map whose calculated arrival windows
enclose time t between the fast (T;) and slow (T3) boundary bounds, formulated as follows:

AS,C = Imap[Tl <t< T3] = [Nl’NZ""'Ni""’Nn] (11)
Where:

e Ag, is the set of active drainage network nodes contributing to the outlet discharge at time ¢.

® [y represents the validated isochrone mapping matrix obtained in Sect. 3.4.

e T, and T; are the spatially distributed response-time fields corresponding to the 5th and 95th percentile routing
envelopes, respectively.

e N; denotes the discrete network nodes that satisfy the temporal transit condition (T} < t < T3).

4. Results and Discussions

Travel times were estimated for the study catchments using the integrated hydraulic drainage network, composed of sewer
system and surface drainage network, to characterize and delineate the areas contributing to streamflow during different stages
of the hydrological response. This section is organized into three components: (i) the characterization of extreme rainfall
events, (ii) the estimation of travel times, and (iii) the delineation of critical contributing areas for representative events selected
as case studies.

4.1 Spatial organization of rainfall and critical zones
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Figure 5a presents the flood-associated rainfall map, derived from rainfall accumulations during the five hours preceding the
peak water level for the 413 selected flood events. The value assigned to each radar grid cell represents its percentile occurrence
relative to the historical record analyzed. A value of 100% indicates that rainfall was recorded over that grid cell during all
selected events, whereas a value of 0% indicates that no rainfall occurred at that location during any of the events.

Figure 5b shows the recurrent rainfall map, constructed from daily rainfall accumulations across the entire catchment during
the 20142024 period, regardless of flood occurrence. Historical daily rainfall totals were standardized prior to the analysis so
that grid cells with values of 100% represent the highest accumulated rainfall observed during the study period, whereas values
approaching 0% correspond to the lowest rainfall accumulations.

Finally, Fig. Sc presents the combined map of flood-associated and recurrent rainfall zones, generated by applying a threshold
corresponding to the 60th percentile in both maps. Grid cells exceeding this threshold in both the flood-associated (Fig. 5a)
and recurrent (Fig. 5b) rainfall maps define the zone Z2. Conversely, grid cells exceeding the 60th percentile in the flood-
associated rainfall map but remaining below this threshold in the recurrent rainfall map define the zone Z1. This zone is
primarily located in the middle and lower portions of the catchment and largely coincides with highly urbanized areas, where
impervious cover reaches approximately 78%.

100 6.35 C 100 635 5

b 6.30 1

80

6.25 6.25

6.20
60

6.15 6.15

40 40
6.10 6.10

Percentile Critical Zone (Z1) [%]

Percentile High Recurrence Zone (Z2) [%]

6.05 6.05
20 = 1:2013-12-01

— 2:2021-04-05

~—— WI1: Rio Medellin
—— W2: Dofia Maria
—— W3: La Presidenta 6.00 ©  Event centroid (peak level >95th)
B Zone 21
Stream network Stheam nietwork
Urban area Zone 22
e Urban area
Urban area

—— WI: Rio Medellin
—— W2: Dofia Maria
—— W3: La Presidenta 6.00

5

95 —— — T =
-75.75 -75.70 -75.65 -75.60 -7555 -75.50 -75.45

95 !
~75.75 -75.70 -75.65 -75.60 7555 -75.50 —75.45 5'2575_75 ~75.70 —75.65 -75.60 —75.55 —75.50 —75.45

Figure 5. Spatial characterization of rainfall occurrence and critical source areas in the Medellin River—Aula Ambiental
catchment (W1). (a) Flood-associated rainfall map derived from the cumulative precipitation during the five hours
preceding the peak water level for the 413 selected flood events (Sect. 3.2.2). Values indicate the percentile of rainfall
occurrence associated with flood-producing events. (b) Recurrent rainfall map derived from daily precipitation
accumulated during the 2014-2024 period (Sect. 3.2.1). Values represent the percentile of historical rainfall recurrence.
(c) Delineation of zone Z1 and zone Z2 using the 60th percentile threshold applied to both rainfall maps. Gray circles
indicate the centroids of rainfall fields associated with events exceeding the 90th percentile of peak water level, while
numbered labels identify the five representative case-study events. Urban areas and the hydraulic network are also
shown.

Figure 5c also shows the rainfall centroids associated with events whose peak water level exceeded the 90th percentile (3 m).

The spatial distribution of these centroids reveals a clear concentration within the zone Z2, suggesting that the most severe
flood events are generally triggered by rainfall concentrated over this portion of the catchment. In addition, the trajectories of
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the rainfall centroids (blue lines) are displayed for the five largest events in the historical record, whose peak water levels
ranged from 3.4 to 4.2 m. These events were selected as case studies to evaluate the spatiotemporal coupling between rainfall
evolution and travel times within the integrated hydraulic drainage network.

4.2 Drainage-network travel times and validation

Applying the methodology described in Sect. 3.3 yielded a travel-time map representing water movement through the
integrated underground and surface drainage networks. The travel-time estimates were derived from the hydraulic
characteristics for the sewer system and flow velocities for the surface drainage network. The resulting travel-time (Fig. 6a)
and hydrological flow-path distance to the catchment outlet (Fig. 6b) maps are presented in Fig. 6. The spatial domain of these
maps is defined by the extent of the integrated drainage network (sewer systems and surface drainage network). The estimated
travel times exhibited an interquartile range (P25—P75) of 35—61 min, whereas the corresponding flow-path distances to the
catchment outlet ranged from 6.8 to 13.5 km. Throughout this section, travel times extracted from the hydraulic travel-time
map are referred to as simulated, whereas those derived from the monitoring observations are referred to as observed.
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Figure 6. Spatial distribution of the hydraulic travel time and hydrological flow-path distance within the integrated
drainage network of the Medellin River—Aula Ambiental catchment (W1). (a) Travel time from each network segment
to the catchment outlet, estimated by combining the sewer systems and the surface drainage network. (b) Hydrological
flow-path distance from each network segment to the catchment outlet. Both maps are defined exclusively along the
hydraulic network and were derived from the network topology and hydraulic characteristics of the drainage system.

Figure 7A compares the observed and simulated travel times. Most model estimates are concentrated between 25 and 75 min,
where the simulated values also show relatively close agreement with the observations. Overall, the model shows moderate
performance, with a Kling—Gupta Efficiency (KGE) of 0.52, a coefficient of determination (R?) of 0.55, and a root mean
square error (RMSE) of 26 min. The RMSE envelope is illustrated in Fig. 7a around the 1:1 line, while Fig. 7b presents the
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error distribution, which is centered near zero and closely follows a normal distribution with a mean of p = 7.24 min and a
standard deviation of 6 = 25.65 min.

To characterize travel-time uncertainty, a 90% uncertainty envelope was defined from the relationship between the
hydrological flow-path distance from each network node to the catchment outlet and its corresponding travel time (Fig. 7c).
The relationship is described by a mean exponential trend (solid blue line, R?> = 0.94) and lower and upper bounds enclosing
90% of the nodes. Each node in the drainage network is therefore assigned a travel-time interval, which is subsequently used
for the spatiotemporal coupling analysis of extreme rainfall events.

Finally, Fig. 7d presents boxplots corresponding to the three travel-time estimates: the lower bound (5th percentile band), the
mean estimate (50th percentile band), and the upper bound (95th percentile band). These distributions are shown for both the
complete drainage network and the subnetworks corresponding to zone Z1 and zone Z2. For the complete network, the median
travel times associated with the three bands are 36, 47, and 56 min, respectively. In contrast, the travel-time distributions for
zone Z1 and zone Z2 are shifted toward opposite ends of the overall distribution. The Z1 subnetwork exhibits shorter travel
times because of its proximity to the catchment outlet, its high degree of imperviousness, and the dense artificial drainage
network that promotes rapid runoff conveyance. Conversely, the Z2 subnetwork is characterized by longer travel times,
reflecting greater flow-path distances to the outlet, lower impervious surface coverage, and reduced flow velocities.
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Figure 7. Validation of the simulated travel-time map using hydrometeorological observations. (a) Comparison between
observed and simulated travel times for all analyzed events. The black dash-dotted line represents the 1:1 agreement,
and the gray envelope corresponds to the RMSE (26 minute). Color intensity indicates the frequency of observations.
(b) Distribution of travel-time errors (Observed vs. Simulated) and fitted normal distribution, with the estimated mean
(1) and standard deviation (o). (c) Relationship between hydrological flow-path distance to the catchment outlet and
simulated travel time. The solid blue line represents the mean exponential relationship, while the dashed lines delimit
the 90% uncertainty envelope. (d) Distribution of simulated travel times for the lower (5th percentile), median (50th
percentile), and upper (95th percentile) estimates, comparing the complete drainage network with the zone Z1 and the
zone Z2.

4.3 Dynamic contributing areas during contrasting flood events

For catchment W1, two flood events, ranked among the five most severe events in the historical record, were selected for
detailed analysis. These events exhibit contrasting spatiotemporal rainfall characteristics, providing an opportunity to evaluate
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the influence of storm location, trajectory, and magnitude on the resulting hydrological response. In addition, one event was
selected for each of the smaller catchments, W2 and W3, to evaluate the applicability of the framework at smaller spatial
scales. The main characteristics of all selected events are summarized in Table 2.

Table 2. Selected events for the contributing area synchronization analysis.

Event date Peak stage (m) Peak flow Maximum Contributing
Catchment (m¥/s) cumulative area to Qp
rainfall (mm) (km?)
Wl 2013-12-01 4.2 734 43 57
Wi 2021-04-05 3.6 642 89 16
w2 2025-04-25 3.9 314 50 3.7
W3 2026-01-28 2.6 99 79 2.1

Figure 8 presents the results for the flood events of 1 December 2013 and 5 April 2021, which produced peak discharges of
734 m? s! and 642 m® s7', respectively. Fig. 8a and 8b show the rainfall hyetographs derived from the catchment rain-gauge
network for each event. The two events exhibit contrasting temporal rainfall patterns in terms of both peak magnitude and
hyetograph duration. The 5 April 2021 event extended over a longer period and reached higher instantaneous rainfall
intensities, whereas the 1 December 2013 event was more concentrated in time. Despite these differences, both events exhibited
a double-peaked rainfall structure, with most of the rainfall accumulation concentrated within an approximately two-hour
period. Using both weather-radar grid cells and rain-gauge observations, the temporal centroid of each hyetograph was
calculated and is indicated by the red dashed lines. These centroids were used as the reference time for estimating runoff travel
times, representing the temporal origin from which rainfall-generated runoff was tracked through the integrated drainage
network, comprising both the sewer system and the surface drainage network.

Figures 8c and 8d present the corresponding response hydrographs, including water level (solid black line) and streamflow
(dashed red line), divided into the three hydrograph phases defined previously. The 1 December 2013 event exhibited a more
temporally concentrated hydrograph, with a steeper rising limb and a more rapid attainment of peak discharge than the 5 April
2021 event, which showed a more gradual rise. The recession limbs also differed in their duration and in the timing of the
return toward baseflow conditions. Because Phase 2 represents the peak-flow period defined as the 20-min interval before and
after the discharge maximum, this phase accounted for a larger proportion of the hydrograph in the 1 December 2013 event
than in the 5 April 2021 event. In the latter, the more extended hydrograph resulted in a greater relative contribution of Phases
1 and 3, encompassing the rising and recession limbs, respectively.

The direct runoff volume was estimated for each phase from the streamflow hydrograph. For the 1 December 2013 event, the
runoff volume during the peak-flow phase (Phase 2) was estimated at 1.356 x 10° m3, representing approximately 42% of the
total event runoff volume. In contrast, the 5 April 2021 event produced a Phase 2 runoff volume of 1.296 x 10° m?, equivalent
to 31% of the total runoff volume. Despite the similar Phase 2 runoff volumes, the larger proportion of event runoff

20



https://doi.org/10.5194/egusphere-2026-5950
Preprint. Discussion started: 28 October 2026 EG U
© Author(s) 2026. CC BY 4.0 License. Sp here

555 concentrated within this phase in 2013 is consistent with the more temporally concentrated hydrograph and provides an
556  additional basis for comparing the synchronization of runoff contributions during the peak-flow period.
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Figure 8. Spatiotemporal coupling between rainfall evolution and drainage-network travel times for the flood events of
1 December 2013 (left column) and 5 April 2021 (right column). (a—b) Rainfall hyetographs recorded by the rain-gauge
network (gray lines), highlighting the P90 hyetograph (blue shading). The red dash-dotted line indicates the temporal
rainfall centroid, which defines the reference time for travel-time estimation. (c—d) Observed water-level (black solid
line) and river discharge (red dash-dotted line) hydrographs, divided into the rising limb (Phase 1), peak-flow (Phase
2), and recession limb (Phase 3). Shaded areas represent the direct runoff volume associated with each hydrograph
phase. (e—f) Spatial distribution of accumulated rainfall and dynamic contributing areas associated with the three
hydrograph phases. The orange arrow represents the rainfall-centroid trajectory, while the red and orange dash-dotted
polygons delineate zones Z1 and Z2, respectively. Star symbols indicate rain-gauge locations, and gray shading denotes
urbanized areas. The blue shades represent the spatial extent of the contributing areas associated with each hydrograph
phase, with Phase 2 indicating the area synchronized with the peak-flow response. The corresponding event dates are
indicated in each panel.

Figures 8e and 8f illustrate the spatial distribution of rainfall for the two selected events. Each grid cell is assigned to one of
the three hydrograph phases according to the temporal synchronization between rainfall occurrence and the corresponding
runoff travel time through the drainage network. This delineation of dynamic contributing areas allows the spatial extent of
rainfall contributing to each hydrograph phase to be quantified and, in particular, identifies the location and magnitude of the
area synchronized with peak discharge (Phase 2, shown in dark blue), which represents runoff contributions reaching the outlet
during the most critical stage of the flood event. The figures also show rainfall accumulations measured at the rain-gauge
stations and the overall rainfall centroid trajectory, representing the spatiotemporal evolution of each storm.

The two events exhibit marked differences in their spatial rainfall organization. The 5 April 2021 event produced rainfall
accumulations exceeding 60 mm at 18 rain-gauge stations distributed across the catchment, whereas the 1 December 2013
event exhibited a more homogeneous rainfall distribution, with accumulations generally close to 20 mm. Despite the
substantially lower rainfall accumulation, however, the 2013 event produced a higher peak discharge than the 2021 event. The
travel-time framework indicates that the synchronized contributing area during the peak-flow phase reached approximately 57
km? in 2013, compared with only 16 km? in 2021.

During the 1 December 2013 event, the rainfall centroid propagated approximately along the main drainage axis in the eastern
portion of the catchment (orange arrow in Fig. 8e). This trajectory favored the progressive accumulation of runoff contributions
along the drainage network and increased the likelihood that runoff from different areas would reach the outlet within a
relatively narrow temporal window. Moreover, most of the synchronized area was located within Z1, which is characterized
by relatively high impervious surface coverage, further favoring rapid runoff generation and efficient drainage connectivity.
In contrast, the 5 April 2021 event exhibited greater rainfall accumulation but a considerably smaller synchronized area,
concentrated mainly in sectors with lower impervious surface coverage and largely associated with Z2. Its rainfall trajectory
was predominantly transverse to the main drainage axis, reducing the temporal alignment of runoff contributions and
distributing them over a broader portion of the hydrograph.

These contrasting responses highlight the distinction between rainfall magnitude and hydrologically effective rainfall
organization. Total rainfall accumulation characterizes the magnitude of the atmospheric forcing, whereas peak-flow
generation depends on how rainfall-generated runoff is spatially organized and connected to the drainage network, and on
whether travel times allow contributions from different locations to reach the outlet within a sufficiently narrow temporal
window.
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The differences between the two events can be further examined through the distributions of travel times and hydrological
flow-path distances to the catchment outlet, both of which are controlled by the spatiotemporal synchronization between the
rainfall core and the contributing area associated with Phase 2 of the hydrograph. Fig. 9 compares these variables using
boxplots for the three hydrograph phases and for zones Z1 and Z2. During the 1 December 2013 event, the runoff contributing
to the peak-flow phase (Phase 2) was characterized by substantially shorter travel times and hydrological flow-path distances
than the catchment-wide averages, with median values of 35 min and 7 km, respectively (Fig. 9a and 9c¢). This behavior reflects
the concentration of the storm core near the catchment outlet, primarily within zone Z1, which promoted a high degree of
synchronization between rainfall and hydrological response. In contrast, the 5 April 2021 event exhibited median Phase 2
values of 72 min and 17 km, respectively, much closer to the average conditions of the drainage network (Fig. 9b and 9d). In
this case, the storm core was located within the transition zone between Z2 and Z1, resulting in longer runoff travel paths and
a reduced synchronization of flow contributions during the peak-flow phase.

This distinction is particularly relevant in highly urbanized catchments, where efficient drainage connectivity and short travel
times can strengthen the temporal coupling between rainfall forcing and outlet response. Consequently, rainfall events with
substantially different spatial and temporal characteristics may produce contrasting hydrological responses, depending not only
on rainfall accumulation but also on its alignment with the drainage network and the timing of runoff propagation. In this
context, the distributed travel-time field provides a fundamental analytical layer for identifying the spatial zones that most
strongly govern catchment response and for interpreting how rainfall organization translates into differences in peak-flow
generation.

24



615

616
617
618
619
620
621

622

623
624
625
626
627

https://doi.org/10.5194/egusphere-2026-5950
Preprint. Discussion started: 28 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

2013-12-01 2021-04-05
160 160

Phase 1: T50 = 61 min . Phase 1: T50 = 47 min
Phase 2: T50 = 35 min a 140 - Phase 2: T50 = 72 min b
Phase 3: T50 = 69 min Phase 3: T50 = 112 min

I Zone Z1 B Zone Z1

Zone 72 1204 Zone Z2 i =

100 -

80 T |

=

B

o
s

=
N
o

=

o

o
L

=)
o
L

-

60 - !

Ll ® 50

T T T 0 T T T
Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3
2013-12-01 2021-04-05

Phase 1: D50 = 12 km Phase 1: D50 = 9 km
Phase 2: D50 = 7 km C 354 Phase 2: D50 = 17 km d
Phase 3: D50 = 16 km Phase 3: D50 = 20 km

B Zone Z1
Zone Z2

S
=]
!

40 -

Simulated Travel Time [minutes]
o]
o
\
Simulated Travel Time [minutes]

N
o
s

o

S
=)
IS
o

w
[V,

B Zone 71
30 Zone Z2

w
o

N
w

25

e L

Lof =
=

: T : 0 T T T
Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3

=
(9,

=
o

Flow Path Distance to Outlet [km]
S
Flow Path Distance to Outlet [km]

wv

Figure 9. Comparison of travel-time and hydrological flow-path distance distributions associated with the dynamic
contributing areas for the two historical flood events. (a—b) Boxplots of simulated travel times corresponding to the
three hydrograph phases (Phases 1-3) for the flood events of 1 December 2013 and 5 April 2021, respectively. (c—d)
Corresponding distributions of hydrological flow-path distance to the catchment outlet. Boxplots are shown for the
complete contributing area (blue) and separately for the zone Z1 (red) and the zone Z2 (orange). The median travel
time (T50) and median flow-path distance (D50) for each hydrograph phase are indicated in the legends.

4.4 Transferability and limitations in smaller catchments

To evaluate the transferability of the proposed methodology to smaller catchments, it was applied to the Dofla Maria (W2) and
La Presidenta (W3) catchments, both nested within the Medellin River—Aula Ambiental (W1) catchment. The W2 catchment
covers an area of 73 km?, with a mean channel slope of 5% and an impervious surface fraction of approximately 8%,
concentrated primarily in its downstream urban sector. In contrast, W3 covers 15 km?, with a mean channel slope of 17% and
an impervious surface fraction of approximately 24%, also concentrated in the lower portion of the catchment.
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The validation of travel times revealed lower overall model performance than that
obtained for W1. For W2, the analysis based on weather radar observations yielded a KGE of
—0.18, an R? of 0.12, and an RMSE of 36 min. Similarly, the evaluation for W3 resulted in a
KGE of —0.29, an R? of 0.04, and an RMSE of 37 min. Nevertheless, both catchments showed
improved agreement with the observed response for events in which rainfall was
concentrated over the urbanized sectors, where impervious surfaces and the underground
stormwater drainage network dominate the runoff response.

For each catchment, a representative flood event was selected based on its magnitude, using peak water level and peak
discharge as the selection criteria (see Table 2). In W2, where hydrometric records have been available since September 2017,
the most significant event occurred on 25 April 2025 (Lp =3.9 m; Fp =314 m?s™). In W3, where records began in December
2013, the selected event occurred on 28 January 2026 (Lp = 2.6 m; Fp = 99 m? s™'). These catchments exhibited important
differences in hydrological response relative to the larger catchment (W1). The rising limb of the hydrograph was considerably
shorter, consistent with the shorter distances to the catchment outlets, while the phase associated with peak discharge (Phase
2) was markedly more prominent than in the events evaluated for W1.

Based on these findings, the rainfall-runoff synchronization analysis focused on the selected events, which exhibited the best
agreement between observed and simulated travel times. For W2, the event of 25 April 2025 was selected (Fig. 10a and 10b),
yielding an R? of 0.47 and an RMSE of 17 min. For W3, the event of 28 January 2026 was analyzed (Fig. 10c and 10d), with
an R? of 0.58 and an RMSE of 9 min. In both cases, the spatial concentration of rainfall over the urbanized areas enabled the
methodology to delineate the dynamic contributing areas associated with the rising limb and peak-flow phases of the
hydrograph. In contrast, the contributing areas associated with the recession phase were only partially identified because part
of the rainfall occurred outside the domain covered by the travel-time map.

For the W2 event (Fig. 10a), the rainfall centroid trajectory followed the direction of the main drainage axis, promoting
synchronization of runoff contributions and resulting in a very short rising limb of approximately 15 min. Although only part
of the storm was represented within the travel-time domain, the methodology identified the area contributing to peak discharge.
A similar behavior was observed in W3 (Fig. 10c), where rainfall was concentrated over the urbanized portion of the catchment,
allowing the contributing area associated with the peak-flow phase to be delineated. However, representation of the recession
phase remained incomplete because rainfall also occurred in areas not covered by the hydraulic travel-time model.
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Figure 10. Application of the proposed methodology to the Dofia Maria (W2) and La Presidenta (W3) catchments. (a,
¢) Spatial distribution of the rainfall centroid trajectory, travel-time-based contributing areas, rain gauges, and rainfall
accumulation for the selected extreme events. (b, d) Corresponding water-level and flow hydrographs with runoff
volumes estimated for the three hydrograph phases. The identified contributing areas are consistent with the urbanized
sectors represented by the artificial drainage network, while the recession phase is only partially captured because part
of the rainfall occurred outside the modeled travel-time domain.

The comparison between catchments of different sizes indicates that the performance and transferability of the framework
depend strongly on the representativeness of the drainage network used to derive the travel-time field. This limitation becomes
particularly relevant when rainfall occurs predominantly over rural or less urbanized areas and runoff is conveyed through
natural channels that are not represented in the current travel-time map. Under these conditions, a larger fraction of the observed
hydrological response occurs outside the modeled drainage network, reducing the agreement between observed and estimated
travel times. Conversely, where artificial drainage networks dominate the hydrological response, the proposed framework can
be applied even at relatively small spatial scales. As impervious surface coverage decreases, however, natural channels and
surface drainage networks become increasingly important. Extending the travel-time map to include these pathways would
therefore provide a more complete representation of hydrological connectivity and improve the identification of dynamic
contributing areas. In catchments where the information required to characterize the drainage network is limited or unavailable,
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particular attention should be given to developing a sufficiently detailed drainage network from basic topographic information
to represent the flow pathways that convey rainfall-generated runoff toward the catchment outlet.

The results also emphasize the complementary roles of rainfall and hydrological information. Weather radar provides the
spatial and temporal organization of the rainfall forcing, whereas the travel-time field translates this forcing into its expected
propagation through the catchment. Their integration allows rainfall events to be evaluated not only in terms of where and how
much precipitation occurred, but also in terms of when the resulting runoff is expected to contribute to the outlet response.

5. Conclusions and implications

5.1 Spatiotemporal synchronization and flood response

The results demonstrate that extreme flood response in the Medellin River—Aula Ambiental catchment (W1) cannot be
explained solely by rainfall magnitude or accumulation. Instead, the spatial and temporal organization of precipitation relative
to drainage-network travel times plays a critical role in determining both the magnitude and timing of the outlet response. In
particular, rainfall trajectory, drainage-network connectivity, imperviousness, and travel times jointly influence the extent to
which runoff contributions from different portions of the catchment become temporally synchronized during critical stages of
the flood hydrograph. By coupling event-based rainfall fields with the distributed travel-time map, the proposed framework
identifies the portions of the catchment whose runoff contributions are synchronized with specific stages of the hydrograph,
providing a physically interpretable representation of the dynamic contributing areas during flood development. Thus, the
effective contributing area should be regarded as dynamic rather than fixed: different portions of the catchment become
synchronized with the outlet at different stages of the hydrograph, depending on rainfall location, movement, and runoff travel
times. This perspective extends conventional interpretations based solely on topographic drainage boundaries and frames flood
generation as a spatiotemporal synchronization process.

The comparison between the 2013 and 2021 events provides clear evidence of this mechanism. The larger synchronized area
during the 2013 event, despite lower rainfall accumulation, indicates that rainfall organization and movement can enhance
flood response when they favor the simultaneous arrival of runoff contributions from hydraulically connected areas.
Conversely, greater rainfall accumulation may result in a lower peak when rainfall organization and propagation reduce this
synchronization.

5.2 Performance, limitations, and transferability

The integration of high-resolution rainfall observations with the distributed travel-time field provides a physically interpretable
framework for characterizing dynamic contributing areas during extreme rainfall events. For the Medellin River—Aula
Ambiental catchment (W1), the availability of high-resolution radar, rain-gauge, water-level, and drainage-network
information allowed the framework to represent the spatial and temporal organization of rainfall together with the propagation
of runoff through the catchment. This integration provides a basis for evaluating flood response not only according to rainfall
magnitude and location, but also according to the timing and synchronization of runoff contributions reaching the outlet.

The framework also shows potential for application across urban catchments with different spatial scales and drainage
configurations. In particular, its application to smaller urban catchments is feasible where the available drainage-network
information adequately represents the dominant hydrological pathways. As the degree of urbanization decreases, however,
natural channels and surface runoff pathways become increasingly relevant to hydrological connectivity. Incorporating these
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pathways into the distributed travel-time field would extend the representation of runoff propagation and allow the framework
to be adapted to catchments with contrasting degrees of urbanization and drainage structure.

Future applications can therefore build upon the framework by integrating artificial drainage networks, surface runoff
pathways, and natural channels within a unified distributed travel-time field. Combined with high-resolution rainfall
observations, this extension would strengthen the representation of hydrological connectivity and support the identification of
dynamically evolving contributing areas across a broader range of urban catchments and flood-generating conditions.
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