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Abstract

Change in climatic conditions worldwide has increased the frequency and severity of
extreme hydrometeorological events (EHEs). Mexico is an example of this: the country
has been affected by the occurrence of EHEs leading to important economic, social, and
environmental losses. The objective of this investigation was to apply a Canadian
Distributed Hydrological Model (DHM) to tropical conditions, and to evaluate its
capacity to simulate flows in a basin in the central Gulf of Mexico. Additionally, we used
this calibrated and validated DHM to predict streamflow before the occurence of an
EHEs. The results of the DHM show satisfactory goodness-of-fit indicators between the
observed and simulated flows in the calibration process (NSE=0.83, RSR=0.41 and
BIAS=-4.3), as well as its validation (NSE=0.775, RSR=0.4735 and BIAS=2.45). The
DHM showed its applicability to streamflow simulation and confirmed a reliable
efficiency in the modeling of thirteen EHEs (NSE=0.78 + 0.13, RSR=0.46 + 0.14, and
PBIAS=-0.48 £+ 7.5). DHM can serve as a tool to identify vulnerabilities before floods
and assist in devising more rational and sustainable management of water resources.

1 Introduction

The observed change in climatic conditions worldwide has caused an increase in the frequency and
severity of extreme hydrometeorological events (EHEs) (IPCC, 2007). Because of its geographic
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location and physical characteristics, Mexico is a vulnerable country due to the occurrence of EHEs,
primarily the formation and development of tropical cyclones on the Pacific coast and the Gulf of
Mexico that affect 60% of the national territory. Due to its geographical location, orography, climate,
and human settlements in high-risk areas, the state of Veracruz, located in the east coast of the country,
is a highly vulnerable area exposed to these phenomena (Guzman et al., 2011). The state was affected
by three very large EHEs: tropical storms (in 2000) and hurricanes (Stan in 2005 and Karl in 2010)
causing substantial economic, social, and environmental losses. Despite the impact of EHEs in recent
decades, scientists still face many limitations regarding the availability and quality of
hydrometeorological data (GEV, 2016). Considering the deficiencies in the data, and the urgency to
prevent further socio-economic losses due to floods, it is necessary to develop science-based tools for
an accurate prediction of their consequences (CENAPRE, n.d.). One solution is the use of hydrological
simulation models, because their low operating cost (Francés & Benito, 1995). The aim of this research
was to evaluate the response of the Distributed Hydrological Model HYDROTEL to one of its
applications: the forecast of runoff from EHEs.

Case study: La Antigua River Basin in Veracruz, Mexico. This watershed is located in the central
part of the Gulf of Mexico, between 19°12”-19°35” N, and between 96°30”-97°13” W. The watershed,
is exposed to a great variety of EHEs, such as hurricanes, tropical storms, and floods. (INEGI, 2012).
Our study site has an approximate area of 1,620.6 km? with elevations ranging from 82-4,204 m a.s.l.
Due to its large altitudinal variation, there are great climatic variations and different vegetation covers
throughout the basin. The precipitation in the watershed varies between 1,500-2,500 mm, whilst the
average annual temperature is between 18-26°C (CONAGUA, 2014b). The main soil types present in
the study area are acrisols (68.6%) located in the north rim of the basin, luvisols (23.8%) at the basin’s
center, podzol (3.6%), and vertisols (4%) in its southern portion (INEGI, 2013a). The types of land use
include agriculture (57.3), urban (2.1%), forest (17.8%), and pastureland (22.8%) (INEGI, 2013b).

2 Materials and Method

We divided this research in five stages: 1) Data collection and analysis; 2) Application of the
HYDROTEL model to the basin under study; 3) Calibration of the hydrological model; 4) Spatial and
temporal validation of the hydrological model, and 5) Applications of distributed hydrological model
to simulate the streamflow of extreme hydrometeorological events.

2.1 Data collection and analysis

The essential data for distributed hydrological modeling requires two types of information:
hydrometeorological and physiographic datasets. The first class of data is required on a daily basis for
the following variables: minimum temperature, maximum temperature, total precipitation, and
streamflow at the outlet of the basin. The second class of data includes the digital elevation model, land
uses, and soil types. Subsequently, the data was subjected to a quality control, with the objective of
detecting errors in the observation data that could be caused mainly by difficulties in the measurement
plus errors due to manipulation and data capture and storage processes. These processes apply to the
identification of errors, such as the maximum temperature being greater than the minimum or the
precipitation being negative. Other errors have been filtered because they are outside the range of values
of the region, such as temperatures below -25°C and above 50°C (Aguilar, 2013).

Description of the geographic information system PHYSITEL PHYSITEL was developed
at the INRS-ETE (Institut national de la recherche scientifique centre Eau, Terre et Environnement) in
Québec, Canada, in 1985 (Fortin, Moussa, Bocquillon, & Villeneuve, 1995). It was designed to generate
the physiographic database of the HYDROTEL hydrological model. PHYSITEL allows the integration
of various types of data from remote sensing and geographical information systems (GIS). The data
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used by this system are both raster (DEM, soil types, and land use) and vector (hydrographic network,
limit of the watershed). PHYSITEL allows characterizing the internal flow structure of a watershed
from a numerical elevation model. The determination of the internal flow structure serves as a basis for
the characterization of the hydrological units (or sub-basins) that represent the spatial simulation units
(Fortin, 2000b). The information on the surface conditions that affects the ‘“evaporation-flow-
infiltration” can be integrated to determine the hydrological parameters of the calculation units.
PHYSITEL defines the watershed into relatively homogeneous hydrological units (RHHUS) (Rousseau
et al., 2011). These hydrological units are established to contain only one section of the hydrological
network. Each of these units is assigned a single value for soil type, which corresponds to the dominant
formation for the entire unit. Likewise, each one of these units is assigned the percentages represented
by each land-use class. At the end, PHYSITEL allows us to export to HYDROTEL the following data:
altitude, slope, flow orientation, hydrographic network, and delineation of each RHHU, based on a user
defined threshold that is set according to the desired level of detail (Fortin, 2000b; Rousseau et al.,
2011).

2.2 Application of the Distributed Hydrological Model HYDROTEL

HYDROTEL was also developed by the INRS-ETE. It is a spatially distributed hydrological model
with physical bases specifically developed to facilitate the use of remote sensing and GIS data. This
approach brings a better representation of the spatial variability of the physiographic characteristics of
river basins (topography, land use, soil types, etc.) and of the meteorological systems that affect the
basins (Fortin, 2000a). HYDROTEL comprises six submodules, which run in successive steps. Each
submodule simulates a specific hydrological process. The first submodule is the Interpolation of
Meteorological Data, the second submodule is the Snow Cover Estimation, the third submodule is the
Potential Evapotranspiration Estimation (PET), the fourth submodule is the Vertical Water Balance,
the fifth submodule is the Overland Routing, and the sixth and last submodule is the Channel Routing
(Fortin J-P et al., 2001).

2.3 Calibration of the Distributed Hydrological Model

In this study, the Dynamically Dimensioned Search (DDS) algorithm was used. It is designed to be
an efficient tool for calibration of complex and large-parameter-space hydrological models. The DDS
algorithm automatically scales the search space to decrease the number of model evaluations required
to reach the optimal region of best-quality fitness function (for more details about the DDS algorithm,
the reader is referred to Tolson and Shoemaker (Tolson & Shoemaker, 2007). The calibration was
evaluated by the statistical indicators. The indicators used in this study are the ones recommended by
Moriasi et al. (2007) (Moriasi et al., 2007), namely, the Nash-Sutcliffe efficiency (NSE) index, which
is equal to one minus the ratio of the Mean Square Error (MSE) and standard deviation of measured
data time series (H. V Gupta, Kling, Yilmaz, & Martinez, 2009). The NSE (Nash & Sutcliffe, 1970) is
computed as the relative magnitude of the residual variance compared to the variance of the observed
data “information”. The NSE is shown in equation 1 (see also Table 1 for the meaning of NSE values).

. Y (1)
(a()—a(i)
NSE =1—| =L -
2 (a(1)-7)
Where q (i) is the ith observation for the constituent being evaluated, q(i) is the ith simulated value
for the constituent being evaluated, q is the mean of observed data for the constituent being evaluated,

and n is the total number of observations. NSE ranges between —oo and 1.0 (1 inclusive), with NSE = 1
meaning a perfect match between simulated and observed values. Values between 0.0 and 1.0 are

n
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generally viewed as acceptable levels of performance (Table 1), whereas negative values mean that the
mean of observed data is a better predictor than the simulated data (Nash & Sutcliffe, 1970). The
RMSE-observations standard deviation ratio (RSR): is calculated as the ratio of the Root Mean
Square Error (RMSE) and standard deviation of measured data (equation 2) and was developed based
on the recommendation by Singh et al. (Singh, Knapp, Arnold, & Demissie, 2005) RSR -combines both
an error index and the additional information recommended by Legates and McCabe (Legates &
McCabe, 1999). RSR of zero indicates the optimal value, while RSR> 0.7,represents unsatisfactory
model performance (Hamaamin, Nejadhashemi, Zhang, & Giri, 2016) as shown in Table 1.

" STDEV,,, { i(q(i)—ﬁ)z}

i=1

2

Percent bias (PBIAS) is the relative bias of data being evaluated, expressed as a percentage. PBIAS
measures the average tendency of the simulated data to be larger or smaller than their observed
counterparts (H. V. Gupta, Sorooshian, & Yapo, 1999). The optimal value of PBIAS is 0.0, with low-
magnitude values indicating accurate model simulation. Positive values indicate model underestimation
PBIAS and negative values indicate model overestimation PBIAS (Legates & McCabe, 1999; Singh et
al., 2005) (see Table 1). PBIAS is calculated with equation 3:

n

2 (a(1)=q(i))x100

PBIAS = =—— )
La(7)
PBIAS NSE RSR Interpretation of the Model
PBIAS <+10 0.75<NSE<1.0 0.00<RSR<0.50 Very good
+10 <PBIAS <#15 0.65<NSE<0.75 0.50 <RSR <0.60 Good
+15 <PBIAS <425 0.50<NSE<0.65 0.60<RSR<0.70 Satisfactory
PBIAS > 425 NSE < 0.50 RSR >0.70 Unsatisfactory

Table 1: Interpretation of statistical parameters for calibration and validation (Moriasi et al., 2007).

2.4 Spatial and temporal validation of the DHM

The process of temporal validation of a model consists in demonstrating that the model is able to
make predictions at a specific site for periods outside the calibration period. Hence, it can be said that
a model has been validated if its accuracy and predictive ability falls within acceptable errors or limits
(Refsgaard & Knudsen, 1996). The calibration and validation was based on the hydrometric data of a
control station located at the outlet of the studied river basin. The spatial validation process was carried
out by applying the model to predict streamflow at other points within the basin. The validation was
done with the same parameters obtained from calibration based on the hydrometric output station.

2.5 Simulation of extreme hydrometeorological events

Once the distributed hydrological model (HYDROTEL) was calibrated and validated, we simulated
the EHESs that affected the study area from 1990-2009 in the study area (compiled from the SMN and
underground weather reports), and subsequently evaluated its performance indicators (NSE, RSR and
PBIAS).
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3 Results

3.1 Review and analysis of the available hydrometeorological data

We first selected 22 meteorological stations based on two conditions. The first selection criterion
was temporality, ensuring that the selected stations have information over the time period, for which
streamflows are available i.e. from 1 Jan. 1990-31 Dec. 2009. The second criterion ensured that selected
stations were located within the buffer of 5 km from the study watershed. Meteorological data were
obtained from the National Weather Service (Servicio Meteorologico Nacional—SMN) (SMN, 2013)
and hydrometric data (stations H28125-outlet, H28133, and H28134, all within the river basin) were
obtained from the National Data Bank on Surface Water (Banco Nacional de Aguas Superficiales—
BANDAS) (CONAGUA, 2014a) for the same period.

3.2 Selecting algorithms for the simulation of hydrological processes

The study area covers 1,621 km?, it was discretized in 33 hydrological units or RHHUs with an
average area of 50 m?. Then percentages of each soil type and predominant soil texture were added to
each RHHU. The following simulation options were selected for each one of the HYDROTEL
submodules (see section 2.2): (i) Interpolation of meteorological data: weighted mean of nearest three
stations; (i1) Snow cover estimation: mixed approach (deg. day—energy balance, which is the only
available option); (iii) Potential evapotranspiration: Hydro-Québec; (iv) Vertical water balance: three
layer vertical water balance (BV3C); (v) Overland routing: kinematic wave (which is the only available
option) and last, (vi) Channel routing: kinematic wave (Fortin et al., 1995).

3.3 Calibration and validation of the DHM (HYDROTEL)

The parameters of hydrological model were automatically calibrated using the Dynamically
Dimensioned Search (DDS) algorithm in order to achieve an acceptable level of statistical performance
according to Moriasi et al. (2007). The three statistical indicators introduced in section 2.3 were used:
NSE, RSR and PBIAS. Split Sample, was used for calibration and validation process. The data time
series that was used for calibration spans from 1 Jan. 1990-31 Dec. 1999 (10 years). The following
criteria lead to the choice of this 10-year period: (1) The length remained reasonable due to
computational time considerations with HYDROTEL; (2) The years had to be consecutive to facilitate
the execution of the simulation with HYDROTEL, both for the calibration and validation periods and
(3) The availability of hydrometeorological information.

Spatial and Temporal validation of Hydrologic modeling. Temporal validation of the model was
performed over a 10-year period that spans from 1 Jan. 1990-31 Dec. 1999. Statistical indicators (NSE,
PBIAS and RSR) that were calculated using the daily and monthly observed and simulated streamflows
for the calibration (1990-1999) and validation (2000-2009) periods in the La Antigua Basin are
summarized below (Table 2). The main outcome is that the statistical indicators are systematically
higher in the monthly scale. It is probably explained by the fact that monthly values are averages of
already very good daily simulated values. In the monthly averages, the variations that affect the
indicators on a smaller temporal time step are smoothed. It was also detected that PBIAS values showed
that the model underestimated the values during the calibration and validation periods. In conclusion,
the results are satisfactory according to Moriasi et al. (2007).
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Process Statistic Daily Description Monthly Description
NSE 0.8321 Very Good 0.929 Very Good

Calibration RSR 0.41 Very Good 0.2685 Very Good
PBIAS -4.3 Very Good -4.2834 Very Good

NSE 0.775 Very Good 0.909 Very Good

Validation RSR 0.4735 Very Good 0.3014 Very Good
PBIAS 2.45 Very Good 2.188 Very Good

Table 2: Statistical indicators that evaluate the performance of the calibration and validation of the DHM,
calculated from daily and mean monthly time series, in La Antigua River basin.

The spatial validation was performed for two additional hydrometric stations (H28133 and H28134)
located within the study area, for the same time (Table 3). It is worth noticing that these hydrometric
stations were not considered for the calibration process. In general, the model performs well or very
well with NSE values of 0.62 and 0.70 for daily streamflows, and NSE of 0.78 and 0.82 for monthly
streamflows (Table 3).

Test points Statistic Daily Description Monthly Description
NSE 0.62 Good 0.78 Very Good

H28133 RSR 0.59 Good 0.39 Very Good
PBIAS -5.83 Very Good -5.40 Very Good

NSE 0.70 Good 0.82499 Very Good

H28134 RSR 0.54 Good 0.45 Very Good
PBIAS -6.86 Very Good -6.27 Very Good

Table 3: Statistical parameters of performance in series from daily and monthly data for the two test points
(H28133 and H28134) the evaluation period from 01/01/1990 to 31/12/1999.

3.4 Streamflow simulation of hydrometeorological extreme events

We selected thirteen EHEs to evaluate the performance of the DHM in simulating such events. The
EHEs under study were chosen from the period 1990-2009. The performance of the rainfall-runoff
model for seven hurricanes and six tropical storms (Table 4). Each EHE confirmed a reliable efficiency
(NSE 0.78 £0.13, RSR 0.46 + 0.14 and PBIAS -0.48 + 7.5).

EHE Year NSE RSR PBIAS
Hurricane Gert 1993 0.87' 0.36! 3.69!
Tropical Depression 5 1994 0.612 0.62 -0.41!
Major Hurricane Roxanne 1995 0.70? 0.55° 6.50'
Tropical Depression 6 1995 0.94! 0.25! -1.82!
Hurricane Dolly 1996 0.54° 0.68 10.67%
Major Hurricane Mitch 1998 0.68° 0.57 -9.36!
Tropical Depression 2 1999 0.79! 0.46 -13.19?
Major Hurricane Keith 2000 0.64° 0.60° 0.86'
Tropical Storm Matthew 2004 0.93! 0.27 4.58!
Tropical Storm Jose 2005 0.80! 0.45! -8.92!
Hurricane Stan 2005 0.85! 0.38! 7.07"
Tropical Storm Marco 2008 0.87! 0.36! -11.06?
Hurricane Fred 2009 0.86 0.38! 5.10!

Table 4: Results of the statistical indicators that evaluate the performance of HDM for the simulation of
selected EHESs, in La Antigua River Basin. (') Very-good, (%) Good, (*) Satisfactory and (*) Unsatisfactory
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Discussion

This research discusses the usefulness of the Distributed Hydrological Model HYDROTEL for
operational hydrology applied to watersheds under tropical conditions. Our approach supports the
application of the hydrological distributed model via a GIS (PHYSITEL), and allows a more precise
characterization and with low-resource requirements of the watershed behavior, as described by
Velasquez et al. (2007) (SMN, 2013). In our case study, the DHM (HYDROTEL) generated an adequate
characterization of the flow processes and the hydrological conditions involved. The results of temporal
and spatial calibration and validation of the La Antigua River Basin, shows satisfactory performance
indicators (Table 2) at the outlet of the basin, as well as at two other test points (Table 3). In accordance
with the Moriasi et al. (2007) scale, our results showed a reliable performance (Moriasi et al., 2007).
The advantages of distributed modeling consisted mainly of: i) a better representation of the spatial
variability hydrological cycle phenomena and ii) the possibility to obtain results at any point inside the
basin, without the need to prefix them (a priori) and for interpolation methodologies. Conversely, its
disadvantages were the great amount of high resolution data, and the high computational times for its
processing. The application presented here shows that the DHM (HYDROTEL) can serve as a tool for
decision-makers and help in the mitigation of the negative effects of EHEs. Our model performance
indicators show the hurricane and tropical storm data, and its simulated flow with HYDROTEL,
reproduces well the observed rainfall flow (see a Table 4). This projection can be used to forecast runoff
of each affluent of the modeled basin prior to EHEs using meteorological forecasts and identify sites
with potential flood or drought affections. Our research generates knowledge to improve hydrological
modeling and streamflow forecasting. These elements could ease accurate and timely warnings that
allow increasing the period to implement the emergency plans with the goal to reduce the number of
victims, harms or injuries. There are other benefits that despite being secondary have a relevant
importance. These include the reduction of economic losses in family economies offering time to
safeguard some tangible and intangible assets.

5 Conclusions

This study demonstrates that the distributed hydrological model HYDROTEL is adaptable to
tropical conditions according to our study basin in a watershed located in the Gulf of Mexico. The
methodologies developed in this research can also be applied in other regions with similar
characteristics. We suggest generating more detailed information for modeling work in future studies,
such as a review of the efficiency of meteorological and hydrometric measurements in order to establish
the optimal number of stations and their adequate distribution within a basin.
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