
Submit Manuscript | http://medcraveonline.com

Introduction
The analysis of frequencies for estimation of extreme flows 

is essential for the development of any community in urban and 
rural planning, such as infrastructure and land use works, bridges, 
hydroelectric dams, sewers, road crossing works, protection dikes, 
pipes, roads and hydraulic works, among others. These usually have 
a useful life that takes a few years and are not thought of in the long 
term. Scientists know that the Earth is getting warmer every year 
and maximum flows tend to increase, as rainfall is more intense and 
causes maximum floods and floods in short periods of time (WMO, 
2026).1 This could have strong economic repercussions and on 
people’s quality of life, so its correct estimation and analysis is of 
great need for the societies of the future that demand much more from 
their natural resources, especially water resources, forests and greater 
and stronger infrastructure works are required to meet the needs of the 
population and protect their habitats.   

In the tropics, the hydrological characteristics of rivers depend 
on rainfall and watershed characteristics, as well as geographical 
position. For this reason, extreme precipitation events are considered 
among the most catastrophic weather disasters related to global 
climate variability and change. These occur with greater frequency 
and intensity. In recent years, disasters such as high flows, floods 
and landslides caused by excessive rainfall have occurred in some 
areas of Planet Earth. These disasters have led to significant losses in 
agriculture, water resources, forests, rural and urban infrastructure, 
as well as the mortality of some humans2 for this reason, research on 
extreme flows is urgent and necessary to address climate change and 
foster regional sustainable development. It is important to continue 
studying extreme rainfall on a global, national and regional scale to 
understand the behavior of rivers. 

In recent years, it has been seen that the impacts that have 
occurred in different regions of the world are due to climate change 
and variability. Similarly, it is no longer possible to carry out studies 
based on the average values of hydroclimatic variables, but the most 

significant variations occur in extreme events, which are increasing in 
frequency and magnitude,3,4 which makes it even more necessary to 
consider these variations in frequency analyses. 

For the estimation of extreme flows, it is necessary to adjust the 
series of maximum annual flows to some probability distribution 
function considering stationarity, in which the frequency and 
magnitude of extreme flows exceed averages and other central 
statistical variables, which may or may not vary over time. The 
likelihood of more frequent and intense flows is becoming more 
likely. This fact has been exacerbated due to changes in land use, 
climate variability, climate change, the position of the Intertropical 
Convergence Zone (ZICT), the possibility of increasingly frequent and 
intense tropical cyclones, among others.5–7 Based on this assumption, 
the most frequent and strongest maximum flows are estimated, as well 
as the possibility of estimating studies from periods of maximum river 
flows to longer periods (Bentito et all, 2021). 8

At the global level, the analysis of frequencies and therefore of 
the extreme episodes produced by climate variability and change 
have become more relevant, due to the fact of estimating the correct 
estimation of maximum flows.9 This has led different international 
organizations (OMNs), universities and specialists in the field to 
give greater importance to analyses that consider nonstationarity 
in extreme events, and certain uncertainties have been raised, such 
as the existence of trends in flow series. Hence the question is how 
trends should be considered in frequency analyses for hydrological 
designs?.10,11

Sometimes important structures such as bridges, dams and 
hydroelectric dams are designed for a useful life of 10 and up to 25 
years, but it is not thought that as they are manifesting more aggressive 
changes and climatic variations, flow levels could rise even higher. 
Therefore, by considering the highest levels on average during rainy 
periods and by increasing the frequency and magnitude, it is more 
likely that structures will be subjected to peak flood events higher than 
those designed using stationary methods. This could generate overtime 
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Abstract

The Parrita River basin that is located on the Pacific slope of Costa Rica, which has two 
defined climatic seasons: dry and rainy, is investigated. The method of the possibility of 
high flows occurring was applied, some methods address nonstationarity. Two frequency 
distributions were considered for the classical analysis as (a) the Generalized Extreme Value 
(GEV), (b) Gumbel to analyze the variation of the location, scale and shape parameters 
of the Gumbel and Pearson type 3 logarithmic distributions. Another way to estimate the 
occurrence of extreme flows is by frequency analysis. The probability of not exceeding a 
certain maximum flow value is considered. The research suggests that the Parrita River 
basin presents a rapid response to intense precipitation events, possibly associated with 
steep slopes, inadequate land use, limited surface storage capacity, and a dense hydrological 
drainage network. As a result of intense river channels. The increase in the frequency of 
extreme flow values, which would alter the connectivity processes between the main 
channel and the floodplains. The ENSO event has a direct influence on the flow levels of 
the Bijagual, Dota and El Rey rivers. The Cold phase increases maximum flows due to 
increased rainfall and increases the risk of flooding. 
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from losses in infrastructure, economic losses, environmental effects 
and even human losses.12,13  

In the case of Costa Rica, some research has been carried out 
on climate variability and change, analyzing the impacts or signals 
in some rivers,14 which show the existence of both negative and 
positive trends. In addition, it has been verified that the conditions of 
stationarity are not met in representative samples of maximum flow 
series throughout the country.15,16  

Based on the above analysis, and given that in the Parrita River 
basin in Costa Rica, no research has been carried out on maximum 
flows and their relationship with climate variability. Therefore, it 
is necessary to perform an analysis to determine the probability of 
occurrence of maximum flows, which could be done from the analysis 
of the frequency of maximum flows and their relationship with ENSO 
events. 

The purpose of this research is to analyze the frequency of 
maximum flows and their relationship with ENSO events and a 
possible hydrological risk in a seasonal context in the Parrita river 
basin.  

Area of study 

The study area is constituted by the Parrita River hydrographic 
basin, which in turn has two sub-basins of great importance for 
their sizes and flows, which are the sub-basins of the Candelaria and 
Pirrís rivers, which together with the Parrita River sub-basin form a 
relatively large basin for the size of Costa Rica. This basin is located 
on the Pacific slope of Costa Rica, which has two defined climatic 
seasons, the dry and the rainy.  

The basin is located entirely in the Central Pacific of Costa 
Rica, approximately between parallels 9°40’00” North latitude, and 
84°15’00” West longitude with an approximate area of 1288.60 km². 
Its channels are born in the foothills of the Talamanca mountain range 
section, and it has an important drainage network that reaches the 
floodplain of said basin and even flows into the Pacific Ocean, its 
most precise location is in the center-west of the Republic of Costa 
Rica (Figure 1). 

Figure 1 Location of the Parrita River basin, Costa Rica.

Source: Authors’ elaboration based on the cartography of the National 
Geographic Institute (IGN). 2026.

It is a basin that is characterized by presenting a marked 
topographical irregularity, with altitudes that vary from sea level to 
approximately 3,150 meters above sea level (masl). This altitudinal 

variation generates a highly broken relief, which characterizes the 
basins that originate in the highest parts of Costa Rica. 

Methodology 

Fluviometric stations  

To carry out the study, the three main sub-basins that cover the 
entire Parrita River basin were chosen. In each of these sub-basins, 
one fluviometric station is located per sub-basin, which served as the 
basis for this research (Figure 2). 

Figure 2 Location of the hydrological stations in the Parrita River basin.

Source. Prepared by the author based on the records of the Costa Rican 
Institute of Electricity (ICE), 2026.

Maximum flow rate analysis 

There are several methods that involve the non-stationarity existing 
in the series of maximum flows in the estimation of floods associated 
with different return periods. When forecasting the possibility of the 
occurrence of maximum floods (high flows), some methods address 
non-stationarity based on the analysis of the variation of vegetation 
cover in the basins due to anthropic intervention, waterproofing of 
surfaces, changes in inadequate land uses, among other factors that 
generate an increase in the runoff coefficient of the basins. This 
induces maximum flows to increase in magnitude and frequency.17,18 
Most of the methods developed to consider non-stationarity in the 
estimation of maximum flows are based on the temporal variation 
of the statistical moments or parameters of some given probability 
distribution, considering the existing statistically significant trends. 

Classical frequency analysis and mixed distributions 

To estimate the frequency of the maximum flow recorded in the 
Parrita River basin, the classical approach was considered in the first 
instance, where the maximum levels were estimated from a frequency 
distribution function. These frequency distributions were considered 
for the classical analysis as (a) the Generalized Extreme Value (GEV), 
(b) Gumbel. 

On the other hand, the possibility that the maximum values are 
generated by distributions formed by two or more ENSO populations 
(El Niño, La Niña, Normal) was also analyzed, considering 
the application of a mixed probability distribution to model the 
probability of flow exceedance and its relationship with the ENSO 
event. The mixed distribution is the result of the sum of the probability 
distribution function of each sample, affected by a weighting factor 
that depends on the size of each sub-sample. This model is expressed 
by equation (1). 
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mixed distribution, Fi is the probability distribution function of 
each sub-sample, and pi represents the weighting factor of each sub-
sample. 

It was considered as an influencing factor of the ENSO event, so 
the series of maximums was divided into two subseries: one affected 
by the La Niña event and the other not affected by the other two El 
Niño episodes and the Normal periods.

To this end, the classification of El Niño, La Niña and Normal 
periods was used, according to the table published by NOAA (National 
Oceanic and Atmospheric Administration, 2026) which classifies into 
warm episodes and cold episodes if the ONI (Oceanic Niño Index) 
reaches a threshold of 0.5°C, in region 3-4 (5°N-5°S, 120°-170°W), 
calculated from calculated and updated base periods of 42 years. In 
the series of levels and maximum monthly flows observed, the years 
where the maximum occurred in each episode will be classified as El 
Niño, La Niña and Normal years.  

Gumbel distribution 

The probability density function of the Gumbel distribution is 
given by the equation: 

( ) [ ]((( )1 exp e           p )x (2F X x xα β≥ = − − − −

By the method of moments, the parameters α and β are estimated 
as follows: 

1, 281 /               0, 45               (3)α σ β µ σ= = −   

Where μ and σ, are the mean and standard deviation of the data. 	 

He et al. (2006) propose to analyze the variation of the location, 
scale and shape parameters of the Gumbel and Pearson Type 3 Log 
distributions. They propose a linear function for the location parameter 
of the distributions, a logistic regression for the scale parameter of the 
Gumbel distribution, and also for the shape parameter of the Pearson 
Type 3 Log distribution. Another way to estimate the occurrence of 
extreme flows is through frequency analysis. In this, the probability 
of not exceeding a certain maximum flow value is considered. The 
following figures show the probability curve of non-exceedance 
estimated by the models for the maximum flows and the empirical 
probability of the observations, which are calculated using the formula 

which is calculated using the formula 
( )( )ix n=  

 
1i+     =1, 2,   , n  i … 	  	  (4)

where corresponds to the -th observation ordered ascendingly.x(i)j 

To analyze the high levels of flow in the rivers of the basin under 
study, a GEV distribution was modeled with parameters that are 
functions of a covariate that denotes the influence of the periods of 
the ENSO event, with its three populations El Niño, La Niña, and 
Normal periods.

Data on monthly flows in the locations of Bijagual, Dota and 
El Rey were taken from 1982 to 2025. These data were loaded and 
transformed into a long format (tidy) for statistical analysis, using the 
R programming language. On the other hand, the phases of El Niño 
and La Niña were also considered, based on NOAA’s monthly record. 

Distribution of flows by sub-basins 

The behavior of the flows at each of the flow gauging stations 
looks as follows Figure 3: 

Figure 3 shows the flow distribution for the Bijagual, Dota and 
Rey River stations. The presence of differentiated hydrological 
patterns associated with the physical, climatic and geomorphological 
characteristics of each sub-basin is evident. From a statistical point 
of view, the density curves present positive asymmetric distributions 
with tails extended towards extreme values. This behavior is typical 
of river systems subject to hydrological events of high variability and 
nonlinear responses. 

Figure 3 Flow distribution for each of the fluviometric stations.

Source: Authors’ elaboration based on the records of the Costa Rican Institute 
of Electricity (ICE). 2026

The Dota station has a highly concentrated distribution in low 
discharge ranges, followed by an abrupt drop in density and a long 
tail towards extreme flows. This behavior indicates that, although 
relatively moderate flow conditions predominate, there is a high 
susceptibility to extreme events of great magnitude under certain 
hydroclimatic conditions.

In contrast, the Bijagual and El Rey stations show wider and 
more gradual distributions, reflecting a relatively slower hydrological 
response at the beginning. However, the persistence of long tails 
in both distributions also indicates the presence of extreme events 
capable of significantly exceeding historical mean values. These 
spatial differences show the hydrological heterogeneity of the basin 
and highlight the influence of physiographic variables such as 
vegetation cover, different land uses, steep slopes, infiltration capacity 
and drainage configuration. 

If flows continue to increase progressively over the years, the 
distributions would tend to shift towards higher discharge values, 
producing strong alterations in the riverbeds and therefore in the 
probabilistic structure of the hydrological system, with the tendency 
to constantly increase flows.

Frequency of flows in the Parrita River basin 

This analysis is done to know not only the frequency, but also the 
magnitude of the flows in each of the sub-basins that make up the 
Parrita River basin (Figure 4). 

Figure 4 shows the frequency of maximum flows corresponding 
to the Bijagual fluviometric station, where there is a non-linear 
relationship between the probability of not exceeding and the 
magnitude of the maximum discharges observed. The upward trend 
of the adjusted curve shows a hydrological behavior characteristic of 
river systems exposed to extreme events of high variability, where 
higher flows show a significant acceleration as the cumulative 
probability increases.
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Figure 4 Maximum flow rate (Bijagual).

Source: Prepared by the author based on ICE records, 2026.

 From the hydrological point of view, the shape of the curve 
suggests the presence of a positive asymmetric distribution subjected 
to intense flows at the upper ends. Although the slope is relatively 
moderate in the central part, this indicates that the distribution has a 
statistical stability in moderate events. However, the abrupt curvature 
in the upper area reveals a disproportionate increase in extreme flows.

The pattern exhibited by the flows of Bijagual is a typical indicator 
of extreme hydrological systems, which are closely related to 
convective processes, intense storms, and possible floods that favor 
the topographic irregularity. Hydrological events of great magnitude 
could occur, because the curve continues to rise as it approaches 1 
(Figure 5).

Figure 5 Maximum flow rate (Dota).

Source: Prepared by the author based on ICE records, 2026.

Figure 5 shows a strong curvature at the top of the distribution, 
indicating a chance of a river versus small variations in cumulative 
probability. This means that relatively moderate increases in 
hydroclimatic conditions could translate into disproportionate 
increases in flow, a phenomenon characteristic of basins subject to 
intense convective rainfall and high climatic variability. However, 
the sub-basin where this river is located does not have high flows 
throughout its course, except at the end of the curve. In contrast, with 
the previous rivers (Figure 6). 

Figure 6 shows the frequency of maximum flows corresponding to 
the El Rey station, which shows a non-linear hydrological distribution, 
characterized by a progressive increase in maximum discharges as 
the probability of not exceeding increases The shape of the adjusted 
curve reflects a typical dynamic of river systems highly influenced by 
extreme events, where higher flow values present accelerated growth 
and a marked statistical probability of extreme flows occurring. 

Figure 6 Maximum flow frequency (El Rey).

Source: Prepared by the author based on ICE records, 2026.

From a hydrological perspective, the configuration of the curve 
indicates a positive asymmetric distribution with a tail that always 
tends to rise, which is a sign of high hydrological variability and 
susceptibility to extreme precipitation events. The middle region of 
the curve shows relatively stable behavior associated with recurrent 
events. However, in the upper section, a strong intensity of maximum 
flows is observed, which suggests a hydrological response that 
intensifies under conditions of extreme storms or hydroclimatic 
events of great magnitude. 

Influence of ENSO on the frequency of extreme flows 

The flows in each sub-basin show a somewhat different relationship 
when compared to the ENSO phases (Cold (La Nina), Warm (El Niño) 
and Neutral) (Figure 7).

Figure 7 Maximum flow rate per phase (Bijagual).

Source: Prepared by the author based on ICE records, 2026.

Figure 7 shows the frequency of maximum flows by climatic phase at 
the Bijagual station, showing a significant hydrological differentiation 
between the ENSO phases, particularly under Cold Phase conditions, 
where the highest magnitudes of extreme discharge are recorded. The 
observed distribution reflects a hydrological response that is highly 
sensitive to interannual climate variability, showing a progressively 
accelerated increase in flows as the probability of non-exceedance.
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From a hydrological perspective, the curve associated with the 
Cold Phase presents a markedly higher slope with respect to the 
Neutral and Warm Phase conditions, especially at the end of the line 
corresponding to the events extremos.

This persistence indicates a substantial intensification of the 
surface runoff generation processes, associated with higher volumes 
of effective precipitation, an increase in moisture-laden air masses and 
a relative decrease in the infiltration capacity in the basin. Therefore, 
the river system exhibits a faster response, possibly due to topographic 
irregularity in the face of extreme weather events. 

The Neutral phase shows an intermediate consistency, with 
discharge values higher than the Warm phase, but lower than the Cold 
phase. On the other hand, the curve corresponding to El Niño presents 
the lowest flows in the distribution, which is consistent with scenarios 
of relative reduction of precipitation and lower regional water 
availability. However, even under this climatic phase, an upward trend 
is observed in the upper extremes, indicating that the occurrence of 
severe flows continues (Figure 8).

Figure 8 Frequency of maximum flow rates per phase in Dota.

Source: Prepared by the author based on ICE records, 2026.

Figure 8 shows the frequency of maximum flows by climatic 
phase at the Dota station shows a marked hydrological differentiation 
between the different phases of the ENSO event, particularly between 
La Niña, Neutral and El Niño. The observed distribution shows a non-
linear behavior, where the maximum flows increase in an accelerated 
manner as the probability of not exceeding increases, reflecting a 
probability of the river system in the cold phase. 

From a hydrological perspective, the curve associated with the La 
Niña phase has the highest discharge magnitudes throughout much of 
the distribution, especially at the upper ends. This behavior suggests a 
significant intensification of the processes of surface runoff generation, 
because of higher volumes of precipitation, although this sub-basin 
does not present high flows throughout its trajectory compared to the 
other two rivers. The Neutral phase shows an intermediate behavior, 
maintaining discharges higher than El Niño in various probability 
ranges, while the curve corresponding to El Niño registers the lowest 
flow values (Figure 9).

Figure 9 Maximum flow rate by phase (El Rey).

Source: Prepared by the author based on ICE records, 2026.

Figure 9 shows the relationship between the ENSO event and the 
discharge levels of the river at the El Rey hydrological station. The 
Cold phase, represented by the light blue line, shows the maximum 
flows recorded at this hydrological station. This indicates that during 
this stage rainfall increases considerably, which causes an increase 
in the volume of water discharged by the river. The records reach 
values above 3000 m³/s, evidencing a greater probability of floods 
and significant floods. 

The episode of the Cold phase remains above the other phases in 
almost its entire route, which confirms that this phase favors rainier 
conditions. 

In Figure 9 the red line remains below the other curves for a large 
part of its route. This shows that the Warm phase has a reducing effect 
on maximum flows, which can generate water scarcity problems and 
affect activities such as agriculture, water supply and hydroelectric 
generation.19–24

Discussion and conclusion
The figures analyzed in the research suggest that the Parrita 

River basin presents a rapid response to intense precipitation events, 
possibly associated with steep slopes, inadequate land use, limited 
surface storage capacity and a dense hydrological drainage network.  
The figures themselves show a higher relative frequency of extreme 
events and an expansion of distribution queues towards higher flows. 
These episodes are congruent with the processes of hydrological non-
stationarity induced by climate change and hydroclimatic variability, 
which seems to be more intense during some rainy periods. 

In hydrological and hydraulic terms, the increase in extreme flows 
could produce significant increases in the specific energy of the flow. 
This could lead to a higher hydraulic speed (greater flow accompanied 
by debris and other materials such as trunks, branches, etc.) and shear 
stress on the bed and banks of the riverbeds. 

As a result of these processes, processes of fluvial erosion, 
infrastructure scour and geomorphological modification of river 
channels could intensify. The increase in solid transport capacity 

https://doi.org/10.15406/ijh.2026.10.00432


Probability of maximum flows in tropical watersheds: central pacific, Costa Rica 108
Copyright:

©2026 Quesada.

Citation: Quesada ME. Probability of maximum flows in tropical watersheds: central pacific, Costa Rica. Int J Hydro. 2026;10(3):103‒108. 
DOI: 10.15406/ijh.2026.10.00432

would also favor differential sedimentation processes, hydraulic 
obstruction and alterations in the morphodynamics of the basin. 

Likewise, the expansion of extreme events would have direct 
implications on the hydrological and ecological connectivity of 
riparian systems. The floodplains would experience a greater 
frequency of flooding, modifying ecological processes associated 
with the transport of silt, clay, gravel and sand, that is, a greater load 
of sediments and on the lower parts of the basin. In short, altering the 
dynamics of permanent transformations in the functional structure of 
river ecosystems. 

From the perspective of hydraulic engineering and territorial 
planning, the displacement of distributions towards higher discharge 
values would represent a significant challenge for the design of 
resilient infrastructure. Hydraulic works built under historical criteria 
could be insufficient in the face of new flow magnitudes, increasing 
the risk of structural failures, economic losses and affecting vulnerable 
populations located in areas of fluvial influence. 

The Bijagual, El Rey and Dota rivers have shown an intensification 
of maximum flows, which could lead to significant hydrological 
implications. The increase in the frequency of extreme flow values, 
which would alter the connectivity processes between the main 
channel and the floodplains, modifying nutrient transport and 
sedimentation patterns in riparian ecosystems. These changes could 
affect the environmental stability of the basin in the long term. 

In conclusion, the ENSO event has a direct influence on the 
discharge levels of the Bijagual, Dota and El Rey rivers. The La Niña 
phase increases maximum flows due to increased rainfall and increases 
the risk of flooding. In contrast, the El Niño phase reduces flows due 
to drier conditions and less precipitation. Finally, the Neutral phase 
presents an intermediate and more balanced behavior. 

Probabilistic models allow us to understand how climatic 
phenomena affect riverbeds, margins and some sectors of the basin 
when landslides and floods occur in various sectors of the basin, 
especially in the lower part of the basin.  
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